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ABSTRACT 

The lst Chapter describes the early work (1960-61) on Spark 

Chambers done at the Imperial College. The main object was to gain 

experience with the detector before using it in any experiment. 

An application of Spark Chambers is found in the experimental 

study of the two electron decay of theaP-meson. Chapter 2 describes 

the production of toe's and the kinematics of the two electron decay. 

Due to the small expected branching ratio of 	e+  + e-  decay, 

and the high rate of pr 7f-  background events, two important conditions 

are imposed on the Spark Chambers: (a) a high efficiency for electron 

detection, and (b) a low probability for pions to simulate electrons. 

Preliminary considerations concerning the use of a Spark Chamber 

system for the study of42-decays is presented in Chapter 3, mainly to 

try and maximise their usefulness in the experiment. Some results of 

the Shower Theory are used to propose several Spark Chamber Arrangements, 

expected to have a high efficiency for electron detection. An estimate 

is also made for the number of pions likely to simulate electrons. 

The Spark chambers have to satisfy several requirements peculiar 

to this experiment. Tests, described in Chapter 4, are carried out to 

find out whether it is possible to fulfill these requirements. 

Chapter 5 describes the experimental arrangements used to determine 

the efficiency of detection of 500 MeV/c  electrons and the probability 
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of simulation of electrons by pions of the same momenta. The results 

of the experiment are described in Chapter 6. It is found that if the 

efficiency for electron detection is ,. 90%, less than 0.5% ;'s simulate 

electrons. This means that less than 1 in 4.10
4 

x
± w 7. 

events would 

simulate a 	e+  + e decay. 
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capita 1 

Spark Chambers: Historical Background and Early Work at Imperial College  

1.1 Introduction 

Spark Chambers constitute an important part of nuclear particle 

detectors nowadays. They are constructed in a variety of geometries and 

configurations and have been recently applied very successfully in a 

number of high energy physics experiments. Most of this success has 

resulted from innovations introduced to the old spark counter detector 

by FUkui and Mujamoto1. It may be appropriate therefore, in presenting 

an historical account of Spark Chambers, to begin with Spark Counters. 

1.2 Historical Account  

(a) Spark Counters  

The first attempts to construct and operate a Spark Counter were 

made by Keuffel
2 
and independently by Pidd and Madansky3. The common 

objective was to have a detector capable of measuring short time intervals 

between ionizing events. The contemporary time resolution attainable 

was about 100 n.s. set by Geiger counters employing cylindrical geometry 

(giving a non-uniform field). Keuffel recognised the advantage of 

using plane parallel geometry which gives a unfirfm field - thus reducing 

the delay between the production of an ion, in the sensitive volume and 

the resultant discharge. 

The constructional features of the spark counter were similar in 

(2) and (3). Two plane parallel conducting plates were held at a 

certain distance apart in a glass enclosure which could be evacuated and 

filled with the desired gasi mixture. The mixture was usually j-  an 



atmosphere of Argon + a few mm Hg. of some organic vapour. 

A steady field of 8-12 kV/cm was maintained across the plates. 

When an ionizing particle left behind a trail of ions, the electrons 

were accelerated by the electric field and under favourable conditions 

produced a streamer. Favourable conditions being those when at least 

one of the electrons was produced in the sensitive region of the gap. 

Keuffel measured the efficiency of his counters by measuring cosmic 

ray coincidences between two counters spaced apart and comparing it with 

the expected rate. He arrived at a figure of about 90% for the efficiency 

which was much higher than the 10% obtained by Pidd and Madansky. It 

was pointed out later, however, that the lower efficiency could have 

resulted from the lower fields employed by Pidd and Madansky. 

The problem of Quench Time was studied in some detail by Pidd and 

Madansky. If V is the threshold voltage of the counter and (V +4W) 

the operating voltage, AV is called the overvoltage. Quench Time is 

defined as the shortest time after a Spark Discharge when the overvoltage 

can be reapplied without causing a spurious breakdown (due to leftover 

ionisation from the previous discharge). One remarkable result found 

was that it was impossible to obtain Quenching Times of less than a few 

seconds with pure Argon. With the addition of 10% butane, however much 

shorter Quench Times could be obtained and some of the values are quoted 

below. 

These large variations in the quenching time were explained on the 

basis of the Mater Effect4 described below. If the cathode is covered 
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Table 1.1 

Quench Times 	 Material of Cathode 

0.1 sec 	Al, Au, Pt and Brass 

0.01 sec 
	

Cu, Bi 

0.001 sec 
	

Pb, Sr. 

with an insulating layer, (e.g. an oxide) it may become highly 

positively charged during a discharge, resulting in a strong field at 

the cathode and the emission of electrons. Smaller dead times in Pb and 

Sn are ascribed to the lower resistivities of their respective oxides; 

the charges leak off in a shorter tine. 

The associated problem of spurious breakdowns was explained by 

Keuffel on the basis of the Paetolw affect which is as follows. Sub-

microscopic particles of dust and/or oxide get charged up during the 

discharge and set up high fields. Electrons or photons are produced due 

to either breakdown of the insulating layer or field emission. 

Spark Counters have been used by Robinson5  to ascertain the "Time 

Structure" of Cosmic Rays. This Lavolves measuring the time delay of one 

group of particles relative to another e.g. in Extensive Air Showers the 

delays of electrons relative to the muons. As the time resolution of his 

counters was 	5 n.s. they were ideally suited for the experiment. 

Another use of the Spark Counter was made by Allkover et a16 to 

investigate the scattering of :l.'s in lead with the help of three counters. 

Later the momentum of sea-level 	waz measured, with the help of 

spark counters and a magnet, up to 60 GeV/c. 
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(b) The Hodoscoye Chamber 

The principle of the Hodoscope Chamber7  is based on the fact that 

if a strong electric field is produced in a gaseous region soon enough 

after the passage of an ionizing particle, a luminous discharge occurs 

all over the region due to the acceleration of the liberated electrons. 

The construction of the chamber, in simple terms, consisted of a 

parallel plate condenser filled with a large number of glass tubes which 

had a filling of Neon at an atmosphere. The passage of a particle 

through the chamber was detected by a Geiger Counter telescope which 

switched on a high field 110 kV/cm across the gap. This voltage was 

sufficient to produce a luminous discharge in those tubes through which 

the particle passed. 

In a later report the same group8 has given more detailed results 

on the operating conditions of the chamber and some of them are quoted 

below. 

(i) The efficiency reached a maximum of '75% at a field ' 8kV/cm and 

stayed constant to ,  lakU/cm. 

(ii) The efficiency decreased from .180% to L70% on slowing down the 

rise time of the high voltage pulse from 0.2 to 	Presumably 

the slower rising pulse acted as a clearing field to reduce the 

efficiency. 

(iii) With a fixed high voltage pulse the effect of delaying it was 

observed on the efficiency. There was no serious change to 1/4,s 

but after 5tks it had dropped to about half its original value. 
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This can be explained on the basis of diffusion of electrons to 

the walls. 	The diffusion set the resolving limit on time to 

about 10fA.s. 

Apart from its simple construction, the Hodoscope chamber was 

stable during operation and could be triggered. The main drawback was 

the poor spatial resolution and low efficiency, 1,  m 
• 
-' 75%. 

(c) The Triggered Spark Counter  

Cranshaw and De Heer9  incorporated the trigger system of Conversi 

et a17  with the Spark Counter, introducing photography of sparks as a 

means of location of particles. 

The counter consisted of two metal plates held parallel and separated 

by 1 mm in air. On receiving a coincidence signal from a G-M counter 

telescope, a high voltage pulse was applied across the plates which 

resulted in a breakdown along the ionization. A constant clearing field 

swept out ions from older tracks. 

Some of the features of the triggered counter are given below. 

(i) The efficiency was'-.9O% for a high voltage pulse putting on a 

field 1. 70kV/cm. 

(ii) For a pulse widths varying from 0.1 to 100;),s, no change in 

efficiency was noted. However, as the pulse width was increased 

beyond 50As spurious discharges appeared. 

(iii) It was shown that only negative oxygen ions were instrumental in 

starting the discharge. Electrons formed by the incident particle 

were immediately captured by oxygen to form negative ions. As 
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the binding energy of the electron to the oxygen molecule is only 

0.34 Volt, it became detached at a value of f5 	90 V/cm-mm Hg 

and gained enough energy to initiate an electron-photon avalanche. 

(iv) As the rise time of the high voltage pulse was made slower, the 

efficiency dropped due to the clearing action of the field. 

(v) It was possible to keep the spurious discharges below 1%. 

(d) The Discharge Chamber 

The next major improvement in the technique was made by Fukui and 

0 
Mujamotol  which transformed the spark counter into what is now known as 

a Spark Chamber. The special feature of this new detector was that it 

could give simultaneous tracks of several particles and had a better time 

resolution than either the air-filled counter or the Hodoscope Chamber. 

In condtruction, the spark chamber was simply a combination of several 

spark counters enclosed in a box. The gas filling used was Argon or Neon 

at a pressure of just above one atmosphere. 

A GM counter telescope registered the passage of a particle and 

triggered a 10kV/cm pulse across the gaps. Photographs of triggered 

sparks were taken which were reasonably in line indicating the correlation 

between the incident particle and the sparks. 

The pulse width employed was about 100 n.s. but it was found that if 

it was increased to 111s. spurious discharges occurred in the chamber. 

The efficiency was 100% for a 2;.:.s. delay in triggering but fell 

drastically at a delay of 10i,s. This, then set the resolving time of 

the chamber to 10,1„.s. 	For some inexplicable reason no clearing field was 
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used (as in the earlier Cranshaw and De Beer's counter) which would have 

improved the resolving time by an order of magnitude. The recovery time ,  

was quoted as 100 m.s. which was mainly due to the slow recovery of the 

power supplies. 

1.3 Early Work at Imperial College  

It was evident, after the investigations of Fukui and Mujamoto 
 

that Spark Chambers could be profitably employed in numerous High Energy 

Physics experiments. Mainly to gain experience in the field, a Spark 

Chamber of the Fukui and Mujamoto type was constructed at the Imperial 

College. Some details of the construction of the chamber along with 

the accompanying trigger circuit are given in the following section. 

Finally some results obtained with the chamber are given in (b), (c) and 

(d). 

(a) Description of the Spark Chamber and Trigger Circuit  

Fig. 1.1 shows a photographic view of the Spark Chamber which had 

14 gaps enclosed in a sealed box. This was achieved by mounting 15 

plane Al plates, 9" x 6i" and a i" thick, parallel to one another. 

Alternate plates were criss-crossed to prevent edge sparking and also 

belonged to a set. Plates of each set were mounted independently off the 

base, and a constant gap separation of i" was maintained between 

consecutive plates; this resulted in an effective gap separation of 4" 

between consecutive plates of dissimilar sets. 	Plates belonging to a 

common set were connected together electrically but remained insulated from 

the other set. The two electrical connections were brought outside and 
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connected to the high-voltage pulsar. 

The whole plate structure was enclosed in a metal box made of 

welded HP1O alloy which had glass windows on two sides. The box was 

screwed to the base plate and provided a leak-free volume which was 

evacuated and filled with the required gas. 

A block diagram of the electronics is shown in Zig. 1.2 but a more 

detailed circuit is given in Fig. 1.3. 	The function of the electronics 

was 7 

(i) To detect the passage of a particle through the chamber and apply 

a high voltage pulse within a itks. 

(ii) To wind on the film in the camera. 

The first part of the trigger circuit which was designed by 

Dr. D.M. Binnie is shown in Fig. 1.3. 	Outputs from a Scintillation 

counter telescope, covering the sensitive area of the chamber were fed 

into a Garwin Coincidence circuit which produced a positive signal when 

a coincidence was recorded. When the voltage on the grid of the EFP60 

reached the threshold value, it fired, giving an output independent of the 

trigger. Due to the high secondary emission dynode inserted between the 

suppressor grid and the anode, and the feedback mechanism, the EFF60 was 

capable of giving far more current output in a shorter time than a 

conventional pentode. 

The +750V pulse, taken from the dynode was used to trigger the 3E29, 

(see Fig. 1.4) a double tetrode capable of carrying 10 amps with a working 

anode voltage of 5kV. The anode was capacity coupled to the middle sphere 

of a three-sphere spark gap;  the centre of the spheres being in a line. 
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The gaps between the spheres were so arranged that they were in 

equilibrium with the potential difference between the end spheres being 

about 20kV with the meddle sphere at about 10kV. 

The -5kV pulse on the middle sphere disturbed the potential equilibrium 

of the gaps which cascaded in breakdown. The 2000 pf storage condenser 

then discharged through the chamber with a time constant of about 200 n.s. 

The total time delay between the passage of the particle and the 

application of the high voltage pulse was about 250 n.s. The calculated 

rise time of the high voltage pulse on the chamber was about 25 n.s., 

calculated on the basis of the inductance of the spark gap and the chamber. 

To trigger the camera motor, part of the EFP60 pulse went through a 

pulse-shaper tc trigger a 2D21 hydrogen filled thyratron. Relay A in the 

anode load of the thyratron was energised and three of its contacts were 

used: a) Al  for quenching the thyratron b) A2 
for closing relay B to 

put a -150V bias on the EFJ760 for 3 seconds c) A7  for switching the mains 

across the camera motor,which switched itself off, when one frame had 

been moved, with the help of a micro-switch. 

Photography of cosmic ray tracks was carried out using a motor driven 

camera with 7" focal length lens at f/11. As the film was moved on receiving 

a signal from the trigieer circuit, no shutter was necessary. To obtain 

sparks of uniform width, a cylindrical lens was used on the window of 

the chamber. 
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(b) Variation of Efficiency with Gap Separation 

This experiment was the fortuitous outcome of a technical mistake 

in the assembly of the Spark Chamber plates. The result was that the gap 

separation was not uniform and manifested itself in the lower efficiency 

of some of the gaps. A systematic check of gap separation was made which 

showed some correlation with the efficiency. It was found that the larger 

gaps tended to have a lower efficiency than the smaller ones (please see 

Fig. 15). 

Efficiency here, has been defined as the number of sparks that occur 

in a gap divided by the total number which should have occurred. In 

Fig. 1.5 the efficiency of various gaps has been plotted as a function 

of their mean separation. 

Within the statistical limits of the experiment, a variation of 

± .0025" or - 1% in the gap separation seems an acceptable figure. It 

may be pointed out.here that this is applicable only when one storage 

condenser is used for several gaps in parallel. 

After the gap separation had been made much more uniform (to I-  .002") 

the efficiency of each gap was found to bet,i98%. 

(c) Measurement of Sensitive Time  

The efficiency of the chamber for a single track was defined as:- 

Efficiency, 	No. of sparks observed along track  x 100% Total No. of gaps 

and the sensitive time was defined as the time, from the instant of the 

passage of the particle through the chamber, during which the efficiency 

fell to 1  (or --130%). 
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Fig 1-5 
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Table 1.2 

;Clearing Field E P (Volts per cm per mm Hg).  Drift 
Time 
(Klema & 
Allen) 

Observed 
Sensitive Time 

0 

5 
25 

50 
:100 
150 
200 

250 

:750 

Volts 

It 

It 

it 

0 

.011 
.o55 
.11 
.22 
.33 
.44 

.55 

.77 

- 

4 	tit,  sec 
2 	II 

1.5 	II 

0.85 	li 

0.75 	
II 

0.54 	li 

0.54 	!, 

0.60 	" 

10.5 

4.05 

1.06 

0.73 

0.43 

0442 

0.42 
0.41 
0.59 

tPsec. 
II 

It 

u 

It 

II 

tt 

ty 
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A constant amplitude high voltage pulse was applied across the 

chamber,/which was filled with commercial grade Argon, with a variable o 

delay, and for several different values of the clearing field. The 

results are shown in Table 1.2 and the derived results on the sensitive 

time are shown in Fig. 1.6. 

For comparison, the second curve in Fig. 1.6 has been drawn using 

values of electron drift velocities in 99.6% pure Argon, for various 

values of E/p, as found experimentally by Klema and Allen
11. The rather 

simple assumption has been made that the sensitive time is equal to 

the time taken by an electron to cross the gap under the applied 

clearing field. In view of the fact that commercial grade argon was 

used as a filling it is not surprising to find a shorter sensitive time 

then Klema and Allen. This is because Nitrogen is a very likely impurity 

which also tends to increase the drift velocity. 

1.4 Conclusions  

The special properties of a spark chamber, some of which have been 

discussed above, make it very effective in certain experiments involving 

the detection of nuclear particles. This thesis is concerned mainly 

with the design and construction of spark chambers, efficient in the 

detection of electrons and in distinguishing charged pions from electrons 

very accurately. This problem arose in connection with the study of the 

2-particle decays of thec,'P-meson which imposed special requirements 

on the Spark Chambers, discussed in the next chapter. 
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CHAPTER 2  

Experimental Background of the Study of 0-°-Decays  

2.1 Introduction 

A proposal to study the decay 

GO 	e+ + e 

and the interference effects between the two decays 

00 - 	:r+ 	r and f --, 	+ rr  

with the help of Spark Chambers was made by the Imperial College - 

Manchester University group12. 

.o 
The theoretical interest in thecd--,e + e decay stems from the 

fact that if it is compared to the 0°- e+ + e-  decay, it is possible to 

have a measure of the electromagnetic mixing between the Wand the -mesons. 

The (..).-P mixing is, at present required by the SU(3) :theory to explain 

the masses of the two mesons13. A theoretical estimate for the 

branching ratio of GOo -4-e+ + e has been made by Ketley14 who finds a 

value of 0.7%. A similar estimate for the branching ratiojC?---- e+  + e 

is 0.07% 

The meson is produced in comparable numbers in any reaction 

producing the -0-mesons, as it has the same quantum numbers and only a 

+ slightly lower mass (750 MeV). 	TheY -meson decays into :,;-;9-  via strong 

interactions while for the cothis process is allowed through a second 

order electromagnetic process. The prediction regarding the c'2-f'  

interference is that it will show up in the71.17 sprectrum as a broad P-peak 

centred at 750 MeV and a sharp 	peak at 780 MeV15. 
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A list of the a(  -decay products is given in Table 2.1. 

Table 2.1 

       

       

ixu Decay Products Branching Ratio References 

 

Li) 80% 

C 2% 

16,17,18 

19,20 

21,22 

14,23,24,25 

 

 

    

    

14 
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2.2 Production of( '°-mesons 

, It is proposed to produceo)os by the reaction 

t 	n 
	 (1) 

where the momentum of the7V-meson is adjusted accurately ( 	 rt.5%) 

to be just above threshold for the process (1). The Ws are selected 

by measuring the momentum of the incoming t-meson and the time of flight 

of the neutron. 	The cA
3o 

and the neutron are produced almost at rest in 

the C.M.S. of the Tr-meson and the proton (Fig. 2.1). 	Transforming back 

to the Laboratory system both the (2 and the neutron go forward, at 
small angles to the incident if. 

The 90tron is detected in one of the six neutron counters, arranged 

as shown in fig. 2.2, at about 3 metres distance from the Hydrogen target. 

The neutrons are expected to have approximately the same velocity as the 

C.M.S., which provides with an effective "gating" criterion for the 

neutron counters. The estimated time of flight of the neutrons is 20 n.s. 

and the proposed gating time 3 n.s. 	Taking into account the geometrical 

factor for the neturon counters and their detectron efficiency, 

preliminary calculations show that '010% of the neutrons will be detected. 

The principle of counter selection for 0''s is a coincidence between 

the two beam counters S1, S2  and a suitably delayed +iron count, 

together with 'no' count from Al  and A2. The anti-coincidence counter A
l 

reduces the probability of an interaction outside the Hydrogen target 

being selected, or a beam particle triggering one of the neutron counters. 

A
2 prevents charged particles coming from the Hydrogen target from 
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Fig 2-1 

PRODUCTION OF w-MESONS IN :- 

(A) C.M.S. SYSTEM 
(B) LABORATORY SYSTEM 
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triggering the Neutron counters. In short, the counter selection is 

S1S2A1A2 
N
delay 

(within gate) 

.9 - 2.3. Kinematics of the 	7' and 	e+  e Decays 

A knowledge of the kinematics of the (1-decay helps considerably 

in the design of the detection system for the decay particles. The two 

most important factors are the angles of the decay and the momentum 

of the decay particles. For low values of ' 	100 MeV) the Laboratory 
C 

momentum of the (ovaries between 400-600 MeV/4,, . 	Tables 2.2 and 2.3 

show the variation of the decay angle (see Fig. 2.3) and the momentum 
e 

as a function of the C.M.S. angle of decay ,fr: of theu" 	e and 

the 	77-1. 
	

+ A-  decay, respectively. 

A preliminary design envisaged D1  and D2  as Spark Chambers 

covering an angle 7T- in the vertical plane andw 20°  - 110°  in the 

horizontal plane (from the centre of the hydrogen target; see Fig. 2.4). 

They would consequently subtend a solid angle on the hydrogen target 

sufficiently large to cover OW  from about 30°-90°  (i.e. t,1 25% of the 2e or 

217 decays would fall in the chambers). From the Tables 2.2 and 2.3 it 

can be seen that this would cover events with momentum ranging from 

tdA 300-600 MeV/c. The opening angle of the decay particles (d2).  + 82) 

varies from v? 1000-130o. 
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Fig 2-3 

DECAY OF AN Ca-MESON I N :- 

(A) C,M.S. SYSTEM 

(B) LABORATORY SYSTEM 
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2.4 Rate of  Production and Background Processes 

An estimate of the rate of production of ::°s can br  made ell the 

basis of the experimental data of Toohig et al
26

, who have measured the 

cross-section fors---production at a higher energy than envisaged in the 

present experiment. 	Assuming an s-wave production of!k!s,the cross-

section turns out to be 

CY 	5i)x 

.x 
For an average value of F 	50 MeV/ 

	
The background events 

which could simulate the production of an are listed in Table 2.4. 

Column 4 gives an estimate of the fraction of the events which are likely 
to produce a neutron within the gating interval of the neutron counter. 

The background events caused by-1-production are far more difficult to 

separate, as theJ -mass overlaps the 	A rough estimate based 

on bubble chamber results shows, however, that the ratio of ujs to s 

counted will be v 8:1. 

The signal to background ratio can be estimated by comparing 

the cross-section for -'2-production with the sum of cross-sections of 

the background processes (Table 2.4) for? 100 Meli/c, as only neutrons 

with a low Z,3c  value are selected. 	The ratio of -events to background 

events would therefore be expected to be 1.5:1. 

The relative rates of 2e decays and the 77  T background events 

set an important restriction on the detection system of the -.docay 

particles. The ratio of 7 r' events to e+e events is estimated to be 

50:1. 	Setting a conservative limit, the number of 77-mesons which 

simulate electrons, should, therefore be 1% with this value, the 
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number of Ir
+ 
 71- events which are likely to simulate a 2e decay are 

Q+.01% (remembering that it is necessary for both [i's to simulate 

electrons). 	The other`)-decay products are discussed in Chapter 3. 

2.5 General Requirements on the ':4''-Decay Particle Detection System  

(i) The number of I's simulating electrons should be 1%. 

(ii) The efficiency of electron detection should be high. 

(iii) The solid angle covered by the detection system should be as 

large as possible. 

(iv) A good efficiency for photon detection would be an asset, as it 

would give a measure of the (49-,7,P +Y branching ratio. 
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CHAPTER 3  
f. 

Feasibility of Emplgying Spark Chambers in the t`-Decay Experiment  

Part 1  

3.1 Choice of Detector for the 60-decay products  

At the end of the last chapter, several requirements were mentioned 

in connection with the detectors for the'''-decay products. One of the 

more important of them, which is repeated here, was the ability of the 

detector to identify electrons, (300-600 MeV) and to distinguish them 

very accurately from the ?V mesons in the same momentum range. Three 

S I 
possible detectors are considered briefly here, but only one, the spark 

chamber, is considered in some detail, as it is found more suitable. 

(i) Cerenkov Counters  

The disparity in the velocities of the electrons and pions in the 

energy range considered ( f3  =1 and 4,-  0.95 for an electron and pion 

respectively) immediately suggest the use of a threshold Cerenkov Counter. 

The counter could be set to reject particles with P4:, 0.975 which 

would eliminate all charged 71..  andr--mesons. 

There is however, a very serious drawback with a Cerenkov counter, 

in that it covers a very small solid angle, requiring a much larger 

number of '-,l-events to detect a given number of electron decays. This 

difficulty could be partially overcome by arranging a matrix of Cerenkov 

counters near the hydrogen target. This would, however, increase the 

complication in the electronics and the expense considerably so as to 

make this technique less attractive. 
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(ii) Bubble Chambers 

The possibility of using a Heavy Liquid Bubble Chamber is only 

mentioned in the passing, as it is fundamentally a different technique. 

It can not be used in the experimental arrangement described in the 

last chapter, but can be considered as an alternative method for the 

study of  

The solid angle available for the study of they"-products is very 

good (47r) and in the presence of a magnetic field, the distinction of 

is from es does not present any problems. The serious drawback in 

this case is the large number of photographs which have to be scanned:to 

pick out a rare event like the 	2e decay. Further, a study of 

k 0 	interference would be impossible due to the large spread in the 

"Missing Mass Spectrum". 

(iii) Spark Chambers 

Finally, a Spark Chamber detection system is considered. As 

mentioned in the last chapter, a preliminary design of a Spark Chamber 

system was considered which showed that about 25% of the two-particle 

Cj-decays would be covered by the solid angle subtended by the chambers. 

This figure is not comparable to the one obtained with Bubble Chambers, 

but some other advantages make up for this shortcoming. 

The most attractive feature is the relative simplicity in construction 

and operation of Spark Chambers, and unlike a Bubble Chamber it can be 

triggered for only selected events, reducing the scanning problems 

considerably. Spark Chambers also have some drawbacks, one of them 
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being the uncertainty in the accuracy of distinguishing`+--mesons from 

electrons. 

.2 Discussion on a Spark Chamber Arrangement 

From these preliminary considerations it was decided to choose 

Spark Chambers after a satisfactory test on the /Ve distinction had 

been carried out. 	It wau expected to identify electrons by their 

characteristic showers, which they produce when traversing matter. 

This meant the insertion of some high density material plates between 

chambers in which the shower could develop and be detected in the 

chambers. A charged 
.f.

-meson (300-600 MeV/c) can not produce a shower 

unless it has a nuclear interaction with the produdtion of energetic 

photons. The most likely way this can happen is by the decay of aTP  

(neglecting the process 71-7+p-kr..+Y , which occurs with only 2% 

frequency off the charge exchange reaction, w 	+ 4-) produced 

in a charge exchange reaction. 

It is simple to obtain an order of magntiude value of the expected 

distinction ratio in spark chambers. Suppose lead is chosen as 

the material in which the electrons are allowed to develop a shower. The 

typical distance an electron travels to produce a shower is v-+ 1 radiation 

length, i.e. 0.6 cm. On the other hand the interaction length for a 

1r  -meson is id115 cms, the ratio of the two lengths being about 25:1. 

Considering that not all nuclear interactions result in the emission of 

a yr°, the quoted distinction ratio ( -1  1%) seems a reasonable figure. 

Some aspects of the 4-0-decay experiment are again considered here 
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to find out how a spark chamber could be used more efficiently in the 

experiment. The processes likely to be observed in the chamber are the 

-decay products ("'.able 2.1) and the accompanying background reactions 

(Table 2.10. 	The ,,roc,-4soos are considered mainly from the f,---1, 2e 

simulation point of view. 

(i) ÷ T!   Tr°  

This process would not fulfill the co-planarity requirement between 

the incident 77-meson and the other two observed charged particles, as 

there are three particles in the final state. 	Consequently it should 

be easy to reject these events. 

(ii) 71+ 77-- 

As considered prev5.ously (Chap. 2), this process required a further 

test for the accuracy in the distinction of is from es. 

(iii) °Y 

-16 

	

As the T°  decays into 2 J:- in a very short time ( 	10 sec.), 

both thee and the 0 will apparently produce a cascade shower in the 

Spark Chambers. However, the fact that the shower will be initiated by 

neutral particles can be used to distinguish this decay from the 2e decay. 

If very little material is present between the hydrogen target and the 

first spark chamber (sec Fig. 2.2), reducing the probability of 

materialization of the photons, no charged particle will be observed in 

	

the first chamber. Less than 1% of the iros decay as 	e
+ 
+ e +Y. 

These electrons, can, in general, be rejected, as they do not satisfy the 
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co-planararity requirement. 	It may be possible to identify Tr y' 

decays and measure the branching ratio of (!k..<11--:f1P). 

(iv) 2110  

These events can also be rejected on the same criterion as (iii), 

i.e. initiation of shower by neutral particles, or non-coplanarity of 

decay electrons. 

(v) 	 

As r-mesons do not interact strongly, nearly allti decays would 

appear as charged particles going straight through (except Coulomb 

scattering) the spark chambers. It is not expected to be possible to 

distinguish 1./mesons from Tr-mesons, but due to the small number of 

IL  -decays expected, the statistics on 211 events will not be affected. 

(vi) e' 

The kinematics of this decay have already been discussed in the 

last chapter. It is expected that electrons would show up as a singly 

charged particle in the first chamber followed by multiplication in the 

subsequent chambers. 

From the preceding discussion as well as from Chapter 2, several 

important points concerning the Spark Chambers emerge, which can be 

summarised as follows:- 

(i) The Spark Chambers should have a high detection efficiency for 

electrons in the range (300-600 MeV/c). 

(ii) It should be possible to distinguish Ifs from es very accurately, 



viz. less than 	I% of the -Ts should look like electrons. 

(iii) The chambers should be as near the hydrogen target as possible, 

and there should be a minimum amount of material between the 

hydrogen target and the first gap. 

(iv) The first few gaps of the chambers (adjacent to the H2 target) 

should be very efficient. 

(v) The size of the chambers should be as large as possible to cover 

a large solid angle. In addition, with larger chambers, it is 

possible to use a longer hydrogen target, increasing the rate of 

collection of events. 

In order to attain the highest possible efficiency for the 

detection of electrons with spark chambers, it is necessary to have 

a closer look at the development of electron showers. This helps to 

determine the amount of material required, and its position with respect 

to the chambers. 

Part II 

Features of Electron Showers27 

Qualitatively speaking, an energetic electron can lose energy 

by a) collision and b) radiation. The energy lost by collisions is 

spent mainly in exciting and ionizing atoms, hence dissipated. This 

loss is only important for lower energy electrons. High energy electrons 

lose most of their energy by Bremsstrahlung, i.e. radiation of photons. 

The spectrum of the radiated photon's energy extends from zero to the 

3.3 



energy of the incident electron. The photon in turn can lose energy, 

by a) Compton Scattering and b) Pair Production. The former is 

significant only for photon energies < 10 MeV, above which the latter is 

predominant. 

It is simple to combine the processes mentioned above, to 

understand the formation of a cascade shower when an energetic electron 

travels through matter. Initially, the electron loses energy mainly by 

radiation, resulting in a large number of low-energy and a few high-

energy photons. The low energy photons are more likely to lose energy 

by Compton scattering, whereas the high energy photons are more likely to 

produce electron pairs. The electrons from Compton scattering would have 

very low energy which would be dissipated due to collisions, etc. 

effectively removing them from the rest of the shower. The energetic 

secondary electrons would further radiate photons, and the process repeats 

itself - producing more and more particles with lesser average energy. 

When the energy of the electrons gets below a certain value, (7 MeV in 

lead) they lose most of their energy by collisions which is effectively 

dissipated and the shower dies out. 

Several features of the showers are important from the spark 

chamber detection point of view, and are as follows: 

(i) The Angular Spread  

From the angular spread involved in the shower production, the 

required size of the chambers can be estimated. 
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As mentioned above, the two significant processes in shower formation 

are bremsstrahlung and pair production. According to Stearns
282  the 

root mean square angle of emission of a photon of energy E by an 

initial electron of energy E in the vicinity of a nucleus of charge Z 

is given by 

\. 
= 	E 	E ' Z ) 

meo2 log 
mec2— 

 E 

 

where L;IVO I. For an incident electron of energy 100 MeV, 

S.1111p:/ 
'AL 

The expression for the opening angle of a pair of electrons produced 

by a photon of energy E is given by
28 

z; F- 	 reVe C 
\\K7e,i E' 	) log —171;;;Er 

where A is the angle between the incident photon and one of the pair of 

electrons, whose energy is E'. As before, for an incident photon of 

100 MeV, 

:7 

"). 

It is apparent that if pair production and brensstrahlung were 

solely responsible for the development of the shower, the angular spread 

and consequently the lateral spread would be very small, viz. about 1 cm 

after developing for about 30 cms. However there are two factors which 

increase the effective size of the shower. Firstly, Compton Scattering, 

which is important for low energy photons, could produce an electron at 

a larger angle and secondly, multiple scattering at all stages of the 
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shower tends to spread it out. The former is important only in so 

far as the single Compton Scattered electron is considered, as it 

does not propagate the shower. Multiple scattering depends on the 

momentum of the particle; taking a 100 MeV/0  electron as an example, the 

multiple scattering in one radiation length of lead would be: 

/02 -1 

/M[ult. Scattering 

Obviously, the multiple scattering angle would go on increasing as the 

shower progresses due to the lower energy of the particles involved. 

However, the smaller angle scatters earlier in the shower are Also 

important as they change the direction of the "cone" of the shower. 

(ii) The Average Behaviour of Showers  

Some results on the average behaviour of a 500 MeV/c  electron 

shower in lead are quoted here from a computation by Crawford and Messel29. 

The object of quoting these results is that they give an idea of the 

number of electrons and photons present at the various stages of the 

development of an average shower. The momentum 500 MeV/0  is chosen 

arbitrarily as it lies within the range (300-600 MeV/0). As reported 

later, this was the momentum at which the dye  distinction tests in Spark 

Chambers were carried out. 

Several intrinsic quantities of an average shower have been computed 

by accounting for the relative probabilities of the following mechanisms: 

a) Bremsstrahlung 

b) Pair Production 

) 10 
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c) Compton Scattering 

d) Multiple Coulomb Scattering 

e) Collision Losses 

The procedure was to follow each electron in the given material 

(lead) until 

a) it reached the maximum depth considered. 

b) it travelled backwards i.e. at an angle? 900  to the 

primary electron. 

c) its energy dropped to below 10 MeV. 

The details of the results are given in Table 3.1, while Fig. 3.1 

shows the average number of electrons at various depths of the shower. 

Several important conclusions can be drawn from these results. Firstly, 

the maximum development of an average shower occurs at a depth of 2-3 

radiation lengths, and most of the multiplication is contained between 

1-4 radiation lengths. Secondly, it is not of great value to follow a 

shower to depth > 10 radiation lengths. Thirdly, it should be stressed 

that Fig. 3.1 represents only electrons with energy> 10 MeV. From 

Table 3.1 it is clear that there are a large number of electrons with 

energy 10 MeV which, if present in a spark chamber should be detected 

along with the higher energy electrons. 

.4 Special Requirements on Spark Chambers  

The detection of electron showers imposes several special 

requirements on the construction and operation of Spark Chambers which 

are discussed in this section. However, the relevant features of electron 
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showers which impose these restrictions are summarized first. 

(i) From a single electron the shower develops to a maximum 

number of electrons (2-6) in a few radiation lengths of lead. 

The linear separation of these electrons may be as small as 

ul 1 cm. 

(ii) Quite a large number of photons of varying energies are 

present in the shower which materialize in the lead plates. 

(iii) The shower proceeds in the direction of the incident electron 

in a cone of small angle. 

The requirements imposed by (i) can be split up into two parts, (a) 

a high multiple particle efficiency for the spark chambers, and (b) the 

ability to record precisely, the information supplied by the chambers. 

(a) Multiple Particle Efficiersz 

Obviously, one of the most important requirements is for the 

spark chambers to have a high multiple particle efficiency, to be able 

to record most of the shower particles. There are some encouraging 
30 

results which were obtained by Faissner et al, in an attempt to measure 

the multiple particle efficiency of Spark Chambers filled with a Neon 

Hellium mixture. The procedure adopted, was to allow the passage of 

several minimum ionizing particles almost normally through the chambers, 

and to measure the efficiency of each gap as a function of the number of 

particles crossing the gap. The efficiency measured wag very high and 

even for 12 particles it did not drop below 90%. Two of their important 
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conclusions may be quoted here. Firstly, the wider gaps tended to 

have a lower efficiency than the narrower ones. (One storage condenser 

pulsed a pair of gaps). Secondly, although the overall efficiency of 

the chambers with a Helium filling was constant with the number of 

particles, it was lower than with a Neon-Helium mixture. 

The second observation would confirm Miyamoto's theory of 

multiple particle efficiency31, which requires more "seeding" electrons 

(electrons which initiate the spark discharge) for a higher efficiency. 

The number of primary electrons produced by a minimum ionizing particle 

per cm. is 8 for He and 20 for a 70:30  mixture of Neon Helium. Another 

point from Miyamoto's theory is that a fast risetime high voltage pulse 

on the chamber plates improves the multiple efficiency. 

In practical terms, the first conditions implies that Argon would 

be a more suitable filling than Neon or Helium, as it produces more ion 

pairs per cm(40). However, it has not proved very successful in the past
32
. 

In addition it has a higher breakdown potential than Neon which introduces 

new problems of insulation from spurious breakdown. 

The second condition implies that the electrons produced in the 

chamber by the incident particle, should not be lost due to diffusion, 

drift or attachment in the delay time of the high voltage pulse. The 

loss of electrons due to diffusion can be neglected compared to the loss 

due to the drift velocity. The electrons possess a drift velocity 

because a small D.C. potential (t•? 100 Volts) is applied across the gap 

to clear it of unwanted ions from previous tracks. The D.C. potential 
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is usually adjusted so that the efficiency of the chamber drops to zero 

at 0 	second from the instant of the passage of the particle. As 

the drift velocity of electrons in Neon is a very sensitive function of 

the impurities present, and it is usually higher with impurities, it is 

important not to have any impurities in the gas. 

The third process due to which electrons may be lost is by 

attachment with oxygen, whose probability is high for low-energy33  

fewa) electrons. It is very important therefore to exclude oxygen 

as much as possible from the gas filling. 

Lastly, a doubt may be expressed at taking Faissner's results 

for multiple particle efficiency too seriously in the present context, 

as they were obtained for particles well separated from one another 

an tens of cms). In the present instance where particles are close 

together (t-a cm) the "robbing" effect may be much more significant. In 

addition, as it would depend largely on the technical specifications of 

the chamber and its triggering circuit, it was felt that a practical 

test was essential for a conclusive result. 

(b) Efficient Recording of Showers  

It was decided to employ photography to record the events in the 

spark chambers. This provides with several auxilliary problems, 

assuming the chambers to have a high multiple efficiency. The central 

problem is simply being able to record several sparks close together in 

any part of the chamber. The sparks on the film, should, of course, 

appear well resolved. 
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As mentioned above, a spark chamber could eITect to have 

anything from 0-6 sparks in each gap. This immediately requires 

enough energy to be raised in each gap to photograph six sparks. A test 

is required to find out the minimum power required by a spark to enable 

its photography at a suitable aperture. The aperture is rather 

important because of the large depth of focus required in the chambers, 

which were envisaged to be ' 1 metre2. Another related factor is the 

photographed width of each spark which presumably varies with the energy 

pulsed into it. 	Previous measurements (Chap. I) had shown that a spark 

width J 1 m.m. was normal. A measurement for higher power sparks however, 

is needed. 

3.5 Construction of Spark Chambers 

The restirictions imposed by showers on the operation of spark 

chambers were discussed in the preceding sections. There are also some 

details of showers, which help in deciding the method of construction of 

the spark chambers. 	Before discussing the details, it may be mentioned 

that it was decided to use Spark Chambers constructed with Aluminium 

foil electrodes glued to perspex frames. The details of construction are 

discussed elsewhere; here only the decision to use this method is 

discussed. 

(i) Flexibility 

As the amount of matter present in the Aluminium foils of the 

spark chamber is negligible, it can be assumed that the presence of the 
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chambers do not affect the development of the shower. It would be a 

simple matter to vary the amount of lead between chambers, to enable the 

shower to be sampled at any stage of its progress. It would also be quite 

simple to substitute another material for lead, if so required. 

(ii) Reduction of Noise Sparks  

Due to the small amount of matter presented by the chambers, it 

should be possible to follow even a low energy electron through several 

successive gaps of the chamber. Consequently, an isolated spark could 

be counted as a spurious sparks This medns thac there should be several 

gaps between lead plates for a better identification of electrons. 

A further test would be required to find out if an Aluminium 

foil electrode could stand up to the high powered sparks in the chamber 

without puncturing or distortion. It may be pointed out that the power 

going in a single spark could be twelve times the "normal" power 

required for photography if only one particle was present in the chamber 

which was pulsed with sufficient power for six sparks, and one gap 

failed to fire. 

3.6 Spark Chamber Systems for Electron Detection 

From the preceding discussions on electron showers, specially the 

average behaviour of showers, it is possible to propose two simple 

spark chamber systems for the detection of electrons (Fig. 3.2). Each 

shaded section corresponds to one radiation length of lead (0.6 cm) and 

the unshaded gaps represent the spark chambers. The main difference 





between the two arrangements is that in (b), the amount of /eta mini is 

roughly half that used in (a), and there are four gaps between lead plates 

instead of only two. The idea of increasing the number of gaps is to 

find out if it is easier to identify a shower in this case. The object 

of using less lead is to find out if a smaller fraction of F-mesons 

simulate an electron (due to the correspondingly smaller number of nuclear 

interactions). 

A look at Table 3.1 shows that there are a large number of low 

energy photons present in the shower. The method described. here for 

detecting electrons relies on the detection of these low-energy photons 

by their. Compton scattered electrons. The electron is allowed to pass 

through two radiation lengths of lead whore it can generate low energy 

photons in a. small forward cone. Next tiro-gap Spark Chambers are 

separated. by thin (3 mm thick) copper plates in which the photons can 

undergo Compton scattering. The choice of copper is dictated mainly 

by two facts, (a) it has nearly the same electron density as lead, i.e. 

Compton scattering cross-section would be about the same and (b) the 

.cottering Elrelp i u muleh less in copper than in lead, enabling 

a larger fraction of electrons to be ob45,-irvGd in the chambers. 

• 	Pb 	1.6 

2'••• G 
/Cu 
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Part III  

Features of TT-Interactions  

This section is included mainly to estimate the behaviour of 

7rs(500 MeV/c) in lead to help in their identification later. The nuclear 

interaction cross-sections help to give an estimate of the fraction of 

pions which can simulate electrons. The processes considered here are 

(i) Single and Multiple Coulomb Scattering 

(ii) Diffraction Scattering 

(iii) Nuclear Interactions (including inelastic scattering) 

(i) The maximum value for a single Coulomb scatter is given by 

t% 	-1 L. 
max r

n 

where r
n radius of the Lead nucleus, and 

= p 	being the momentum of the 77--meson. 

Substituting P = 500 MeV/c, 

7,r;•   = 1.4 (206)' x 10-13  cm,  

0  , 3o 
max 

The multiple coulomb scattering in one radiation length of lead 

is given by 

/02\ 
/ 

2 
21 '\ 

5001 
1 

or 2° 
 

It is clear that in one radiation length of lead, single and multiple 

coulomb scattering is not significant for angle5,5°. 
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(ii) The differential cross-section for diffraction scattering34  

calculated from the Optical Model (in the Black Sphere Limit) is plotted 

in Fig. 6.1 of Chapter 6, as a function of the angle of scattering. The 

maximum angle of diffraction scattering is:"1  120. 

(iii) Several experiments have been done to study the inelastic 

scattering of 7I-mesons on lead and nuclear emulsions roughly in the 

energy range considered3541. 	The results described here have been 

chosen mainly because the ft-meson energy was the closest available to the 

energy under consideration ( 	•00 MeV/c 
K.E. - 380 MeV). The 

experiment consisted of measuring :he inelastic cross-sections for7T-mesons 

in lead (plates) with the help of a cloud chamber. The cross-sections 

for the inelastic processes was as follows 

0-(total) 	= 2200 mb 

('(stars and stops, including = 1600 mb 
charge exchange) 

(inelastic scattering, with = 550 mb 
s•E k MeV) 

The energy and angular distributions of the inelastically 

scattered 71-mesons are also presented. The mean energy with which a 

7-meson emerges from the lead nucleus was found to be 90 MeV. This large 

energy loss is explained on the basis of multiple collisions between 

therr-meson and nucleons inside the nucleus. The angular distribution 

of the inelastically scattered 7r-mesons was anisotropic with the forward 

and backward scattering being predominant. From the differential 
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- 
scattering cross-section curve it is apparent that

/,  
 0-9001  intl. = 

o E!' 0-180 inel., a figure which can help to estimate the fraction 

o_r  of 	s produced in tae forward (0-90°) direction. 

A very elementary estimate for the cross-section of 	production 

can be made (Lederman35) using:T.-Nucleon cross-sections for the given 

energy. If R is the ratio of the charge exchange cross-section to the 

nuclear scattering cross-section, 

Zeit —• --.- r" 	) 

R = 
(Trt -,1TP ) A 	 ) 

Putting in the cross-sections42'
43 

R = 0.28 

From Ignatenko36 
	

inelastic 
	550 mb 

(charge exchange) 150 mb 

and 	- (charge exchange, 0-90°) r.  75 mb, assuming that 7743s have a 

similar angular distribution to 7rs. From this assumption, it can be 

stated that if all the Tr% produce a shower and the Tr-meson is counted 

as an electron, then 0.1 - 0.2% of the TOls would simulate an electron in 

each radiation length of lead. This derivation gives only an approximate 

figure and cannot be expected to be very accurate. 

No important restrictions are imposed on the spark chambers to 

detect 71-mesons. However, there are three points which arise in 

connection with the detection of ir-mesons. 
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(i) As a TT-meson track does not contain any non-ionizing links 

(like the .1''s in an electron shomr) the track should appear continuous. 

It would be easier to recognize -ir's if the efficiency of the chambers 

were high and no breaks appeared in the track. 

(ii) In a nuclear interaction, low energy (hence heavily ionizing) 

secondaries are expected to be produced. It is not known if the heavier 

ionizing track would 'rob' the lower ionizing track of its energy. 

Evidence44'45 at the moment appears to favour such a possibility. 

(iii) Tr-mesons traversing the chambers at large angles to the 

normal 	45°) may produce multiple sparks per gap,increasing the 

probability of electron-simulation. This clearly requires a test to find 

the maximum acceptable angle. 
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CHAPTER 4 

Preliminary Tests with Aluminium Foil Spark Chambers  

4.1 Introduction 

The special requirements on Spark Chambers to detect electron 

showers and1T-mesons in the study of the 0j-decays were described in the 

last chapter. Tests with the chambers can be broadly classified into 

two categories: 

(i) Tests involving single spark chambers 

(ii) Tests involving complete spark chamber arrangements (i.e. 

with lead, etc.) to find the efficiency of electron detection and 

percentage of pions simulating electrons. 

Only the tests with single spark chambers are described in this 

chapter, the tests consisting of: 

(i) Construction of the chamber and trigger circuit. 

(ii) Measurement of single-particle efficiency of the chamber 

(iii) Tests involving photography (a) Power required in a spark 

(b) Photographed width of sparks 

(o) Depth of Focus 

(iv) Power tests to test puncturing in Aluminium Foils of various 

thicknesses 

(v) Tests on multiple sparking for large angle tracks 

4.2 Construction of the Spark Chamber and Trigger Circuit  

The construction of the chamber was fairly conventional46  with 
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.0005" thick stretched Aluminium foil stuck on perspex frames (4" thick) 

which also acted as spacers. The Aluminium foil which was prestressed, 

was mirror flat, and as the perspex frames were accurately machined 

to ± .001", the gap separation was expected to be very uniform. There 

was a total of four gaps in the chamber with common manifolds for 

inlet and outlet of the gas which was flushed continuously. A mixture 

of Neon-Helium (ratio 65:35) was used for all the tests described. 

Each pair of gaps in the chamber was pulsed by separate storage 

condensers. The electronic circuits used for triggering the chamber 

were practically identical to the ones described in Chapter 1 with one 

difference - a modified version of the Spark Gap was used for the 

present tests. 

In principle, the Spark Gap had three electrodes enclosed under 

pressure in an atmosphere of nitrogen. A figure of a section of the 

Spark Gap illustrates the main features of construction (Fig. 4.1). 

The high-voltage electrode A was made out of a cylindrical metal piece with 

a rounded end. The earth electrode B was hollowed out along its length 

to allow the insertion of the trigger electrode C which was u? 1 mm in 

diameter. The trigger electrode was insulated from the earth electrode 

except near the end. The gap between B and C was '005" and the main 

gap which was adjustable was —,1". It was possible to adjust the 

pressure of nitrogen in the gap up to 20 lbs/sq.in. 

Tests were made to measure the breakdown time of the spark gap for 

two pressures. The time delays which are plotted in Fig. 4.2 represent 
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the time interval between the maximum voltage of the trigger pulse 

and the instant of breakdown in the gap. Ona fact that emerged from 

these measurements was that if the voltage on the gap was set 	1 kV 

below the spontaneous breakdown level, the time delay in breakdown 

was 10 n.s. 

4.3 Measurement of Efficiency for Cosmic Rays  

Cosmic Rays were used to measure the single particle efficiency 

of the chamber. The method of measuring the efficiency was the same 

as described in Chapter 1, i.e. it was the ratio of the number of sparks 

observed, to the total number of sparks that could have occurred. • 

The capacity of each pair of gaps was 120 pfs and the storage 

condenser was chosen as 180 pfs which gave rise to a voltage attenuation 

ratio of 0.6. 	The chamber was operated at 6 kV (i.e. the Spark Gap 

at 10 kV) which meant that if all the gaps fired singly for a track, 

the power going into a single spark would be 2.7 mj. Photography was 

carried out on Tri-X film at an aperture of f/11. 

The efficiency was measured for various clearing fields and delay 

times. The results are summarised in Fig. 4.3 where the sensitive time 

of the chamber is plotted as a function of the clearing field. The 

sensitive time, defined as before, is the time after which the efficiency 

drops to 1 — of its original value. The results are in good agreement 

with other experiments47. The minimum in the sensitive time occurs at 

about 100 volts when the sensitive time is it,: . Fig. 4.4 is included 
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to illustrate the variation of the Spark Chamber efficiency as a function 

of the delay in triggering for a 100 volts clearing field. 

4.4 Photography  

A reasonable figure for the power needed to photograph sparks 

at fill was found to be 3 mj. With this power the sparks appeared about 
1 mm wide (as projected back in the chamber) on the film. The width 

of the spark appeared to increase with the power in the spark, presumably 

due to halation in the film, etc. It was found, for instance, that 

with an 18 mj spark the width was 2 mms. 

The increase in the width of the spark with power introduces a 

new problem in the detection of electron showers which is as follows: 

If a gap is pulsed with sufficient power for six sparks and only two 

occur close together, would it be possible to distinguish them, or 

would they appear as a single thick spark? It may be recalled that it 

is necessary to pulse the chamber with high power to enable the recording 

of electron showers (Chapter 3) and that in electron showers the several 

particles in the chamber are expected to be close to each other (Chapter 3). 

Photographs of electron showers in Chapter 6 illustrate the nature of the 
problem. 

4.5 Power Tests  

The strength requirements of the Aluminium foil are clear from the 

preceding discussion on the power needed to photograph a single spark 

and the maximum number of sparks likely to be present in a gap simultaneously. 
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Assuming that the maximum number is 6, the gap should be pulsed with 

J118 mj in every trigger. As one storage condenser is used to trigger 

a pair of gaps, in the event of one gap not firing, the maximum power 

input in the other one would be ",'36 mjoules which sets the minimum 

strength requirements on the Aluminium foil. 

Three spark chambers were constructed using Aluminium foil of 

different thicknesses 	1 and 2 thousandth of an 	inch). The chambers 

were connected to high voltage pulsers which triggered at a predetermined 

rate. The energy being pulsed could be varied by a choice of storage 

condenser and the voltage. A radioactive source was pointed towards the 

chambers (emitting particles normal to the gaps) and its position was 

so adjusted that on the average, one spark occurred in the chamber for 

each trigger. The area covered by the radioactive source was about 

10 sq.cms. of the chamber. 

Table 4.1 shows the results of the experiment, from which, somewhat 

roughly,, the maximum power inputs into chambers of different thickness 

Aluminium foils can be deduced as 

	

.0005" Al. foilmax 
	30 m.j./gap 

.1" If 	
max 	80 m.j./gap 

.2" . : 	150 m.j.Aap max 

From these figures it seemed safe to use .001/ thick Aluminium 

foils in Spark Chambers for the present tests. 



Table 4.1 

Number of Triggers 104 
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Thickness of Foil Power in Sparks 
' (m-joules ) 

Effects 

20 None 

.0005" 3o None 

8o Bad pitting 

2441 Punctured 

80 Very slight pitting 

120 Slight pitting 
.1"  

160 Pitting 

200 Punctured 

80 1 None 

120 
j 

None 
.2"  

160 Very slight pitting 

200 j Pitting 
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4.6 Measurements on Angular Tracks 

When a charged particle traverses an efficient chamber normal to 

the plates, it produces a spark in every gap, the sparks being normal 

to the plates. When  the particle travels at an angle to the normal, 

however, there is some probability that it would produce more than one 

spark in a gap. (These remarks do not apply to the 'special" chambers
48 

where the sparks are made to follow the trajectory of the particle). A 

theoretical estimate of the number of sparks per gap as a function of 

the angle of the incident particle to the normal can be made with the 

help of the theory of spark formation. The theory has been specially 

applied to this problem by FUkP. 

Consider a gap (Fig. 4.5) through which a charged particle passes 

at an angle 9 to the normal with two electrons liberated at A and B, the 

distance AB = cms. 	when the electric field is applied across the 

gap, the electrons produce an avalanche in which the electrons are 

concentrated in the front semi-sphere whose radius is given by 

= 	4Dt 

where 

D = the coefficient of diffusion for the electrons in the gas, and 

t = the time during which the electrons are allowed to diffuse. 

In Neon, with an electric field 10 kV/cm, the coefficient of 

diffusion is 81. 102 cm2 per second50,33. Another way of expressing t is, 

t = distance travelled by the avalanche 
drift velocity of electrons 
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Since the Breakdown condition is , r.pproximately51 

d 	20 	( 	Townsend's First Coefficient) 

and for Neon with an electric field of 10 kV/an, 

70 

= 3 mms 

Substituting the drift velocity of electrons, = 14 x 106 cms/sec, 

0.25 mm 

According to Fukui, if 	/ 3A' , the space-charge field between 

the avalanches is strong and the streamer forms along the space charge 

field. If 14> 	, the externally applied field is stronger and the 

two avalanches develop into two sparks. 

In Fig. 4.6, if the gap width is represented by 'a', and the 

insensitive volume of the gap by x, multiple sparks should be expected 

for 

(x-a) cos 0 	1 mm 

i.e. 0 	20
o 	Gi 

(x-a = 3 mms) 

According to Fukui, the number of sparks in a gap is given by the 

relation 

A N 

where A depends on the operating conditions of the chamber but is 

usually 1. 

Experimental tests on angular tracks were carried out with the 

Spark Chamber described earlier in this Chapter. The main object was 

cos Q 
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to find a relation between stark multiplicity and the angle of the 

track, and a secondary object was to find out the appearance of a single 

particle track at various angles. 

The chamber was triggered on Cosmic Ray particles at large angles 

to the normal to the plates. 	The geometry of the counters was so chosen 

that the particles made a large angle to the normal in one plane, while 

the angle was :-(100  in the plane at right angles to the first. 

Photographs were taken only in the first plane, with a 7" focal length 

lens at 1.11 using Tri-X film. A typical large angle track is shown 

in Fig. 4.7. 

The experimental results are shown in Figs. 4.8 and 4.9. The 

former shows the percentage of multiple sparks as a function of the angle 

of the track. 	It is apparent that the fraction of multiple sparks 

increases rapidly with the angle and at 600  about half the csparkc are 

aocomp..mipa by P "sattelite" spark. 	Another parameter measured was the 

distance between the sparks under questic,.. Fig. 4.9 shows the percentage 

of sparks which appear to be spaced apart by 1 mm or more as a function 

of the angle of the track. 	(When more than two spurkc w is procent, 

separation was measured between the extreme sparks only). 	It appears that 

a larger number of widely spaced sparks is obtained with larger angle 

tracks, as would be expected. 
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Fig Lk' 7 
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Fig 4-8  
PERCENTAGE OF MULTIPLE SPARKS 
AS A FUNCTION OF THE ANGLE 
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.Fig 4-9  
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CRAPTER5.  

Description of Experimental Set-Up at N.I.R.N.S. 

5.1 Introduction 

The need to measure the percentage of ':-mesons simulating 

electrons ( 11s) at 500 MeV/c
, and the efficiency of electron detection 

/ A 
E) at the same momentum, was emphasized in Chapter 3. It may 

be recalled that these two factors are of vital importance in the study 

of ";-decay. Most of this chapter is devoted to a description of the 

experimental arrangements used for determining 7Vs  and 9E. 
5.2 The Beam Composition 

A focussed 500 MeV/c beam of negative Tr-mesons was 
obtained on 

the 'T-2 beam line at the 7 GeV Proton Synchrotron, NIMROD, at the 

National Institute for Research in Nuclear Science. The requirements on 

the beam were not very stringent as only one event per machine pulse 

could be photographed. The flux in the beam was en 102 particles per 

second. 

The Cerenkov Counter (see Section 5.3) was employed to find the 

electron component of the beam and it was assumed that IT-mesons and 

-I--mesons made up the remaining part of the beam. The fraction of 

-L-mesons was found (see Section 6.3) by scanning the (71-+;; ) trucks 

and searching for nuclear interactions in the lead plates. The following 

results were obtained: 

Percentage of electrons in the beam 	-I 30% 

Percentage of ( 71-11,1- ) -mesons in the beam 	70% 
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Percentage of 	 _mesons in 	+!' )-mesons component 15% 

Percentage of7 -mesons in the beam 6090 

Percentage ofi-mesons in the beam 10% 

To photograph R-mesons, the electron contamination. of the beam was 

reduced by inserting a 3 mm. thick lead plate in the beam just before 

the last bending magnet. With the lead plate in position, the percentage 

of electrons was found to be ',16%. 

„5.3 The Cerenkov Counter 

The main purpose of the Cerenkov Counter was to detect electrons 

in the beam with a high efficiency. The Cerenkov Counter was used in 

coincidence with the beam counters to photograph electrons in the 

Spark Chambers. To photograph. -mesons, the Cerenkov Counter was used 

in anti-coincidence with the beam counters. 

Cerenkov light is given off at an angle Q, by a charged particle 

travelling at a velocity c in a medium of refractive index n, according 

to the relation 

Cos 0 - 1 
	

(1) Irn 

The number of photons emitted within the spectral region defined by the 

wavelengths 1  and 

Nph = 2 i t - 

where = 
137 

2 is52 

1 	
) 

1N 
-- Sin29  

'2 1'1 
(2) 

Between the wavelength limits 3500-5000A°, (the sensitive range for an 

Antimony-Caesium photocathode) 



Nph = 400 Sin20 

The efficiency of the Cerenkov Counter for electrons of 

500 MeV/
c momentum, was measured indirectly by measuring the efficiency 

for -0, -mesons of 2.2 GeV/c  momentum. The measurement was based on the 

assumption that the efficiency of the Cerenkov Counter was only a function 

of Nph (or 0), if the other factors, viz. light collection efficiency, 

gain of the photomultiplier etc. were kept constant. Fig. 5.1 shows the 

variation of Nph with the pressure of Arcton 12 in the chamber and 

Table 5.1 shows the variation of the measured inefficiency of the counter 

as a function of the Arcton 12 pressure. From these measurements it 

was decided to operate the Cerenkov counter at 55 p.s.i. for 500 MeV/c  
electrons. At this pressure, Nph = 321, therefore the percentage of 

electrons which failed to be recorded was expected to be / 2% 

(See Table 5.1). 

Due to the slight inefficiency in the Cerenkov Counter, it was 

expected that a small number of electrons would be selected as 

during the photography of Ti-mesons. This number was 0.1% which was 

obtained by multiplying the inefficiency of the Cerenkov Counter (,-.2%) 

with the electron contamination in the beam during the if-run 0'6%). 

The reverse problem, i.e. -mesons being selected as electrons 

arises due to the possibility of a knock-on electron triggering the 

Cerenkov Counter. The number of knock-on electrons can be estimated 

as follows: 

The probability of knock-on electron production (with energy 
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(3) 
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Table 5.1 

Pressure 	(n-1).105  Troh.(calc.) 	Q 	Percentage of particles ! 
(absolute) 	!calculated not recorded (measured) 
(p.s.i.) 

- - 	98.1 ± 3• .1 % 

- - 	95.1 t 3• .0 % 

- _ 	93.7 t 3.0 % 

	

.75° 
	+ 

	

7 58 	- 2.4 % 
, 

	

44 	1.95° 	i39 ± 2• .0 % 

	

73 	2.52° 	1 50 t 1.7 % 

	

104 	2.95° 	26 ± 1.6 % 

	

142 	3.42° 	21.4 ± 1.5 % 

	

176 	I 3.90° 0/  /0 

	

14 	± 1• .2 

+ 

	

208 	4.22° 	7.2 - 0,8 % 

	

240 	4.58° 	5.8 ± 0.8 % 

3.5  ± 0.6 % 
 

	

275 	4.93°   
1 

	

309 	15.19°  
1 	

.1.7 ± 0.4 % 
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in a given medium is given by53 

dE P(E)dE = W 
E2 

where 
W = 0.15 

x in gms/cm2 is the amount of matter traversed 

A: is the velocity of the incident particle 

'Z is the Atomic Number of the medium 

A is the Atomic Weight of the medium 

Integrating (4) 

P(E 	E ) = 
min max E E 

 min 	max 
(6) 

where Erin 
 = 5 MeV is the threshold for the production of Cerenkov 

radiation at the given pressure. 

max = 11.5 MeV for a 500 MeV/c l'-meson 
Substituting E

min' 
E
max and W in (6) 

P(E- E ) = .019 min max 

:. Number of 'f-mesons expected to be counted as electrons due to the 

production of knock-on electrons(.12%. This estimate is too high for 

the following reasons: 

(i) During the "electron runs" the gain of the Cerenkov counter 

was lowered to reduce the efficiency to  

(ii) Some knock-on electrons would be produced near the and 

of the counter, reduing their chances of detection. 

(iii) The efficiency of detection for electrons just above threshold 

will be low. 

A 

(4) 

MeV 
	

(5) 



(iv) Some knock-on electrc,Is will be given off at large angles 

to the incident particle and not be detected, 

It is difficult to estimate (iii) and (iv), but putting in a 

factor 0.5 for (i) and 0.75 for (ii), 

(Knock-0n Electron);,: .007 

As only 30% of the beam consisted of electrons 	1.5% of the electrons 

would be expected to be really -mesons counted as electrons. 

5.4 The Spark Chamber  Arrangements and Associated Electronics 

The complete experimental arrangement is shown schematically 

in Fig. 5.2. The counters and the Spark Chambers were mounted on a 

trolley whose height was adjusted to the beam level. The description of 

the apparatus can be divided into two groups: 

(i) Description of the Spark Chamber Arrangements, and 

(ii) Description of the Counter Selection system and the trigger 

circuit. 

The Spark Chambers were constructed to a standard size - the 

internal dimensions being (20 x 20) cms2 and with a gap width of 0.6 cms. 

Except the first, all the chambers were two-gap modules constructed of 

0.001" Aluminium foil and protected by Melinex foil on both sides. The 

first chamber had 4 gaps and was constructed with .0005" Aluminium foil. 

The method of constructing the chambers was the same as described in 

Chapter 4. 

The Spark Chambers and the lead plates were mounted on a Dural 
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base plate which was later attached to the trolley. It was a simple 

matter to swing the whole arrangement through 45
o, to photograph :s 

and es traversing the arrangement at 45°. 

The chambers were flushed with a Ne-He mixture for several hours 

before the run and once they were operational, the flow rate was reduced 

to a minimum. The gas was supplied to the chambers from one cylinder 

with the help of a manifold, effectively putting them all in parallel. 

The flow was monitored constantly throughout the run to prevent 

"starvation" of any chambers. 

Each chamber was triggered by an independent Slave Spark Gap 

with a 1000 pf storage condenser. (Except for the first 4-gap chamber, 

which was pulsed by two 1000 pf storage condensers.) The power pulsed 

in each gap of the chambers was :/1  25 mj which was sufficient for'' 8 

particles (See Chapter 4). 

Photography of the Spark Chambers was carried out at f/8 using 

Kodak Tri-X 35 mm film, in two views; the firect view and at 90°  

(with the help of a plane mirror). The film was automatically advanced 

after each exposure with the help of a motor tirggered by the coincidence 

circuit. 

Four Spark Chamber Arrangements were tested in all. Fig. 3.2 

shows three of them, the fourth being the same as 3.2(a) except for the 

fact that the beam was incident at 45°. 

(I) A 4-gap chamber was followed by a lead plate, 0.6 cm thick 

(= 1 Radiation Length). The rest of the arrangement consisted of a 
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succession of 2-gap chambers and Lead plates, one radiation. length 

thick. In all 9 radiation lengths of lead was used. Photographs of 

!T -mesons in this arrangement were labelled "F.1" and electrons, "F.2". 

(II) The first 4-gap chamber was followed by a 1.2 cm thick lead plate. 

The rest of the arrangement consisted of two, 2-gap spark chambers and 0.6 

cm. lead plate, repeated three times, i.e. in all 5 radiation lengths of 

lead were used. Thes and e's in this arrangement were labelled F.3 and 

F.4 respectively. 

(III) As mentioned earlier, this was simply the first arrangement swung 

through 450. The ;Ts and es in this arrangement were labelled F.5 and 

F.6 respectively. 

(IV) The first 4-gap chamber was followed by a 1.2 cm lead plate. 

After this there was a succession of 2-gap chambers and 3 mm thick 

copper plates, in all, 8 copper plates were used. The%7s and es in this 

arrangement were labelled Y.7 and F.8. 

Figs 5.3 shows the counter selection system and the ancillarr 

electronics schematically. Outputs from S1,S2  and S3  were fed into 

C01, the first coincidence circuit. The output from the large counter, 

(15 ems
2
). 4 was fed into CO2 through a Rationer whose function was to 

prevent a pulse getting through if there bad been a pulse within the 

last microsecond. This was to prevent photography of a track in the 

presence of an 'old' track. The target pulse, received from the Main 

Control Room, opened a 'gate' for 1  100 m.seconds ensuring that only 
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particles coming from the relevant target were considered. The outputs 

from CO1 and the Cerenkov Counter were also fed into CO2. To select pions, 

the Cerenkov Counter had to be changed to anti-coincidence. A slow 

output from CO2 was used to drive the camera relay circuit for advancing 

the film. The relay circuit also paralysed the fast output of CO2 for 

the duration of the film advance ( 	1 second). 

The Paralysis, Avalanche Circuit and Master Gap circuits are 

shown in Fig. 5.4. The relay circuit on being triggered gave a +35 Volt 

output which biased a HD5000 diode and prevented the CO2 output pulses 

from triggering the Avalanche Circuit. In the absence of a bias, however, 

the Avalanche Circuit gave an output of -120 volts which was applied 

after inversion on a A2426 - a high-current tetrode. When the valve 

triggered, the anode, which was normally held at 	6i kV fell to ground 

potential applying the voltage pulse on the trigger electrode of a spark gap 

(similar to the one described in Chapter 4). The spark gap was filled 

with nitrogen at 10 p.s.i. and its anode was held at +9.5 kV. The output 

from the Master Gap was fed into ten Slave Gaps through loon_ co-axial 
cables. Each chamber had a separate Slave Gap with a storage condenser 

of 1000 pfs and with 1000 in parallel with the chambers which gave a 

180 n.s. pulse length. There was provision for a clearing field which was 

set at +100 Volts (with polarity opposite that of the pulsed field). 
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CHAPTER 6 

Experimental Results  

6.1 Introduction  

The spark chamber arrangements described in the last chapter were 

used to photograph ,7- mesons and electrons of 500 MeV/0  momentum. In all, 

about 4000 'is and 2000 electrons were photographed, and the results are 

presented below. 

6.2 Spark Chamber Performance  

The single particle efficiency of all the chambers was measured by 

scanning pion tracks which did not have a nuclear interaction ov'scattering 

at angles':)150. 	Further, only those tracks were selected in which the 

first chamber (S
o) had at least three gaps out of four sparking along a 

track, with no other track present in it; the last chamber was required 

to have at least one of the two gaps sparking in line with the traok 

(within reasonable limits of scattering). The results are shown in 

Table 6.1. 

The efficiencies of chambers S
o- S7 were reasonably high and at 

about the level expected from the preliminary tests (Chapter 4). The 

chambers S8, and especially S9, showed a low efficiency which could have 

one of many explanations. Firstly, as all chambers had independent 

Slave Trigger Spark Gaps, it is possible that due to maladjustment, the 

particular Slave gaps were inefficient in triggering the chambers. 

Secondly, the efficiency of S
9 

may have been seriously impaired by an 

excess of Perspex Cement which was used in its construction instead of 



Table 6.1 

Chamber Efficiency (%) 

S
o 95 _ + 0.5 	% 
Si 

 95.4 _ + 0.35 % 
S
2 99 _ + 0.35 % 

S3  98.5 ± 0.35 % 
s4 97.5 ± 0.35 % 
S5 93 + 0.54 % 
S
6 96.4 + 0.35 % 
s7 95.5 ± _ 0.35 % 
S
8 88.7 ± _ 0.52 % 
s9 71 + 0.28 % 

-92- 
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Araldite, which was used for the other chambers. 

An annoying feature in the analysis of the photographs was the 

persistent spurious breakdown in some of the chambers. The breakdown 

occurred for nearly every trigger in the same region of the gap. It 

consisted of a large number of very low energy sparks and gave the 

impression of a 'glow discharge' across the gap. In the absence of a 

track, the breakdown appeared to be stronger. Examples of the breakdown 

can be seen in the photographs later in this chapter. As this type of 

breakdown was not encountered in the preliminary tests described in 

Chapter 4, and due to a shortage of time before the test run, nothing 
could be done to eliminate this breakdown. This handicap was partially 

overcome during the scanning of the photographs by accepting only those 

sparks for tracks which could be correlated in both gaps of the chamber 

and in both views (direct, and at 900). This procedure proved rather 

cumbersome with some of the photographs, especially of electron showers, and 

perhaps introduced a bias in the scanning of multiple tracks. 

Results  

6.3 F.1.  ( 1- -mesons in Arrangement I) 

The scanning of this film was done in more detail than the other 

;1--films, with the following considerations in mind:- 

(i) Efficiency of the Spark Chambers. 

(ii) Nuclear Interaction cross-sections in Lead for 71-mesons. 

(iii) •1---meson contamination in beam. 
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(iv) Production of S-Rays 

(v) 7r-mesons simulating electrons 

(ii) The first of these was discussed above. The main object of measuring 

the nuclear interaction cross-section was to estimate the e.,-meson 

contamination in the beam. As discussed in Chapter 3, the combined 

Coulomb and diffraction scattering was not expected to exceed 15
o
. An 

experimental check was made on the differential scattering cross-section 

for small angles (shown in Fig. 6.1). 

The inelastically scattered "rr-mesons were recognised by one of the 

following processes:- 

(a) Scattering at angles> 15°  

(b) Interactions, with more than one outgoing particle 

(c) Steps 

The angle of the outgoing particle was measured in (a) and (b), the 

more energetic particle only being measured in (b). 	The differential 

cross-section of inelastically scattered rrs is shown in Fig. 6.2. There 

are two points in connection with this curve worth mentioning. Firstly, 

the cross-section is artificially depressed in the region 60
o
-120

o 

due to the geometry of the chambers. Secondly, the cross-sections in the 

backward hemisphere see low ( ,00pecia3iy rt.?1,11.• 18n°1 c.c.Anp-vorl to Tenatelik,-. 6. 

This may be due to either a low efficiency of the chambers for two 

particles, or scanning losses because the secondary particle went 

through the first chamber
(s

o
)
. Only those photographs were considered 
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which had only one particle in the first chamber, or if there were more 

than one particle, the others were obviously coming from an interaction. 

Some events may have been missed due to this criterion. 

(iii) la -Meson Contamination in the Beam. 

It may be recalled that the counter system for selecting electrons 

and pions was based on the Cerenkov Counter which selected only electrons. 

Along with the pions, the pt.-mesons, 	K-mesons etc. were also expected 

to be selected of which only th04-mesons were expected to form a 

significant fraction. It is important to know this fraction in 

determining '-s. 

The principle of estimating Trs was to calculate the ratio of the 

number of nuclear interactions which should be observed from the simple 

geometrical cross-section, to the number that were actually observed. 

All Tr-tracks which either stopped, had an obvious interaction, (more 

than one secondary particle) or were singly scattered at angles greater 

than 15°  were counted as nuclear interactions. To this, the estimated 

number of nuclear scattering in the range 0-15°  was added. It turned 

out that the percentage of Tr-mesons was 185% of the total particles 

selected as li's, from which the fraction of vs in the beam can be 

readily calculated. 

(iv) c-Bays. 

The presence of c-rays, along with the iltrack could be of 

significance if then:meson subsequently interacts in one of the lead 
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plates. The object of counting the V-eraysAproduced in the :.•un. 

was to estimate the additional difficulty in preventing Irs from 

simulating electrons. The following observations were made on the 600 

photographs taken, considering only the first six radiation lengths of 

lead. 

Number of single s. 'o observed = 66 i.e. ii% 

Number of two single ges per photograph = 6 i.e. 

Number of 2 E's (in the same chamber). = 6 i.e. 1% 

probably back-scattered in the 

following lead plate) 

(v) 	',--mesons simulating Electrons. 

Some of the /'-tracks which may have been mistaken for electrons are 

shown in Figs. 6.3 to 6.9. 	The question of forming a criterion for 

accepting or rejecting -:-mesons is deferred to after the electron 

pictures analysis. 

6.4 F.2  (Electrons in Arrangement I) 

Nearly 300 photographs of electrons were scanned. As mentioned 

above, there was some difficulty in distinguishing particle tracks from 

spurious breakdown in some chambers. This difficulty is apparent in 

nearly all the electron shower photographs shown in Figs. 6.10 to 6.14. 

The discussion on electrons is divided into three sections:- 

(i) Average Behaviour of Showers 

(ii) Linear Spread of Showers 
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(iii) Bad Electron events. 

(i) Average Behaviour of Showers 

The number of electrons in each chamber was counted to calculate 

the average number of electrons as a function of the depth of the 

shower, as shown in Fig. 6.15. The solid curve represents the computed 

value for the number of electrons with energy greater than 10 MeV
29. 

In view of the fact that the computed curve includes only electrons with 

energy greater than 10 MeV, the agreement is surprising. On the other 

hand the scanning bias was in favour of reducing the number of electrons 

which might account for the relative agreement. 

(ii) Linear Spread of Showers  

For 72 electron tracks, the displacement of all electrons in the 

shower was measured from the axis, which was defined as the perpendicular 

distance between the shower electrons and the direction of the incident 

electron. Table 6.2 shows how the shower electrons are distributed 

spatially. Fig. 6.16 shows the same distribution graphically which 

helps illustrate the fact that most of the shower is restricted in a 

rather forward narrow cone. Fig. 6.17 shows the spatial distribution of 

electrons as a function of the depth of the shower (in radiation lengths). 

The first distribution (Curve No. 1) includes (90 ± 3.5)% of the electrons 

present in the chamber and the second distribution includes 75 - 3)% of 

the electrons. These numbers help in estimating the size of the spark 

chambers needed for shower detection. 
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Teble 6.2 

Total Number of Photographs = 72 

Displacement (Projected) 
(cms) 

Number of 
!Electrons 

Percentage 	Integrated 
in the IntervalPercentage 

i 
o - 0.5 325 41.2 41.2 

0.5 - 1.0 120 15.4 56.6 

1.0 - 1.5 : 71 9.1 65.7 

1.5 - 2.0 ' 52 6.7 72.4 

2.0 - 2.5 , 39 5.0 77.4 

2.5 - 3.75 
1 

56 ; 7.2 84.6 

3.75 - 5.o i 64 8.2 92.8 

5.0 - 7.5 41 ; 5.3 98.1 

7.5 - 12.5 12 . 1.5 99.6 

Total 780 
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(iii) Bad Electron Events  

Among the electron events shown in Fig. 6.10-6.14, except the 

electron in Fig. 6.12, all the other electrons are not positively 

identifiable. Several criteria for recognizing electrons were formed 

to find an optimum value for ?Is and LE, and they are discussed below. 

6.5 Criterion No. 1 

The most obvious characteristic of the electrons observed in the 

photographs is the multiplication within the first few lead plates. This 

criterion requires the number of particles observed in chambers Sl-S4  

(i.e. in the first four radiation lengths) to be 	6 for identifying an 

electron. The same criterion is applied to 	to find out the 

probability of electron simulation ( - s) with the reservation that 

the multiplication does not occur in an obvious nuclear interaction. (See 

for example Fig. 643.) The results obtained are: 

Efficiency for Electron Detection (1E) = 88.5 t 5.7% 

Percentage of 7- S simulating electrons ( s) = 1.66 - 0.56% 
Tr 

The main criticism of this criterion is that it increases - s 

quite unnecessarily by including obvious S'-rays. It may be pointed 

out that only two S s are needed in the first four chambers for a 7C to 

simulate an electron. In addition one E, backscattered in the following 

lead plate is sufficient by itself to simulate an electron. tom the 

results in 6.3 (iv) the following effects would be expected: 

Number of 2 single a  s in 4 Lead Plates L-0.5% 
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Number of 2c in same plate 	0.7% 

' Expected enhancemeat in 7s 	1.2%.  

6.6 Criterion No. 2 

The 5-ray figures gave indication that a high fraction of Ts  

was due to s-rays. To decrease  s' therefore, a second criteriaa is 

tried out which requires the number of particles in Sl-S4  to be --e 7. 

Obviously this requires an extra three particles in the first four 

chambers. The expected number of cevents is calculated below from the 

results of 6.3 (iv). 

Number of 3 single 8 s 	= .034% 

Number of lg + one 2S 	= .073% 

Total Number of expected is 
 due to " 's 	0.1% 

The numbers actually observed are 	irs 	= .83 ± 0.37% 

and 	1LE 	= 71 ± 5.1% 

6.7 Criterion No. 3  

The numbers for I showed an improvement in the above criterion 

but '-E became rather low. At this stage it is considered more fruitful 

to aim at a qualitative criterion rather than a quantitative one. An 

effort is made to analyse all the indefinite events, i.e. electrons 

which have not produced an obvious shower and pions which have produced 

multiplication. As such events constitute a very samll fraction of all 

the photographs, it is not expected to be a tedious job. In identifying 

electrons or pions, the following points are given special consideration: 
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(i) Most electrons multiply in the first few radiation lengths in a 

narrow forward cone. The number of electrons which multiply within 

a certain amount of material, and are later identified as electrons 

(according to Criterion No. 3) are shown in Fig. 6.18; this seems 

to be related to the radiation loss suffered by the electron in 

traversing the material, which is shown as a solid line in the same figure. 

(ii) Many 7-interactions produce some multiplication but any multiplication 

not produced in the forward cone can not be due to electrons. Any 

energetic (range>1 lead plate) particle at large angles also cannot 

be produced by electrons. 

(iii) The probability of producing a:7,-ray in the first three lead plates, 

and the -9- simulating an electron is very low (0.0005). The probability of 

a TI simulating an electron entirely due to 't;-rays is small enough to 

be neglected according to the present criterion. 

The electron pictures are shown in Figs. 6.10 to 6.14. 	Fig. 6.11 

would be accepted even though the multiplication is not heavy, because 

of some multiplication in S2  and S3  and the characteristic electron pair 

further downstream in S7. All the other electrons shown are not 

accepted due to inadequate multiplication. 	The overall efficiency for 

detecting electrons is found to be 95 t 5.7%. 

The 7is producing multiplication wrce shown in Figs. 6.3 - 6.9, and 

are considered individually below. 
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(a) Fig. 6.3 shows a good exaple of 71°  m 	-production going backwards. 

Apart from the fact the shower develops backards, the goes straight 

through 8 radiation lengths of lead (ignoring the 	2  it cannot, there-

fore be an electron. 

(b) Fig. 6.4. 	The multiplication after the fourth lead plate makes 

it look like an electron. It is accepted as an electron in spite of the 

penetration of the shower which is unusually large for an electron of 

500 MeV energy. 

(c) Fig. 6.5. 	Due to the small multiplication, this event could not 

easily be called an electron. However the criterion has been deliberately 

made easier for pions to simulate electrons to get an upper limit to 's, 

and this event is classified as an electron. 

(d) Fig. 6.6. Normally this event would not be considered due to 

several tracks in Sn, however the othor particles do not proceed beyond 

the first lead plate. The 	interaction in the 7th lead plate looks 

like an electron shower. 

(e) Fig. 6.7. 	This has been called an electron mainly due to the 

uncertainty introduced by the multiple breakdown in S6. 

(f) Fig. 6.8. 	The interaction in the 7th lead plate looks like an 

electron shower. 

(g) Fig. 6,9. 	Looks like an electron shower. 

Fig. 6.19 shows the number of Irs simulating electrons as a function 

of the depth of the shower. Bearing in mind that over 90% of the electrons 
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start multiplication in the first three radiation lengths, the relevant 

figure for ,, s is 0.29 - 0.2%. 

6.8 F.3 and F.4  (Arrangement No. II) 

Generally speaking, the scanning of this film was very much easier 

than F.1 or F.2 as tracks could be followed in four gaps of the chamber 

instead of two_ reducing the importance of spurious breakdowns. In 

principle, it should have been somewhat more difficult to identify electrons 

due to the smaller amount of material. In fact the efficiency for detecting 

electrons was found to be somewhat smaller than in the previous arrangement, 

using the same criterion, i.e. requiring multiplication for electron 

identification. 

Some of the more difficult cases of electron pictures are shown in 

Figs. 6.20 to 6.24. 	The reasons why these electrons were rejected or 

accepted are given below: 

(a) Fig. 6.20: Simple lack of multiplication rules this out as an 

electron. About 0.1% era can produce 3 s in the arrangement and the 

original particle gives the impression of a r as it goes almost straight 

through five lead plates. 

(b) Fig. 6.21: The lack of an ionizing link in chambers S1, S2, S3  

andS4  with multiplication later strongly indicate the presence of a 

photon. However due to insufficient multiplication it is rejected. 

:(c) Fig. 6.22: 	This event is accepted as an electron due to 

multiplication in S1  and S2, and S7  and S8. The presence of a 
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non-ionizing link in S5  and S6  help in the identification. 

(d) Fig. 6.23: Rejected due to inadequate multiplication. 

(e) Fig. 6.24: Here again the non-ionizing links in Si, S2  and S5, S6  

suggest the presence of a photon, but as there is no multiplication it 

is rejected. 

Using the criterion the overall efficiency for the detection of 

electrons was found to be 94.5 5%. 

All the difficult cases of 7irs are shown in Figs. 6.25 to 6.31. 

(a) Fig. 6.25: This is called an electron due to the multiplication in 

S7  and S8. 

(b) Fig. 6.26: Although there is some evidence for multiplication 

in S1 
and S2' an energetic charged particle is scattered at a large angle 

in the third lead plate. It cannot, therefore, be an electron. 

(c) Fig. 6.27: The V-type track in S3, S4 
 and the non-ionizing link 

in S5  and S6  suggest an electron. It may be mentioned, however, that 

this event would not be accepted as an electron due to insufficient 

multiplication but here it is, as it has been deliberately made easier 

for pions to simulate electrons. 

(d) Fig. 6.28: The profuse multiplication leaves no doubt regarding the 

incident particle being an electron. 

(e) Fig. 6.29: 	The multiplication is sufficient for it to be called 

an electron. 

(f) Fig. 6.30: 	Same as Fig. 6.29. 
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Fig. 6.22 

Fig. 6.23 
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Fig. 6.24 
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Fig. 6.26 

Fig. 6.27 
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Fig. 6.30 

Fig. 6.31 
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(g) Fig. 6.31: 	Same as Fig. 6.29. 

The results for electrons and pions in this arrangement are 

summarized in Figs. 6.32 and 6.33. Within the limits of the statistical 

errors/'L E  and 	's are not significantly different from the previous 

arrangement. 

6.9 F.5 and F.6 (Arrangement No. III) 

As no significant difference in either the es or the :1:s compared to 

F.1 and F.2 was noticed, the discussion on individual events has been 

left out. Fig. 6.34 shows an electron shower in this arrangement. 

Unfortunately the stereo view has been cut off due to misadjustment of 

the mirror system. Fig. 6.35 shows a fl- simulating an electron. 

The overall efficiency for the detection of electrons is measured 

to be 95 - 5.6%. 	For /1- s the figures are as follows 

-Os in 1 Radiation Length of Lead = .24 t .24% 

,I If 2 It It It II = 48 I .33%  

II It  3 u It u IT = .48 I .33% 
u u 4 tt It II It = .71 I .4% 

II II 
5 

il It 11 IT = .71 ± .4% 

(Note: No correction has been made in the above figures for the 

increased amount of lead due to the large angle traversals.) 

6.10. Conclusions (Regarding Fl - F6) 

(a) Electrons  

(i) There seems to be little to choose between the first and the 

second arrangements. 	The slightly smaller efficiency for electron 
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detection in the 7.attr is , ompersated for by 	ease of Identification 

of tracks. 

(ii) The detection effici;-nc for electrons in the 45
o 
system is 

just as high as in the others ac would normally be expected. 

(iii) One of le significp t fetures of electron showers which show 

up in all arrangements is the early multiplication. 	36 shows 

for the first two arrangements (T F„. TT) 	-i-v,centge of electrons which 

produce an early multiplication and are identified. The efficiency at 

one radiation length relates to the first arranement only while the other 

measurements are for both arrangements. It is seen that over 90% electrons 

multiply within the first three radiation lengths. 

(h) Pions 

(i) The statistics on the number of r s which simulate electrons 

is very poor, and clearly needs improvement, Within its limits, however, 

is appears to depend only on the amount of material the pion traverses, 

increasing almost linearly with depth. 

(ii) The value of.ns in the 45
0 
 arrangement is not higher than in the 

normal arrangements. This is an advantage if large solid angles are 

required to be covered by the Spark Chambers in an experiment. 

(iii) The combined value of 	for all the three arrangements as a 

function of depth is shown in Fig. 6.3?. 	The value of ' at one 
a 

1.-=6Lh may be artificially depressed due to a scanning bias. 

This is because if an illtclraotion occurs in this plate with charged 
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particles emitted in the backward hemisphere as well, the event is 

rejected as there is more than one input track in So. 

(iv) The observed value of IT
-s 

seems to agree within limits with 

the value expected from charge exchange interactions (Fig. 6.37). This 

seems to support the hypothesis that charge exchange interactions are 

the main source of pions simulating electrons, and also impose a lower 

limit on the value of 'T
s 

(v) Fig. 6.3& shows very effectively the essence of the results 

of the previous three arrangements. It shows the variation of ',E  with 

s' 	tE 
where 	again refers to electrons which start multiplication 

within the stated depth and are recognised later. Several deductions can 

be made from this curve. Firstly, it is wasteful not to require an 

electron to start multiplication in the first three radiation lengths 

of lead. By this time about 90% of the identifiable electrons start 

multiplication and -qs  is -̀'0.5%. 	If, however, a criterion is formed 

which includes the first four radiation lengths for the start of the 

multiplication instead, the improvement in electron detection efficiency 

is very small,' 5%,whilers  goes up to 0.8%. Subsequently,/lE  stays 

constant while --s  rises gradually. Secondly, the upper limit to the 

7LE 
ratio --- seems to be c.,1500, with liEUn 50%. For lower values of 

Trs  
the curve is almost linear against irs, i.e. there is little possibility 

of improvement there. 
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6.11 F.7 and F.8  (Arrangement No. IV) 

The original concept of this arrangement was to use a lesser quantity 

of material to reduce the probability of T-interations and to detect 

electrons, not only by recognizing a shower, but by detecting the presence 

of a photon in a small forward cone. The photon was to be detected by 

some non-ionizing links in the chambers followed by an ionizing particle. 

Some electron photographs are shown in Figs. 6.38 to 6.40, all of which 

show the characteristics expected of electrons. None of these electrons 

would qualify, however, if a multiplication criterion was imposed. 

Typical frevents are shown in Figs. 6.41 to 6.47. 	If the above 

mentioned criterion for electron detection is applied to Vs, the 1-s 

shown in Figs. 6.41, 6.43. 6.45. 6.46 and 6.47 would be counted as 

electrons, the last two being included as they show an obvious shower. 

Fig. 6.42 is not included because of the backward emitted energetic 

44- 
particle, and Fig. 6.19 because of the wrong solid angle of the shower 

which appears to go sideways instead of forward, and is most probably 
0 

due to a 7r. According to this criterion the following figures were 

found: 

4,?, E  = 94.5 1: 5% 

s = 1.55 ± .42% 

An effort to reduce the unacceptably high value of 77-
s was made by 

requiring multiplication in the four chambers following the initial 2 

radiation lengths of lead. This reduced both% and '1s  to the values: 

= 93±5% 
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:= 0.53 - 0.27% 

These values are not incompatible with the comparable figures for 

the pure lead arrangements (at a depth of 2 radiation lengths) and 

therefore suggest no significant improvement. 

There does not seem to be any simple explanation for the poor 

value of 'ts in this arrangement according to the former criterion. One 

possibility is that the "identifying"Ir-tracks were really produced by 

random background processes. It may be pointed out that this background 

was not observed in any of the previous arrangements, which consisted 

entirely of lead plates. Low energy background photons have a better 

chance (see Chapter 3) of being detected in this arrangement, however, 

due to Compton Scattered electrons. 

6.12 Application of Results to the a-Decay Experiment  

It may be recalled from Chapter 2 that the main requirements on 

the detectors for the study of the two-particle decay of theb—meson 

were that: 

(i) Less than 1% of charged pions should simulate electrons, and 

(ii) More than 90% of the electrons should be detected. 

It is apparent from the results that any of the three arrangements tested 

would be suitable for the experiment. However the second arrangement (II) 

is preferred to the other two for the following reasons: 

(i) It is easier to recognise tracks as they can be followed through 

four gaps, 
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(ii) The efficiency for electron•deteetion is higher than in the 

copper arrangement. 

Tne final resell; may be stated as: 

If the efficiency of electron detectiont 90% i= required then only 

those electrons should he counted which multiply within the first three 

radiation lengths. For this criterion the number ofTs's simulating 

electrons would be 

The above result has been obtained for a single value of momentum 

i.e. 500 MeV/
c, of the electrons and pions whereas the decay products 

are expected to have a momentum spread of 300-600 MeV/c. 	It can be 

shown by Fig, 6.48 (Crawford and Messel
29

), that this variation in the 

momentum of the electron would not affect eE very much. 
	The curve 

represents the maximum number of electrons (E,:e10MeV) at any stage of 

a shower in lead :as a function of the energy of the incident electron. 

Assuming that the observed multiplication in a shower is linearly related 

to the maximum number of electrons, there should not be much difference 

between showers at any momentum within this range (except perhaps 

300-400 MeV/c). 	The cross-section for ; Q.- production by charge exchange 

is not expected to vary significantly, consequently 's  should stay constant 

as well. 
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