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ABSTRACT 

An investigation has been made of the characteristics of the current 
l i m i t e d spark chamber, i n which i t was found that certain anomalies existed 
in i t s operation Such discrepancies are not found i n the operation oi 
the more conventional types of chamber. They are thought to be due to 
charge deposited on the d i e l e c t r i c walls producing internal e l e c t r i c 
f i e l d s across the gas which reduce the chamber efficiency. The variation 
of the clearing f i e l d has been investigated i n regions far from the 
discharge, and would appear to be present throughout the chamber. 

Measurement of the decay constant of the charge agreed well with 

the value calculated considering the chamber capacity and surface 

r e s i s t i v i t y of the glass, although on application of this constant, to 

determine equilibrium values of the clearing f i e l d s , a second, much 

longer decay process seemed to be suggested. 

A theoretical model for handling such small clearing fields has 

been examined, and applied to the system, thus giving an indication of 

the electron d r i f t velocity and density of charge deposited on the walls 

The development of an approximate semiquantitative model of spark 

breakdown shows how d i f f e r e n t pulse delays w i l l affect the growth of 

streamers, and describes q u a l i t a t i v e l y certain characteristics of the 

discharges noted during chamber operation. However, the lack of more 

detailed knowledge of certain discharge parameters does not allow a 

more detailed comparison. 



CHAPTER I 

Introduction 

The detectors used to study elementary particles and cosmic rays can be 

divided broadly into two groups, those used purely for counting and those used 

as track forming devices. The former group comprises such instruments as the 

ionization, proportional, and Geiger-Mliller counters, s c i n t i l l a t o r s and the Cerenkov 

counter; whilst the second group contains the various forms of spark, streamer and 

avalanche chambers, the bubble chamber and much more recently the wire proportional 

chamber. 

Of a l l these instruments i t i s the gaseous ones that are of interest here, 

and more especially a particular form of spark chamber known as the "Discharge", 

or "Current Limited Spark Chamber", which i s becoming important i n cosmic ray 

physics. 

Every type of gaseous detector consists essentially of a closed vessel 

containing an appropriate gas i n which the electrode system i s placed; the l a t t e r 

may be two p a r a l l e l plates i n the simplest case or a very sophisticated system 

of wires i n the most complex. However they a l l detect the ion pairs produced 

i n the gas by an incident charged p a r t i c l e , with or without further mu l t i p l i c a t i o n . 

The ionization chamber i s probably the most basic of these detectors and normally 

is a p,9.rallel plate or concentric sphere condenser constructed inside a . suitable 

enclosure f i l l e d with gas up to several tens of atmospheres, A small D.C, voltage-

bssiween the electrodes collects the ion pairs without any gas amplification, 

and they are m-.asured with charge sensitive preamplifiers. Such detectors were 

used extensively i n early cosmic ray research ( 1 ) , 

The natural extension of the ionisation chamber i s the proportional counter 

where the property of gas amplification i s used. The geometry i n this case i s 

usually rectangular with the anode as a t h i n wire running down the axis; thus 

for p a r t i c l e s traversing the counter p a r a l l e l to one side the response is 

p r a c t i c a l l y independent of the position of the trajectory. The potential 

difference applied between cylinder and wire is just s u f f i c i e n t to-allow gas 



amplification i n the high f i e l d region within a few wire diameters of the 

anode. Amplification factors i . e . the factor by which the i n i t i a l ionization 

increases due to avalanching depends on the gas used and very c r i t i c a l l y , 

(exponentially) on the applied voltage: values as high as 10^.can be attained. 

Typical recovery times are of the order of 100 microseconds, governed chiefly 

by the removal of the positive ions from the gas. The counter's use i s very 

extensive due to i t ' s r e l i a b i l i t y i n measuring ionization (2), 

Increasing the applied potential across a proportional counter increases 

the gas amplification to such an extent that the output pulse height becomes 

independent of the i n i t i a l ionization. Such a detector i s known as a Geiger •= 

Muller counter and is a device for simply registering particles, irrespective of 

th e i r charge etc. The explanation of the independence of pulse height on 

ionization i s that very considerable electron m u l t i p l i c a t i o n now occurs around 

the. central wire and a large number of photons are emitted, these photons give rise 

to further avalanches along the whole length of the wire. Other photons give 

r i s e to electrons at the cathode, but because of the shielding due to the 

positive ion cloud around the anode there is no further m u l t i p l i c a t i o n and the 

discharge ceases. The positive ions d r i f t to the cathode releasing electrons 

.and photons which would now s t a r t further undesirable avalanches; to deal with this 

problem a "quenching agent" such as alcohol or ethyl bromide i s generally used, 

.r.hese neutralize the positive ions i n collisions before they reach the cathode, 

and absorb any photons; when they reach the cathode they de=excite without 

l i b e r a t i n g electrons. Such a Geiger Muller tube has a useful l i f e governed 

by the amount of quenching agent present at that time. 

This counter as mentioned above i s used primarily as a p a r t i c l e detector. 

I f however several are arranged i n l i n e and an output pulse required from each 

simultaneously one has a form of p a r t i c l e telescope (3), but because of the 

necessity of removal of the positive ions the recovery time i s of the order 

of milliseconds and i t has now almost completely been superseded by the 

s c i n t i l l a t o r . 



As indicated above the Geiger Muller tube although basically a counter 

can be used with others to form a p a r t i c l e telescope, the resolution of which 

i s not p a r t i c u l a r l y high unless a large number are taken over a long path 

length: with tlie advent of the spark chamber (4), (5) the situation changed 

dramalvLcally . Several such chambers separated by distances of inches gave 

resolutions of better than 1 mm. These chambers consisted of p a r a l l e l sets of 

electrodes held accurately apart i n a gas, normally argon, with a high,steady 

p o t e i i t i a l across them. This voltage had to be carefully adjusted u n t i l i t was 

j u s t below the sparking voltage; a spark would then occur when an ionizing 

. p a r t i c l e traversed the gas between the plates. For small angles to the e l e c t r i c 

f i e l d the sparks followed the p a r t i c l e track very well,but the whole system was 

extremely e r r a t i c and unstable due to a) non=uniformities i n the electrode 

separation, b) the requirement of a high degree of cleanliness, something which 

was very d i f f i c u l t to achieve over a long period of time. Robinson (6) however 

did show that by using a completely sealed system i t was possible to do very useful 

work with i t . 

Cranshaw and de Beer (7) devised a much more satisfactory method of 

operation which reduced the spurious discharges and also the necessity of having 

accurately spaced electrodes. Using a Geiger telescope to indicate the 

traversal of the chamber by an ionizing p a r t i c l e a very high voltage pulse was 

.applied to one of the electrodes within a few microseconds. This pulse, r i s i n g 

i n some tens f nanoseconds to several times the s t a t i c breakdown voltage of the 

gap caused a spark to form along the track of the p a r t i c l e ; the spurious rate was 

considerably less than 1 per cent with efficienctes of 93 per cent. The gas 

f i l l i n g they used was a i r , which lead to cheapness of design, but several 

disadvantages acrued from t h i s ; the breakdown voltage i s large, necessitating 

the use of very narrow gaps or very high voltage pulses, and oxygen has a very 

strong electron a f f i n i t y severely hindering the discharge b u i l d up. Nevertheless 

they did show that by leaving a small clearing voltage across the chamber plates 



the mmory time was reduced to the order of microseconds, far shorter than 

i n any previously knoxm detector, making i t very a t t r a c t i v e for use i n high 

i n t e n s i t y p a r t i c l e beams. 

The c r u c i a l step was taken by Fukui and Miyamoto (8) who f i r s t used a rare 

gas f i l l i n g instead of a i r . Their researches showed that such chambers were 

easy to operate and very r e l i a b l e , providing that the applied pulse had a 

short r i s e time, and i t ' s delay i n application small. The use of a steady D.C. 

clearing f i e l d reduced the memory time of the system to a satisfactory value for 

use with machines (some hundreds of nanoseconds). 

The mode of operation of the spark chamber i s very similar to that of the 

above detectors; the ionizing p a r t i c l e leaves a t r a i l of ion=electron pairs 

i n the gas such that when a high voltage pulse i s applied the electrons are 

accelerated rapidly, (the positive ions due to t h e i r i n e r t i a move a negligible 

distance during t h i s time), they c o l l i d e with other gas molecules ionizing 

or exciting them and these secondary electrons also take part i n further 

ionization. Hence the o r i g i n a l electrons avalanche very rapidly (with a 

v e l o c i t y 10^ cm.secT^) u n t i l the electron cloud reaches a certain c r i t i c a l 

size when i t ' s e l e c t r i c f i e l d i s equal to that of the applied one. At this 

point the electron m u l t i p l i c a t i o n by c o l l i s i o n process decreases and secondary 

eX.-».ctrons that have been produced i n the gas by the photon f l u x from the i n i t i a l 

aTOlancb.es s t a r t to accelerate i n towards these avalanches. This process i s 
8 =1 

known as the streamer mode and i t proceeds at a velocity of«»10 cm, sec, , 

Wheii the streamer crosses the gap between the electrodes the resulting spark 

e f f e c t i v e l y shorts out the chamber pulsing system so the voltage collapses and 

the discharge i s quenched. 

With a l l the early chambers the method of spark location used was 

photographic, but one cannot take f u l l advantage of their short memory time as 

the dead time of the cameras i s very long compared with that of the spark 

chambers, Maglic and Kirsten (9) f i r s t t r i e d to determine the position of the 



spark by the use of two microphones positioned independently i n the chamber, 

thi s was successful, but became very complicated i f more than one discharge 

was present.• 

Replacement of the metal electrodes by p a r a l l e l wires was f i r s t used by 

Galbraith (10); the spark current must now flow down the wire or wires to which 

the spark i s closest and several methods of detecting this current are available, 

Galbraith used small f e r r i t e cores threaded on each wire; the spark current 

changing the magnet state of the core on the appropriate wires. The cores 

could be interrogated l a t e r by a computer. Gianelli (11) and Perez-Mendez (12) 

made use of the magneto-strictive effect, which has proved much easier to handle 

than magnetic cores when very large area chambers are used entailing tens of 

thousands of wires. Much development has also been carried out by G. Charpak (13) 

i n developing the above and many other useful methods of d i g i t i z a t i o n . A l l the 

above types of spark chamber are highly e f f i c i e n t for up to about ten simultaneous 

p a r t i c l e s ; t h i s i s very satisfactory when simple nuclear interactions are being 

studied, but for the detection of electron showers where very large numbers of 

particles are present the "Limited Discharge Chamber" i s necessary. Besides the 

use of rare gas f i l l i n g s i n t h e i r chambers Fulfil/and Miyamoto also placed an 

insulator between the metal electrodes and the gas, namely a sheet of glass. 

Hence the discharge grew u n t i l the streamer reached the chamber walls, but 

because of the high impedance present . a spark channel could not form and unless 

the high vol-j.age pulse was removed the discharge spread throughout the chamber, 

i n a similar fashion to that i n the operation of the flash tube. 

The fact that negligible current flows i n the discharge means that few gas 

impurities are removed from the chamber walls i n comparison with the more 

conventional chamber, thus dispensing with the necessity of an extensive gas 

cycling u n i t . The use of glass as the insulating material, compared with 

Perspex i s very advantageous i n th i s respect being much easier to degas and clean 

of contaminents. One of the chambers of this typie used i n work described in' this 



thesis has beeii i n "operation; for about tito years', and. has recorded over a 

m i l l i o n discharges without' showing any deterioration. 

The pulse length required for satisfactory discharges to occur depends on 

the gap width, but i s i n the region of 100 nanoseconds. In this mode of 

operation the chamber can register the positions of particles with densities 

up to 1 per cm. (14), viewing can be either from the sides enabling 90 stereo 

pictures to be takenjor from the top i . e . p a r a l l e l to the e l e c t r i c f i e l d ; i f one 

of the electrodes i s made from wires or conducting glass. In some cases an even 

more advantageous mode of operation i s i n the "track chamber mode" where the system 

i s arranged so that the particles travel perpendicular to the e l e c t r i c f i e l d and 

are viewed through an electrode. Seen l i k e this the track is registered not by 

a single discharge, but by very many across the chamber, enabling very high 

accuracy to be obtained i n the measurement of p a r t i c l e position. 

From the l i m i t e d discharge chamber has followed the wide gap spark chamber 

with electrodes separated by some tens of centimeters, this detector proves to be 

more iso t r o p i c i n i t ' s response to the direction of the i n i t i a l p a r t i c l e than 

any of i t ' s predecessors and has been developed by many (notably Russian) groups 

(15),(16), and even a d i g i t i z e d mode has been constructed. This has led to 

perhaps the ultimate i n track detectors the "Streamer Chamber" (17), The mode 

operation i s similar to the Limited Discharge Chamber except that the 

high voltage pulse is even shorter (̂ '̂20 nanoseconds) which i n effect means that 

the discharge i s l i m i t e d w i t h i n a few nanoseconds of the streamer mechanism 

being i n i t i a t e d . The electrode separation i s also usually very large (20 - 40 cms) 

thus enabling high working volumes comparable with bubble chambers. Because 

of the early c u r t a i l i n g of streamer growth there is l i t t l e streamer interaction 

which leads to complete isot^ropy with respect to the incident p a r t i c l e trajectory. 

Viewing, again l i k e the Limited Discharge Chamber is through the electrodes, 

and perpendicular to the f i e l d . 
I t i s the further study of the properties of the lim i t e d discharge chamber 



and i n p a r t i c u l a r the effect of the insulating medium that w i l l be presented 

i n the following chapters of t h i s thesis. 
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CHAPTER 2 

Theoretical considerations of the discharge 

I n the Introductory Chapter the basic points concerning the discharge 

mechanism i n li m i t e d current spark chambers were outlined b r i e f l y . I n 

order to account i n more de t a i l for some of the properties of these 

detectors the avalanche and streamer mecahnisms w i l l be studied to a much 

greater depth.. 

The physical processes occurring during the development of a streamer 

discharge are very numerous and complicated. Early workiers i n this f i e l d , 

notably Raether (1) and Meek and Craggs (2) discussed the most basic ones, 

which are outlined here. Consider the spark chamber as a pair of electrodes 

a distance E cms apart enclosing neon gas, an ionizing p a r t i c l e traverses 

the detector normal to the plane of the electrodes creating ion-electron. 

pairs i n the gas. A pulsed e l e c t r i c f i e l d of U volts/cm. i s very rapidly 

applied across the plates causing the electrons to accelerate and d r i f t 

towards the anode; as the d r i f t velocity of the positive neon ions is 

several orders of magnitude smaller than that of the electrons, they may be 

considered motionless for the duration of the pulsed f i e l d s that are considered 

i n t h i s work (~50 n s e c ) . The electrons while d r i f t i n g w i l l undergo elastic 

and i n e l a s t i c c o l l i s i o n s with neon atoms. I f the magnitude of U/ i s 
P 

large enough (p. =i-..pressure of gas i n mm, of Hg,) then the energy gained by 

an electron between col l i s i o n s may be s u f f i c i e n t for ionization of the gas 

atoms to occur rather than elastic of exciting collisions The electrons 

produced by this process w i l l also be accelerated by the f i e l d and give 

ri s e to further ionization. Consequently, as the created neon .;ionŝ  can be 

considered stationary^the ever increasing number of electrons crossing 

the gap leaves behind a space charge cloud of positive ions. Such a process 

i s known as electron avalanching and i s described by the Townsend f i r s t 
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ionization coefficient a , defined, as the number of ion pairs created by one 

electron per cm. of path length i n the f i e l d direction. Thus the number of 

electrons created between x andx+dxis given by dn = a.n.dx where n i s the 

number of electrons at the point x. The coefficient a i s a strong function 

of the electron energy and hence applied field,as i s shown i n Fig.(2.1). 

As the ionization increases the applied f i e l d becomes greatly distorted 

i n the region of the avalanche Fig,(2.2). I t i s enhanced at the head and t i p , 

whilst reduced between the two charge clouds by an amount equal to the radial 

f i e l d i n t e n s i t y U^ due to the space charge clouds. Meek and Craggs suggest 

that as U^ becomes comparable with U a slowing down'of the avalanching process 

occurs; such a retardation takes place when the number of ions and electrons 
7 8 reach 10 to 10 , 

However as mentioned above the electrons also undergo elastic collisions 

r e s u l t i n g i n the excitation of neon atoms; with de-excitation^resonance and 

u l t r a - v i o l e t photons are emitted, Mohler (3) has shown that neon atoms- can be 

photoionized by such radiation from other neon atoms, and i t would therefore 

seem reasonable that ion-electron pairs exist i n the gas i n the neighbourhood 

of the avalanche; th i s i s treated from a more theoretical point of view by 

Lozanskii ( 4 ) . Such an electron produced close to the avalanche head would 

be repelled by the intense e l e c t r i c f i e l d of the negatively chargeAcloud and 

cause further ionization: at the t i p these photoelectrons would avalanche into 

the positive ion cloud. This process of multiple avalanching caused j o i n t l y 

by the increase i n localized, e l e c t r i c f i e l d s and photoionizing radiation 

i s known as the "streamer mode" of breakdown. Finally the coalescing of the 

avalanches w i l l lead to a uniform discharge channel crossing the chamber. 

Because the avalanche builds up through an ionization by c o l l i s i o n process 

the v elocity of propagation i s t y p i c a l l y that of the electrons d r i f t 

v e l o c i t y i n the pulsed f i e l d i.e. 10^ cm. sec.''' whereas considering the 
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streamer mechanism proceeding by p h o t o i o n i z a t i o n the propagation v e l o c i t y 

is/v» 10 cm,sec. The l i g h t output from the avalanche i s very low indeed, 

but b u i l d s up very r a p i d l y i n the streamer phase as the rat e of production 

o f e x c i t e d atoms i s , l i k e the r e l a t i v e propagation v e l o c i t y much greater. 

Fig,(2.3) sums up d e s c r i p t i v e l y the various stages i n the growth o f a 

discharge. 
a. 

C l e a r l y the growth^of spark i s a s t a t i s t i c a l process and consequently 

the number o f electrons w i l l be subject to considerable f l u c t u a t i o n s . This 

w i l l be most predominant i n the very e a r l y stages of the avalanching process 

when such deviations w i l l be l a t e r magnified. The case also arises o f several 

avalanches developing close together, and as the c o n d i t i o n f o r the avalanche-

streamer t r a n s i t i o n depends upon the number of electrons i n the avalanche 

head, two or more such avalanches may coalesce g i v i n g r i s e to the c r i t i c a l 

d e n sity and hence a streamer. The streamer so produced w i l l o r i g i n a t e e a r l i e r 

than t h a t developing from a s i n g l e avalanche, and as the propagation v e l o c i t y 

i s so much greater than i n the avalanche stage such conditions become 

important i n determining the operating parameters o f a chamber. I f the t o t a l 

i o n i z a t i o n o f the i n c i d e n t p a r t i c l e i s considered the problem becomes f u r t h e r 

complicated as the density o f electrons w i l l not be uniform across the track, 

and w i t h the presence o f a delay between the t r a v e r s a l o f the p a r t i c l e and the 

pulsed e l e c t r i c f i e l d t h i s non-uniformity w i l l be more relevant. The 

p o s s i b i l i t y o f two avalanches forming simultaneously, but outside each others 

sphere o f i n f l u e n c e leading to two separate discharges becomes very r e a l . 

Consequently the l i g h t output from such a system ( f o r a f i x e d pulse height and 

length) w i l l depend not only on the number o f streamers, but also on t h e i r 

i n d i v i d u a l l i f e h i s t o r i e s . 

I t i s t h e r e f o r e obvious t h a t the development of a photographable 

discharge i n a current l i m i t e d spark chamber i s an extremely complicated 
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process f o r .which no q u a n t i t a t i v e theory e x i s t s , nevertheless a semi
q u a n t i t a t i v e model w i l l be constructed describing the most important parts 
of the process« 

The s t a t i s t i c a l f l u c t u a t i o n s i n the development of the avalanche from 

a s i n g l e i o n - e l e c t r o n p a i r has been considered by Wijsman (5) and an o u t l i n e 

i s given below.. 

The chamber i s represented by electrodes i n the yz plane at p o s i t i o n s x = o 

and X = E. The p r o b a b i l i t y of an e l e c t r o n which s t a r t e d at the cathode having 

grown to an avalanche o f n electrons a f t e r t r a v e r s i n g a distance x through the 

gas i s defined as P ( n j x ) j assuming t h a t only one i o n - e l e c t r o n p a i r i s 

created per i o n i z a t i o n . I t therefore follows by d e f i n i t i o n t h a t the 

p r o b a b i l i t y t h a t an avalanche w i l l contain (n-1) electrons a f t e r t r a v e l l i n g 

a distance x^ i s P ( n - l , x ^ ) . The p r o b a b i l i t y t h a t only one of these (n-1) 

e l e c t r o n s w i l l i o n i z e between x and ( x + dx) i s 
n-2 

(n-1) a (x )d3t-r l - a ( x )dx.n 
o " 1 _ o _J I 

a ( x ) i s the f i r s t Townsend c o e f f i c i e n t i n the region x to ( x + dx ) . o o o o 
Thus f o r dx^->o equation ( I ) becomes:-

(n-1) a ( x ).dx I I o o 
The ..avalanche now contains n electrons and the p r o b a b i l i t y that none of these 

w i l l i o n i z e i n the region (x + dx ) to x i s described by:-
° X ° 

e x p ^ - i j " Q;(x^)dx^^ I I I 

Thus P(n,x) i s given by t h e products of P(n-l,x^) and equations I I and I I I taken ,ove.r the range o_> x. 
f x r X 

P(n, x) = J r P ( n - l , x ^ ) . ( n - l l | j i ! ( x ^ ) d x j expQ-n/ a ( x ^ ) d x j 
,o •'Xq 

t h i s , leads t o the s o l u t i o n given by Wijsman as 

IV 

X • r V V n-1 
P(n,x) = expP-n / a ( x ^ ) d x ^ / '^^^o^^^o} "'̂  

^ ^o ° o 

VI 
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The mean number of electrons i n the avalanche a f t e r having traversed a 

distance x i s 
adx 

n = \ n.p(n,x) = eJ ° 

s u b s t i t u t e i n t o equation VI 
1 1 "̂ "̂  

p(n,x) = a - - ) V I I 

This i s the p r o b a b i l i t y t h a t an e l e c t r o n a f t e r t r a v e r s i n g a distance x 

i n the gas has given r i s e to an avalanche containing n e l e c t r o n ^ . 

I n a l l the cases considered below n » 1 and equation V I I can be 

approximated to 

P(n,x)«w^' exp(-'^/n ) V I I I 
n 

Equation V I I I i s a f u r t h e r aipproximation i n that f o r very large values 

of n > 10^ the value of a w i l l be reduced due to space charge e f f e c t s 

and t h i s has not been considered. 

The p r o b a b i l i t y o f an avalanche containing more than n^ electrons i s 

given by 
f i (e-"/n) dn = e'^'o^^ 
•ho ^ 

L e t t i n g g-= ^o/n then a d i f f e r e n t i a l p r o b a b i l i t y f u n c t i o n G(e) can be 

defined such t h a t an avalanche having e i n the rangee to ie+de) has the 

p r o b a b i l i t y o f o c c u r r i n g o f G(e")d . , 

i . e . G(fc^x^)d£. = e"^d£ IX 

So f a r o n l y one i n i t i a l e l e c t r o n has been considered whereas i n a spark 

chamber there may be several c o n t r i b u t i n g to one avalanche. I f therefore 

we have k i n i t i a l e lectrons the t o t a l number of p a r t i c l e s n^ i n the 

avalanche w i l l be given by ^ 

where n. represents the c o n t r i b u t i o n to the f i n a l number of electrons from 
J 

the avalanche i n i t i a t e d by the j e l e c t r o n . 
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k 
d e f i n i n g £, = ^ \ . 

k r — ) ej 

I f the parameters are d i s t r i b u t e d according to equation IX i t 

has been shown by Chikovani (9) t h a t the normalized d i f f e r e n t i a l 

p r o b a b i l i t y f o r the occurrence of € i n the ranged, to (€ + d£ ) 
K K K. K 

i s given by 

^ ^ ^ k'V v4(k)-'^^^''"'^^p("V ^ k ^ 

Thus the p r o b a b i l i t y t h a t a f t e r t r a v e r s i n g a distance 1 the avalanche 

which i n i t i a l l y s t a r t e d from k electrons contains a number equal to 

or greater than n^ i s given by 
• foo k-1 

1 = 7 T k ) - J XI 
* 2 which by changing the v a r i a b l e from e to t becomes 

P( n _ , l ) = ^ 
o'- rcu).2(^^-1) 

'*°°(2k-l) 2 
t ^ ^ * " e x p ( - t ^ / 2 ) d t X I I 

2n„/-o' n 
2 

which i s the f u n c t i o n representing the X d i s t r i b u t i o n . 

Raether (1) and Meek and .Craggs(2) considering the c r i t i c a l number 

o f e l e c t r o n s r e q u i r e d i n the avalanche f o r the t r a n s i t i o n •- to a streamer 

to occur concluded t h a t i t was reached when ax = 20, which i s 

consistent to a f i r s t approximation w i t h experimental evidence and 
simple t h e o r e t i c a l . ca.lculation. 

Therefore the number o f electrons present at the t r a n s i t i o n time 

i s given by 

n^ = exp(20) 
8 

n ~ 10 o 

Let S be,the."Meek.Length" ( o r formative distance);- the mean distance 

through which .one e l e c t r o n i n i t i a t i n g an avalanche .has to t r a v e l before., 

the avalanche streamer t r a n s i t i o n occurs. As (cif^) i s p r o p o r t i o n a l to 
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(U^p) then f o r a given applied high voltage pulse. 

^ % = 2 exp(as) = 2(exp a ( s - D ) 
N - N exp(al) ^ 

but from above n^ = exp (20) 

hence | ^ = (2(exp 20(1 - V s ) ) X I I I 
n 

I n t h i s theory i t has been assumed that there i s no r e t a r d a t i o n 

of avalanche growth f o r large space charge f i e l d s , t h i s i s c l e a r l y 

an approximation, which w i l l underestimate the time required f o r 

the avalanche to reach the c r i t i c a l size. 

Fig,(2.4) shows curves o f the p r o b a b i l i t y of avalanche -

streamer t r a n s i t i o n against the distance t r a v e l l e d by the avalanche 

i n the e l e c t r i c f i e l d (normalized to the Meek len g t h ) . Several 

values of the i n i t i a l number of electrons (k) forming the 

avalanches are shown. 

I t i s c l e a r t h a t when several electrons go i n t o forming a 

s i n g l e avalanche the p r o b a b i l i t y of t r a n s i t i o n to a streamer i n a 

given distance increases very r a p i d l y and becomes asjraiptotic f o r 

lar g e numbers o f e l e c t r o n s . The abscissa although only describing 

a small v a r i a t i o n i n ̂ /s i s very s i g n i f i c a n t , f o r a formative ' 

distance of 0.3cm, the equivalent formative time is~30nsec. and 
8 1 

considering t h a t the streamer propagation v e l o c i t y i s ~ l O cm.sec 
a v a r i a t i o n of 10% i n formative time would mean a 0,3 cm v a r i a t i o n 

i n streamer length. I t i s also apparent t h a t an avaJLanche s t a r t i n g 

from one e l e c t r o n only has a 36.87o p r o b a b i l i t y of transforming to a 

streamer i n the Meek length. T h i s ^ i t w i l l be seen^ has been 

approximated i n the next chapter, where i t has been assumed that 

the Meek len g t h represents a step f u n c t i o n i n the t r a n s i t i o n 

p r o b a b i l i t y f o r a s i n g l e e l e c t r o n i n i t i a t e d avalanche. 
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1/s 

m = Number of elec t r o n s i n i t i a t i n g avalanche 

2. if PROBABILITY OF AVALANCHE AS A FUNCTION OF 1/s 
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At the present moment only s i n g l e avalanches i n i t i a t e d by one or 

more ele c t r o n s have been consideredjbut along the track of an i o n i z i n g 

p a r t i c l e there are many c l o s e l y spaced electrons, and there arises the 

d i s t i n c t p o s s i b i l i t y t h a t adjacent avalanches developing from them w i l l 

i n t e r a c t w i t h each other, Chikovani (7) described a model to explain 

the growth and d i s t r i b u t i o n of streamers from p a r t i c l e s passing normal 

to the e l e c t r i c f i e l d , t h i s w i l l be modified and extended^and an 

approximate model put forward to describe the case where p a r t i c l e s pass 

p a r a l l e l to the a p p l i e d f i e l d , 

R i s defined as the l i n e a r size o f the area normal to the f i e l d o 
w i t h i n which the development o f avalanches i s suppressed by the streamer, Fig(2.5) 

i s the size of the area w i t h i n which avalanches i n t e r a c t . The 

d i s t r i b u t i o n o f i o n i z a t i o n across the track of a p a r t i c l e t r a v e l l i n g normal 

to the plane o f the electrodes i s described by a Gaussian func t i o n . The 

volume o f the chamber around the track w i l l be d i v i d e d i n t o columns o f size 

R X R and l e n g t h E, the d i s t r i b u t i o n o f these columns i s such t h a t the o o 

t r a c k center goes a x i a l l y down t h e i r length. From the d e f i n i t i o n above 

only one discharge can form per column. Each column w i l l contain a number 

of subcolumns o f dimensions R̂^ x R̂  x E; these subcolumns are also arranged 

such t h a t the center o f the track passes through the center of a sub-

column 

The number o f subcolumns i n a column i s given by 

For ease o f computation the number o f electrons per subcolumn i s found 

assuming no loss at the chamber w a l l s , so t h a t a uniform p r o b a b i l i t y 

e x i s t e d of f i n d i n g an e l e c t r o n anywhere along the tra c k . 

Thus f o r a subcolumn of length E given by x^ , y.^, y^, the number o f 

e l e c t r o n s present at time t = t i s given to a f i r s t approximation by 
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0.5.E,I0N.(erf(x2) - e r f ( x ^ ) . ( e r f ( Y 2 ) - erf(Y^)) 

where ION = number o f electrons l e f t i n chamber at time t = t 

^1 " "̂ 1̂ 2 i D t 

^ = ^1^2 i D t 

The number of. electrons...per . suhcplumn.. i s c a l c u l a t e d f o r every subcolumn 

i n each- column, for. a.-distance .of 10 ..Dt from the..center of the track, thus 

> 90X o f . a l l . . i n i t i a l - e l e c t r o n s are included,, 

Let the..hei.ght. and. length.of the ..pulsed e l e c t r i c ..field be U kv/ and 
cm 

T nsec, r e s p e c t i v e l y . HQwever-.as-.these ..parameters,are such t h a t a complete. 

discharge, w i l l - o c c u r ^ i t . i s . f i r s t .necessary to.consider the case where the pulse 

length i s t ^ < t ^ < T (where, t ^ = mean, formative time of discharge and l e t i t 

s l o w l y increase . u n t i l t = .T, the pulse, height, remaining.constant at U. 

For t = t ^ l e t . the. distance t r a v e l l e d by. the ..avalanche be 1̂ ,̂. such th a t 

S 

The t r a c k o f .the p a r t i c l e . . i s now d i v i d e d i n t o 'I.s.lices" of length 1^, i n 

, each .,,slice . there. w i l l .be,..sub,cells. a l l . of which, are p o t e n t i a l centers f o r the 

development.of. ..an-avalanche, .. .Hence -in. the-pulse of length t^^ there i s a 

-probability, t h a t .the....a.valan,Ghes i n a s l i c e w i l l . reach .the. c r i t i c a l size 

.and.a t r a n s i s t i o n to stt'eamer occur i n . t h a t . s l i c e . . 

Then P... (^1/^) w i l l be the. p r o b a b i l i t y of a ..transis-Vion.in the i*"^ i j n s V 
..su-bcell i n the n*"̂  s l i c e , of the j ^ column covered by .the .track, f o r a pulse 

o f length tji^ equL.valent. to an avalanche length 1̂ .̂. (see Fig..2,6). 

To determine .?,-. (''"1/ ) .the p r o b a b i l i t y of occufiancy of t h a t p a r t i c u l a r 1J n b 
..sufjceLl. by .at. least...one- e l e c t r o n -mpst .be found. 

- Let N... be the number-of .subcells i n the i * " ^ subcolumn of the j ^ ^ 

column, and p̂ .̂  the. average .number of. electrons, i n t h a t subcolumn assumed 

uniform. 
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Then the number i n the subce l l i n the i' ^ ' ^ subcolumn i n the n^^ s l i ce 
o f the j column i s given by 

d . . = p ...., 

Then the p r o b a b i l i t y o f t h i s s u b c e l l being occupied by one or more electrons 

i s : -

" i j n = ( l - - P ( - ^ j n ) ) XIV 

and the average number o f electrons i n the occupied subcell i s given by 

F _- ( \ 
i j n \ l-exp(- a..^) J XV 

The p r o b a b i l i t y of a su b c e l l w i t h t h i s number of electrons i n i t 

transforming to a streamer i n a distance 1̂ ^ i s given by equation X I I . 

Where the l i m i t s are ̂  2(exp 20(l-''"l/s)) and i n f i n i t y . 

Let t h i g p r o b a b i l i t y be P ( F , ^ l / g ) , 

The mean number of t r a n s i i r Y i o n s / s l i c e - during the pulse o f length t ^ i s 

given by ^ ^ 

i = l 

Therefore the p r o b a b i l i t y o f one or more t r a n s i t i o n s i n the n*''̂  s l i c e of 
.th . 

the J c e l l I S A 

However there are N s l i c e s across the gap, hence the mean number of 

layers i n the j * ' ' ^ c e l l i n which a t r a n s i t i o n has occurred i s 

n=l 
I f P. ( l/„) < 1 then i t i s considered that no streamer had occurred i n tha t 

« 

c e l l f o r the value o f pulse length t , equivalent to 1^, consequently 

1 was increased to 1.^ u n t i l Pj(''"2/s)= 1 when a streamer was present i n the 

XVI 
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j^'^ c e l l and was considered to be advancing across the r e s t of the gap 

f o r as long as the pulse l a s t e d . 

This c r i t e r i o n f o r streamer production i s an approximation, a more 

exact method would be t o c a l c u l a t e the p r o b a b i l i t y d i s t r i b u t i o n as a 

f u n c t i o n o f pulse length f o r a l l the columns considered and consequently, 

a p r o b a b i l i t y d i s t r i b u t i o n o f streamer lengths. However f o r the purposes 

o f t h i s t h e s i s the present method i s s u f f i c i e n t to i n d i c a t e the v a r i a t i o n i n 

streamer growth. 

Assuming th a t the streamer v e l o c i t y i s considerably f a s t e r than f o r 

avalanche propagation, then the f i n a l mean streamer length f o r the j'"' ^ c e l l 

w i l l be given by 

t, ,V + (T - t, ) , V ^ k av k S t 

where V^^ = avalanche propagation v e l o c i t y ~ 1 0 c m , sec ''" 

V = streamer propagation v e l o c i t y > V S t s 

t = length o f pulse required f o r a t r a n s i t i o n to occur i n the 
.th 
J c e l l . 

C a v a l l e r i (9) shows th a t f o r a s i m i l a r gas mixture the streamer v e l o c i t y 

v a r i e s w i t h streamer length ( o r time, a f t e r the avalanche - streamer 

t r a n s i t i o n has occurred) f o r lengths between 0,2 cm and 2 cm (-MDnsec, to 

~20nsec)after t r a n s i t i o n . This i s due t o the f a c t t h a t i t requires a 

f i n i t e time f o r the p h o t o i o n i z a t i o n mechanism t o b u i l d up to a steady 

S t a t e value, see F i g . ( 2 . 7 ) . 

I n connection w i t h the above p o i n t a f u r t h e r approximation has been 

made i n the t h e o r e t i c a l model. As i s always the case i f a streamer forms 

i n a column a t a pulse length t j ^ < T then i t i s assumed th a t t h i s streamer 

w i l l advance across the gap as the pulse length f u r t h e r increases, but f o r 

a given pulse length t. such t h a t t , < t < T there i s a f i n i t e p r o b a b i l i t y 

t h a t the r e s t of the avalanches i n the gap tha t had not yet transformed to 
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streamers, and which had not been swallowed up by the advancing streamer 
( d u r i n g the time i n t e r v a l t - t, ) would transform, hence two or possibly 
more streamers would be present. This would e f f e c t i v e l y shorten the time 
r e q u i r e d f o r the streamers i n t h a t column to cross the chamber, however 
because o f the considerably f a s t e r propagation of the streamer r e l a t i v e to 
the avalanche i t i s considered a second order e f f e c t . 

The p o s s i b i l i t y t h e r e f o r e arises of o b t a i n i n g some inform a t i o n of the 

r e l a t i v e l i g h t output from the discharge f o r v a r i a t i o n i n delay time between 

the t r a v e r s a l o f a cosmic ray and a p p l i c a t i o n o f pulsed e l e c t r i c f i e l d ; i f 

the delay i s long enough to allow several discharges to occur then the 

r e l a t i v e i n t e n s i t i e s amongst them may be determined as w e l l as the t o t a l 

l i g h t output. 

However several experimental r e l a t i o n s h i p s appear to e x i s t describing 

the v a r i a t i o n i n streamer brightness as a f u n c t i o n of streamer length ( 8 ) , 

( 9 ) , ( 1 0 ) , from a l i n e a r r e l a t i o n s h i p ( 8 ) , through a square law ( 9 ) , to an 

exponential f u n c t i o n o f Davidenko ( l o ) , thus there would appear to be no 

r e a l agreement. The r e s u l t s from (9) seem s t a t i s t i c a l l y the superior and 

the e r r o r s on the SLAG l i n e a r r e l a t i o n s h i p are large enough to make a square 

law p o s s i b l e . This leaves Davidenko i n complete disagreement although an 

important p o i n t i n t h i s case i s t h a t he was studying the t r a n s i t i o n stage 

and the streamers never grew to very long lengths, whereas the other two 

references were considering much "older" streamers. Consequently i t would 

seem reasonable t h a t without any f u r t h e r evidence a r e l a t i o n s h i p of the 

form;- I a l " (where I = l i g h t i n t e n s i t y and n = constant ~ 2 ) , i s a s u i t a b l e 

compromise. 

Even so the above equation can only be a very poor approximation, there 

i s no t h e o r e t i c a l j u s t i f i c a t i o n f o r any o f the above experimental r e l a t i o n 

ships, but both length and brightness are known to be strong functions of 

pulse h e i g h t , length and i n i t i a l number of electrons. Nevertheless even 
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w i t h such meagre evidence i t i s possible to get some i n d i c a t i o n of how a 

curre n t l i m i t e d spark chamber w i l l behave under a given set of conditions. 

The spark chamber i t s e l f w i l l f u r t h e r modify the discharge; the 

d i e l e c t r i c w a l l s apart from a c t i n g as "sinks" f o r the i n i t i a l electrons 

d i f f u s i n g i n the gas w i l l become charged as the electrons i n the streamer 

head are deposited on them. This charge w i l l cause a f i e l d to be b u i l t 

which opposes the f u r t h e r propagation o f the discharge, two consequenc 

of t h i s appear l i k e l y , (a) the streamer v e l o c i t y w i l l decrease to s( 

extent and (b) the discharge w i l l spread out as i t reaches the w a l l . No 

i n v e s t i g a t i o n was made concerning ( a ) , but i n d i c a t i o n s from q u a l i t a t i v e 

studies of the area o f r a d i a t i n g gas at the end o f the discharge as the 

ap p l i e d pulse was v a r i e d confirm t h a t i t spreads to q u i t e a considerable 

distance from the streamer channel as the applied f i e l d increased (a distance 

o f ~ 2 c m i s not unreasonable f o r a f i e l d o f 13-14kv/cm). I f a very d i f f u s e 

t r a c k i s being considered i . e . a long time delay between cosmic ray and 

high voltage pulse then the v a r i a t i o n s i n the " w a l l discharge" was even 

more pronounced. The b r i g h t e s t streamer occurring along the cosmic ray 

tr a c k (probably i n i t i a t e d by several electrons) had a d i s t i n c t area o f 

r a d i a t i n g gas a t i t ' s end, whereas another streamer (caused probably by a 

s i n g l e e l e c t r o n ) at a considerable distance from the track was narrower and less 

b r i g h t w i t h l i t t l e or no r a d i a t i n g gas a t i t ' s ends. I t would also seem very 

u n l i k e l y t h a t the streamer v e l o c i t y through the gas close to the glass and 

normal to the f i e l d i s anything l i k e as large as i t i s across the chamber gap. 

For numerical c a l c u l a t i o n s i t i s necessary to define values of the 

parameters R̂ ,̂ R̂  and ^^^^/S f o r the applied pulse. The f i r s t two o f these 

are regarded as constant i r r e s p e c t i v e o f pulse height and length; there i s 

no q u a n t i t a t i v e experimental r e s u l t s to confirm t h i s , only C a v a l l e r i (9) 

suggests t h a t the streamer i n t e r a c t i o n length i s a f u n c t i o n o f streamer length. 
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I n d i r e c t l y , Chikovani(7) found good agreement between theory and experimental 
r e s u l t s , i n d i c a t i n g a poor dependence on the above mentioned parameters. I f 

i s also a f u n c t i o n of ( 1 / ) i t would be expected from gas discharge theory 

s 
to be a weaker one than the streamer i n t e r a c t i o n f u n c t i o n ; consequently R 

o 

w i l l be considered a f i x e d q u a n t i t y . I t should be noted that i n the present 

case there i s a second f a c t o r operating to decide which was not present 

i n e i t h e r (7) o r ( 9 ) , I f charge i s b u i l t up on the chamber w a l l s due t o the 

f i x s t streamer.-this-.might-.-well . i n h i b i t , l a t e r ones., 

. The .average. diameter , o f a discharge would be . a reasonable choice - f o r the 

value o f p r e f e r a b l y one i n i t i a t e d by . a single, .electron, such, as can be 

obtained by irradia-ting-.a-chamber w i t h U.-V.. . l i g h t and p u l s i n g i t at • random, 

From such -experiments, a. value o f 0 ,15 cm,, would not .appear, unreasonable: 

Chikovani (7) ,- quoted a value of. 0.16. cm,, for. a .pulse o f approximately the 

same length and height as used i n the work described here, 
A value o f R i s more d i f f i c u l t to o b t a i n , but two methods both described o 

i n Chapter 6 i n connection w i t h the s p a t i a l r e s o l u t i o n of the chamber were t r i e d 

and the r e s u l t used here i s 0,5 cm. 

The e f f e c t i v e l ength o f the pulse i n terms of (^/s) i s c e r t a i n l y a very 

strong f u n c t i o n o f pulse height and length, w i t h the use of an exponentially 

decaying f i e l d i t i s impossible to define i t e x a c t l y , as would be the case for a 

square pulse. However the p h o t o m u l t i p l i e r measurements described l a t e r (Chapter 5) 

confirmed a formative time o f 30 nsec, and suggested t h a t as the l i g h t output 

reached i t ' s peak a f t e r a f u r t h e r 20 n s e c , the period of streamer growth was 

^ 20nsec,, thus 1/ w i l l be~1.67. V a r i a t i o n of t h i s r a t i o w i t h pulse height was 

beyond the scope o f the present work the measurements being made only at the 

pulse height at which the theory i s to be applied. 

Assuming the above mentioned values f o r these three parameters the mean 

number o f streamers a t a given (^/S) value f o r a p a r t i c u l a r c e l l were worked 
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out as a f u n c t i o n o f delay time between p a r t i c l e and pulse, and hence the 

r e l a t i o n s h i p between pulse delay and the e f f e c t i v e (^/S) value f o r a streamer 

to form. This can lead to an estimate o f r e l a t i v e discharge length and 

brightness, assuming no loss at the chamber w a l l s . Fig.(2,8) shows a curve 

of mean p r o b a b i l i t y of discharge against (^/S) f o r R = 0.5 cm and 0.8 cm 
o 

as a f u n c t i o n o f time delay. Fig,(2,9) in d i c a t e s the values o f i^/S) at which 

the above t r a n s i t i o n c r i t e r i o n i s s a t i s f i e d against time delay o f pulse 

a p p l i c a t i o n , both f o r = 0.5 and 0.8, I n both f i g u r e s the c e n t r a l column 

around the tr a c k i s considered. 

The a c t u a l a p p l i c a t i o n o f the t h e o r e t i c a l model to experimental 

r e s u l t s w i l l be l e f t to Chapter (7) when the r e s u l t s w i l l be discussed 

to greater lengths. 
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CHAPTER 3 

Spark Chamber Operation - T h e o r e t i c a l Considerations 

The t h e o r e t i c a l aspects o f streamer development having been discussed i n 

the previous chapter i t i s intended to describe the physical properties i , e , 

memory time, e f f i c i e n c y e t c . o f a spark chamber by a t h e o r e t i c a l model and to 

l a t e r e s t a b l i s h the f a c t t h a t sealed spark chambers do not show c h a r a c t e r i s t i c s 

i d e n t i c a l to the more conventional types o f chamber, A q u a l i t a t i v e 

explanation o f these anom.alies w i l l also be given. 

The detector consists b a s i c a l l y o f two p a r a l l e l plates enclosing two 

sheets o f glass between which i s the i n e r t gas. The e f f e c t of the glass 

d i e l e c t r i c on the high voltage pulse can be considered n e g l i g i b l e , thus i n 

e f f e c t the voltage droppsd across the gas i s almost exactly t h a t applied to 

the chamber. The separation o f the d i e l e c t r i c m a t e r i a l i s Ecm.and the gas 

pressure 760 mm. Kg, A charged p a r t i c l e t r a v e r s i n g the chamber normal to'the 

plane o f the electrodes w i l l create i on p a i r s i n the gas along i t ' s track. 

The number o f such i o n p a i r s per u n i t t r a c k length has been extensively studied, 

but n o t a b l y i n neon by Eyeions et a l , ( 1 ) . Using p r o p o r t i o n a l counters 

f i l l e d w i t h a mixture o f neon and methane at p a r t i a l pressures o f 400 mm. and 

44 nrat. o f mercury r e s p e c t i v e l y they determined the energy loss o f t r a v e r s i n g 

muoiis by means of pulse height measurements from each counter. The momentum 

of each muon was simultaneously measured w i t h a spectrograph. I n t h i s manner 

the v a r i a t i o n o f energy deposited i n the gas i . e . ion pa i r s created, was 

determined as a f u n c t i o n o f muon momentum. This v a r i a t i o n showed an increase 

o f about 25 per cent over the measured momentum range from 1.5 GeV/c to about 

100 GeV/c, From these measurements the most probable number of ion=electron 

p a i r s created by muons i n neon per cm. o f track i s about 34 at 760 mm.Hg, 

This f i g u r e represents the t o t a l i o n i z a t i o n i n the gas; the primary 

i o n i z a t i o n i s about 12 i o n - e l e c t r o n pairs/cm at 760 mm.Hg,(2). I n the 

f o l l o w i n g t h e o r e t i c a l considerations the t o t a l i o n i z a t i o n w i l l be considered, 
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but an approximation has been made i n t h a t the d i s t r i b u t i o n o f these i o n -

p a i r s i s assumed Poissonian i n order to s i m p l i f y the c a l c u l a t i o n s . Whereas 

the primary i o n i z a t i o n does e x h i b i t Poissonian c h a r a c t e r i s t i c s the t o t a l 

i o n i z a t i o n f o l l o w s a L a n d a u ' d i s t r i b u t i o n , t h e r e f o r e w i t h the r e l a t i v e l y large 

d i f f u s i o n c o e f f i c i e n t f o r electrons i n neon the Landau d i s t r i b u t i o n w i l l 

dominate i n a l l cases being considered. 

The spark chamber volume can be considered as composed of two "sections"; 

see f i g . (3.1), One p a r t (the formative distance 's') i n which an e l e c t r o n 

has a very small p r o b a b i l i t y o f forming a discharge on a p p l i c a t i o n o f the 

high voltage pulse and the remainder o f the volume where electrons are e a s i l y able 

to i n i t i a t e discharges. 

Using t h i s basic idea i t i s possible to c a l c u l a t e the t h e o r e t i c a l 

e f f i c i e n c y o f a spark chamber, i . e . the e f f i c i e n c y being defined as the 

p r o b a b i l i t y o f a v i s i b l e discharge occuring a f t e r the a p p l i c a t i o n o f a high 

voltage pulse f o l l o w i n g the t r a v e r s a l o f an i o n i z i n g p a r t i c l e . 

I f the number o f free electrons produced per cm. i s N^ then the t o t a l 

number i n the gas w i l l be N̂ .E a t time t = o. Assuming that N^ o f these 

are i n a p o s i t i o n i n the chamber such t h a t they are able to i n i t i a t e a 

discharge and t h a t any one o f them can produce such a discharge, the 

p r o b a b i l i t y o f s. discharge a c t u a l l y occurring i s given by Poissonian s t a t i s t i c s 

as ( 1 - exp ("N^)). This however i s the d e f i n i t i o n of e f f i c i e n c y 

i . e . ( 1 - exp (=Nj^)). 

I n the o p e r a t i o n o f any spark chamber there w i l l always be a delay 

(sometimes d e l i b e r a t e l y ) between the t r a v e r s a l o f the i o n i z i n g p a r t i c l e s and 

a p p l i c a t i o n o f high voltage pulse, and during t h i s time electrons can be 

removed from the gas i n several ways. 

a) Recombination 

b) Attachment 

c) D r i f t i n e l e c t r i c f i e l d 

d) Thermal d i f f u s i o n 
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a) Recombination 

As neon i s an i n e r t gas " P r e f e r e n t i a l " recombination w i l l not take 

place. Such recombination where the e l e c t r o n never gets outside the sphere 

of i n f l u e n c e o f the parent atom only becomes important when electronegative 

gases are present. Nevertheless o r d i n a r y recombination between electrons 

and ions w i l l occur. The r a t e of loss of electrons due to t h i s type of 

recombination i s given by 

dn 
-r - = - R,n ,n . 
dt e 1 

where n and n. i s the e l e c t r o n and ion concentration per u n i t volume 
a X 

r e s p e c t i v e l y , and R the recombination c o e f f i c i e n t given as 2 x 10 i o n ' 

cc, seel''' f o r neon ( 4 ) . 

Thus the r a t e o f recombination o f electrons and p o s i t i v e ions 25 sec, 

a f t e r the t r a v e r s a l of the i n c i d e n t p a r t i c l e w i l l be about 7 x 10 ^ ions 

cc ^ sec I t would t h e r e f o r e seem reasonable to suppose th a t recombination 

processes are i n s i g n i f i c a n t i n the operation of the spark chamber as described 

i n t h i s t h e s i s . 

b) Attachment 

This loss mechanism becomes important only i f large q u a n t i t i e s of 

e l e c t r o n e g a t i v e gases are present i n the chamber, the most serious gas of 

t h i s type being pxygen. The loss of electrons by t h i s process can i n general 

be represented i n the form 

dt " ' •̂̂ '''• 
where h = attachment p r o b a b i l i t y per c o l l i s i o n 

V = c o l l i s i o n frequency f o r an e l e c t r o n w i t h the i m p u r i t y molecule. 

^ 1,3 X 10sec'''' from k i n e t i c theory. 

A curve of attachment p r o b a b i l i t y i n oxygen plot.,^as a fu n c t i o n of e l e c t r o n 

energy i s shown i n f i g . ( 3 , 2 ) taken from ( 5 ) , The two maxima that are present 

are thought to be caused by two d i f f e r e n t processes. The f i r s t maxim^^for the 
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low energy electrons i s due to combination d i r e c t l y w i t h an oxygen atom to 

form the ion 

O2 + e -*0" 

whereas t h a t at the higher e l e c t r o n energy i s caused by the e l e c t r o n 

d i s s o c i a t i n g the oxygen atom on impact and then combining w i t h one of the 

atoms to form an i o n . 

0^ + e ->0" + 0 

Heyn (6) has shown th a t the t h e r m a l i z a t i o n time f o r electrons i n neon at 

atmospheric pressure l i b e r a t e d by muons i s about 500 n sec. I n every 

experiment i n t h i s present work delay times l a r g e r than 2 \i sec. have been 

employed. Consequently i t can be presumed th a t the production of molecular 

oxygen ions w i l l be the dominant process. The attachment p r o b a b i l i t y per 
-4 

c o l l i s i o n w i l l be about 3 x 10 . 

Loeb (7) has shown t h a t the p r o b a b i l i t y o f the release of such an 

attached e l e c t r o n by c o l l i s i o n w i t h another gas atom i s n e g l i g i b l e f o r 

f i e l d s a p p l i e d to the gas o f the magnitude used i n the f o l l o w i n g experiments. 

The loss of electrons can now be expressed by 

dn 

^ = - 40 n.p 

where p i s the concentration of oxygen ^toms i n ppm. 

I f p i s small as i n d i c a t e d by the o r i g i n a l gas analysis shown i n 

Chapter 4J then f o r periods of the order o f hundreds o f microseconds the loss 

by attachment i s n e g l i g i b l e . However as i t was not possible to analyse the 

gas a f t e r a chamber had been ope r a t i o n a l i t i s f e a s i b l e t h a t the oxygen 

concentration may have increased due to outgassing from the glass. Therefore 

the e f f e c t of various concentrations of oxygen on the e f f i c i e n c y were 

i n v e s t i g a t e d as shown l a t e r , to "put an upper l i m i t on a possible concentration, 

c) D r i f t i n an e l e c t r i c f i e l d 

The e f f e c t o f a s t a t i c e l e c t r i c f i e l d i s to cause the electrons to d r i f t 

towards the anode ( r e l a t i v e to the a p p l i e d f i e l d ) and hence to be removed from 
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the chamber. Because of the large d r i f t v e l o c i t i e s i n neon, 10^ cm/sec to 

10^ cm/sec even small f i e l d s of about 1 volt/cm. can reduce the e f f i c i e n c y 

to zero over several tens o f microseconds. Although c l e a r i n g f i e l d s were 

not u s u a l l y a p p l i e d i n t e n t i o n a l l y i t w i l l be seen l a t e r how i t appears that 

they are always present when the chamber i s operated, hence they w i l l be dealt 

w i t h i n more d e t a i l when the theory i s f u l l y developed, 

d) D i f f u s i o n 

The electrons released i n the gas by the i o n i z i n g p a r t i c l e s w i l l d i f f u s e 

throughout the chamber volume due to t h e i r thermal motion, and some w i l l 

impinge upon the w a l l s where i t i s assumed they w i l l remain. The rate of 

d i f f u s i o n across a u n i t area i s given by Fick's law i n one dimension 
2. 

i n ^ _ d n 
d t ax2^ . ( I ) 

Inhere D i s a constant of p r o p o r t i o n a l i t y known as the D i f f u s i o n constant and 
2 -1 

has a value o f 1800 cm sec f o r thermal electrons i n neon gas at one 

atmosphere pressure. W h i l s t the electrons are ther m a l i z i n g they w i l l have a 

D i f f u s i o n constant somewhat l a r g e r than the above value, but as the 

t h e r m a l i z a t i o n time i s so much shorter than any delays considered i t ' s e f f e c t 

i s small and can be ignored. 

The s o l u t i o n o f the above equation should therefore give r i s e to an 

escimate o f the t h e o r e t i c a l e f f i c i e n c y of a spark chamber as a fu n c t i o n of 

delay time i n a p p l i c a t i o n o f the high voltage pulse. Because the length and 

width o f the chambers are much greater than the depth the one dimensional 

s o l u t i o n i s p e r f e c t l y adequate. 

The chamber can be represented f i g . (3.1) w i t h the electrodes i n the yz 

plane w i t h one of them going through the o r i g i n . The depth i s E cm. and 

p a r t i c l e s w i l l be assumed to t r a v e l along the x a x i s . The pulsed f i e l d applied 

i s of magnitude -U and the formative distance s i s consequently given.by 

(E-p). The i o n i z a t i o n i s considered as being u n i f o r m l y d i s t r i b u t e d along 

the t r a c k l e n g th. 
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The s o l u t i o n to equation ( l ) required must s a t i s f y the f o l l o w i n g three 

boundary c o n d i t i o n s : -

a) n ( 0 , t ) = 0 

b) n(E,t) = 0 

c) n(x ,0)= S(x-x ) . 
o o 

x can o 
Condition (c) assumes that at time t = o an i n i t i a l e l e c t r o n at 

be represented by a d e l t a f u n c t i o n , S(x - x ^ ) . 

The general s o l u t i o n i s given by 
cxi 2 

n ( x , t ) = ^ B ^ . sin(^y exp|^ -(-f^^ oj t . ( I I ) 

m=l 
where B i s given by 

E 
= 1 fs(x - x ^ ) . s i n dx 

.- *' o ^ 

= |. s i n ra^ 
Therefore the p a r t i c i i l a r s o l u t i o n i s 

i c a . 2 
n ( x , t ) = ^ | . s i n / ^ \ s i n / ^ Y exp f - / f \ D") t 

However f o r an e l e c t r o n at a t time t = o to be capable of forming a discharge 

at some time t = t j ^ i t must be present i n some p a r t of the chamber at that 

time outside the formative distance. 

The p r o b a b i l i t y o f t h i s occuring i s described by 
p 2? 

° m=l ^ , , 
( I I I ) 

Equation I I I i s solved f o r every e l e c t r o n i n the chamber, but before t h i s 

can be done a value of the formative distance and hence p, must be found. 

Fisher and Zorn (8) give a curve o f formative time r> p l o t t e d against 

a p p l i e d f i e l d f i g , ( 3 . 3 ) , from which i t can be seen t h a t f o r the magnitude 

of pulses a p p l i e d (Chapter 5) a value of c e r t a i n l y not more than 30 n sec 

would be i n order. This does not c o n f l i c t w i t h s i m i l a r r e s u l t s obtained by 

Burnham et a l , (9) who p l o t t e d corresponding curves as a f u n c t i o n of pulse 
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r i s e time. However i n the l a t t e r case q u a n t i t a t i v e comparison cannot be made 

as a l l r i s e times considered i n the paper are considerably slower than used 

on the present sealed chambers. 

Assuming the v e l o c i t y of avalanche propagation as about 10^ cm/sec, then 

a formative distance of about 0,3 cm, would seem reasonable. I n f a c t 

c a l c u l a t i o n s showed th a t an e r r o r i n t h i s e stimation of + 0,1 cm, a f f e c t e d 

the s o l u t i o n less than the experimental e r r o r . 

F i g , (3.4) shows a curve of the p r o b a b i l i t y of an e l e c t r o n s u r v i v i n g a f t e r 

a delay time of 40 ix sec. i n a p o s i t i o n so as-to be able to i n i t i a t e a 

discharge, against i n i t i a l p o s i t i o n i n the chamber, f o r three values of 

formative distance. I o n i z a t i o n was taken as 34 ion pairs/cm. and a 15 mm, 

deep chamber considered. 

Using the r e l a t i o n s h i p € = ( 1 - exp(-n)) 

the curves i n f i g , ( 3 . 5 ) were drawn of expected chamber e f f i c i e n c y against 

delay time before a p p l i c a t i o n of high voltage pulse f o r the same three 

formative distances. Comparing the 0.3 cm formative•distance curve w i t h the 

curves obtained experimentally (Chapter 6) i t can be seen that t h e o r e t i c a l l y 

the e f f i c i e n c y should remain high f o r a much longer time than i t appears t o . 

One p o s s i b l e p a r t i a l explanation i s t h a t of attachment to oxygen imp u r i t y 

from f u r t h e r outgassing o f the glass caused by e l e c t r o n bombardment, and t h i s 

appears l i k e l y as a l l the curves areasymptotic to the same e f f i c i e n c i e s at long 

time delays. This cannot be proved a b s o l u t e l y conclusively, because of the 

i m p o s s i b i l i t y of g e t t i n g a gas sample from a used chamber, but a c a l c u l a t i o n 

o f the e f f e c t can be made by a m o d i f i c a t i o n to the d i f f u s i o n equation given 
above3 which now becomes, 

S.n N2 , ^ r — = - D.dn - hn.n 
^ IV 

the s o l u t i o n f o r a formative distance s = E-p becomes 

D + hV ( 
J 

m=l 

P ( x ^ , t ) = I 1 - cosf 2E£Y).(exp)A 1 D + hv) t] sinf " ^ o 1, V 
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b - F o r m a t i v e d i s t a n c e 0.3 cm.. 
c -: F o r m a t i v e d i s t a n c e 0.75 cm. 

5./f SURVIVAL PROBABILITY OF ELECTRON IN SPARK CHAMBER 
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Note t h a t oxygen i m p u r i t y cannot be the complete s o l u t i o n , because 

experimentally the e f f i c i e n c y at a given delay i s a f u n c t i o n of the pulsing 

r a t e . 

Solutions to equation V d e t a i l i n g chamber e f f i c i e n c y p l o t t e d against 

pulse delay time as a f u n c t i o n of oxygen i m p u r i t y are shown i n f i g , ( 3 , 6 ) 

a formative distance of 0.3 cm, was used. Even f o r the experimental curve 

taken at the slowest p u l s i n g r a t e there would appear to~be only poor agreement 

w i t h the c l o s e s t , f i t t i n g oxygen i m p u r i t y curve, i n d i c a t i n g that the oxygen 

i m p u r i t y , i f greater than the gas analysis showed must be less than about 

400 ppm. 

The c h i e f conclusion drawn i s t h a t although the oxygen impurity may have 

r i s e n since the chamber was constructed i t i s not p l a y i n g the dominant r o l e 

i n determining the e f f i c i e n c y o f the chamber f o r delays between t r a v e r s a l of 

i n c i d e n t p a r t i c l e and the high voltage pulse being applied. As w i l l be 

i n d i c a t e d by the experiments described i n Chapter 6 an " i n t e r n a l " e l e c t r i c 

f i e l d appears to be the cause, i t ' s d i r e c t i o n being opposite to that of the 

pulsed f i e l d . Such f i e l d s , c e r t a i n l y f o r the slow p u l s i n g rates have 

magnitudes of about a volt/cm, or less. The treatment of such small f i e l d s 

t h e o r e t i c a l l y i s most f u l l y done by an a n a l y t i c a l method s i m i l a r to the 

above c a l c u l a t i o n , r a t h e r than the more approximate method used by Burnham 

et a l , ( 9 ) , The l a t t e r method i s best s u i t e d to the case where the c l e a r i n g 

f i e l d completely dominates a l l other processes. 

The i n t r o d u c t i o n of an e l e c t r i c f i e l d i n t o the t h e o r e t i c a l c a l c u l a t i o n 

i s given below i n o u t l i n e , the more d e t a i l e d s o l u t i o n i s given i n appendix (1) 

F i g , (3,7) shows a chamber again i n the yZ plane w i t h an applied high 

voltage pulse -U^ and an e l e c t r o n d r i f t v e l o c i t y due to a c l e a r i n g f i e l d 

o f -V along the x a x i s . No gas i m p u r i t i e s are considered. 



o 

o o 
u-1 

O 
5 

o o 

O 
O 
CM 

O 
O 

O 
Q) 01 
O U 
u 
•r4 

« 
1-1 

<u 
w .-I 

P-i 

H 
M 

M 

CM 
O 

o 
M 
H O 
2; 

CO 
<: 
w o 
2; 
<: 
H in 
M 
Q 
W 
> 

o 

(%) i C o U S l O T J j a 

Si 
H 
M 

Pi 
w 

E u 

w o 
w 
CO 
:=) 
PM 
H 
z 
l - l 

•< 
>< u 
:z w 
M 
CJ 
M 

w 

CO 



T X 

< --U. X 

3.7 SPARK- CHAMBER WITH ELECTRIC FIELD PRESENT 



33 

The d i f f e r e n t i a l equation now becomes; 

5TI _ S n Sn 
ft ° - ^ ^ 

the boundary conditions remain as i n the case of ordinary d i f f u s i o n . 

n ( o , t ) = o 

n(E,t) = o 

n(x^,o) =(5^(x -Sx^) 

The general s o l u t i o n i s given by 
oo 

n ( x , t ) = \ A^.exp(+Px) . s i n (oj x) „ exp (-a t ) 

VI 

m=l where p = V/2D 

oj = mrjE 

A^ = 2̂  exp (-px^) .sin(a;x ) 

hence the p a r t i c u l a r s o l u t i o n i s 

m(x,t) \ i g i n ^ x ) ,exp 0 ( x - x )) .sini^jK) , exp - ( a ^ t ) 
^ ; E. O 0 
m=l 

The p r o b a b i l i t y o f f i n d i n g an e l e c t r o n i n i t i a l l y a t x = x at t = o i n a 
o 

p o s i t i o n i n the chamber able to form a discharge, a f t e r a delay of t = t is 

given by 
oo 1 

^^^o'*^^ " t Ysin(a;x^)„exp(.px^), ̂ ^2 _̂  ̂ 2^ e x p ( - a ^ t ) . 

V I I 

m=l 
r exp(+pp),(+p sin(ap) - COS (a)p)) +co V I I I 

f o r the case when v = p = o i t can be seen t h a t equation V I I I becomes the 

s o l u t i o n of the normal d i f f u s i o n equation ( I I I ) . T h e o r e t i c a l l y t h i s s o l u t i o n 

can be used f o r any value of d r i f t v e l o c i t y v, but i t i s apparent that as i t 

becomes» 2D ( v about 5 x 10^ cm/sec.) the absolute arguments of the 

exponentials become large and the equation consequently very ina^urate, hence 

the approximation o f Bijrnham et a l . The e f f e c t of the c l e a r i n g f i e l d i s 

exp.ressed i n terms o f the e l e c t r o n d r i f t v e l o c i t y and not as a simple f u n c t i o n 



34 

o f f i e l d d i r e c t l y , t h i s i s because there i s no constant r e l a t i o n s h i p between 

the two. The concept o f a m o b i l i t y i s not v a l i d on t h e o r e t i c a l grounds as the 

electrons do not have the same energy d i s t r i b u t i o n as the surrounding gas 

molecules. Also the e f f e c t o f i m p u r i t i e s even i n very small q u a n t i t i e s have a 

large e f f e c t on the d r i f t v e l o c i t y making comparison w i t h standard curves 

d i f f i c u l t . 

Fig,(3,8) i n d i c a t e s the s u r v i v a l p r o b a b i l i t y outside the formative 

distance a f t e r a time delay t , as a f u n c t i o n of i n i t i a l e l e c t r o n p o s i t i o n , f o r 
4 

two delay times w i t h an e l e c t r o n d r i f t v e l o c i t y of -5 x 10 cm/sec. The 

formative distances i s 0.3 cm. 

I n order to v e r i f y equation V I I I an ord i n a r y spark chamber w i t h p l a t e 

diameter o f 13 inches and separation 15 mm, was constructed and flushed through 

w i t h a neon, helium 70/30 mixture at a s l i g h t overpressure. The applied high 

voltage pulse had the same r i s e time and c h a r a c t e r i s t i c s as that applied to 

the sealed chamber i n order to ensure a s i m i l a r formative distance. A constant 

and a c c u r a t e l y known c l e a r i n g f i e l d was applied so as to sweep electrons out of 

the chamber i n the opposite d i r e c t i o n to the high voltage pulse and the 

e f f i c i e n c y as a f u n c t i o n of delay time between t r a v e r s a l o f cosmic ray and 

a p p l i c a t i o n o f the voltage pulse measured -to a high accuracy. A 4 inch square 

s c i n t i l l a t o r telescope was used to t r i g g e r the device and only p a r t i c l e s 

<20° to the a p p l i e d f i e l d were accepted. A f t e r these measurements had been 

taken the c l e d r i n g f i e l d was switched o f f and the chamber e f f i c i e n c y 

remeasured t o ensure no redu c t i o n due to any gas i m p u r i t i e s . These r e s u l t s 

were i n ̂ reement w i t h normal d i f f u s i o n theory. 

The e f f i c i e n c i e s and corresponding delay times f o r the case w i t h the 

c l e a r i n g ^ a p p l i e d were s u b s t i t u t e d i n t o equation V I I I and w i t h the a i d of a 

computer the e f f e c t i v e e l e c t r o n d r i f t v e l o c i t i e s r e q u ired to produce such 

r e s u l t s c a l c u l a t e d . These are shown i n f i g . ( 3 , 9 ) assuming a formative distance 

of 0.3 cm: f o r a formative distance of 0.5 cm. the r e s u l t a n t d i f f e r e n c e i n the 
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i n i t i a l d i s t a n c e from w a l l (cm.) 

3.8 ELECTRON SURVIVAL PROBABILITY AS A FUNCTION OF INITIAL POSITION 

FOR TWO PULSE DELAYS ( 0 . 3 cm. FORMATIVE DISTANCE) 



o 
0) 
0 
o 

•H 
O 
o 
H 
> 
-P 
•H 
fn 
T:! 
fl 
. O 
U 4> 
O 0 

H 
W 

3.0U-

Ml 

T:J---.-:-:DTn-

•••J:'-

,!.• -1. 

2.0 
.••ru.-,T''—': 

.1 

1.0 

.:|.H7p':f;!:: 

1 Kj;: 

.11-]• 

'!:. I 
• I : • • .' • 
r r — - -I 

rr:.--t-

-T.rr~ 
* , -1. : 

•• 1 .;; 
I.--

3 r 
1:1:1 

;1rT.: 

0: 

"J — ;; -J:: 

20 • 40 
Delay (microsec.) 

60 
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d r i f t v e l o c i t i e s i s less than experimental e r r o r . The s l i g h t increase i n 

the d r i f t v e l o c i t y w i t h longer delay times i s due t o the t o t a l i o n i z a t i o n 

having a Landau d i s t r i b u t i o n r a t h e r than the Poissonian one assumed here, 

but the e r r o r i s small compared w i t h l a t e r experimental ones, i n d i c a t i n g t h a t 

the theory i s a good approximation. The value of the e l e c t r i c f i e l d 

obtained from f i g , (3,9) d i f f e r s by a f a c t o r of about three w i t h the one 

a c t u a l l y a p p l i e d which was - 1,35 v/cm. 

I t i s now possible to take the experimental r e s u l t s described l a t e r 

and knowing the d i r e c t i o n of the " i n t e r n a l " c l e a r i n g f i e l d b u i l t up to 

c a l c u l a t e i t ' s magnitude from equation V I I I and hence deduce how i t varies 

w i t h the c o n d i t i o n s under which the chambers are operated. 
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CHAPTER 4 
Experimental Apparatus 

The Spark Chambers 

The spark chambers used were constructed by I n t e r n a t i o n a l Research and 

' Development Company o f Newcastle from soda lime glass. The composition was 

obtained from the manufacturers and i s given below: 

S i l i c a (Si02) 71=73% 

Sodium Oxide (Na20) 13 = 16% 

Calcium Oxide (CaO) 5 - 10% 

Magnesium Oxide (MgO)2 - 5% 

Potasium Oxide (K^O) 1% 

Aluminium {kl^O^) 0,05 - 1,5% 

Traces o f Sulphur Trioxide and I r o n oxide (Fe^O^) were also present. 

They consisted o f a sealed glass boxj the top and bottom p l a t e s being 

600 mm.x600m.x30 mm, t h i c k w i t h side w a l l s 10 mm, or 15 mm. height and 6 mm, 

t h i c k . This gave two sizes o f chamber w i t h gap widths o f 10 and 15 mm. The 

glass surfaces were glued together using a s h e l l epoxy r e s i n (vapor pressure 

< 10 ^ mm. Hg) and the chambers were evacuated (<10 ̂  mm, Hg) and baked to 150.C 

f o r a t l e a s t 8 h r s , before f i l l i n g w i t h Neon, The gas composition was measured 

w i t h a mass spectrometer from a sample taken a t the time o f f i l l i n g and i s given 

below 

Neon 98,72 per cent 

He 1,28 per cent 

N2/CO 42 ppm by volume 

GO2 5 ppm' by volume 

O2 2 ppm by volume 

A 1.1 ppm by volume 

The chamber electrodes were u s u a l l y made o f aluminium plates and placed 

d i r e c t l y against the glass outside the box w i t h an overlap around the chamber 

edges o f a t l e a s t one chamber depth to ensure f i e l d u n i f o r m i t y ( b e t t e r than 4%) 
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near the w a l l s . The e l e c t r i c a l capacity o f the 10 mm. wide chamber was 

300 pF. and the 15 mm, one 200 pF, I n some circumstances a wire electrode 

was used w i t h a p i t c h o f 2 mm,, so t h a t observations could be made through 

one o f the glass p l a t e s p a r a l l e l to the a p p l i e d f i e l d . 

Spark Chamber Drive System 

Cosmic rays t r a v e r s i n g the chamber were detected by means o f a 

s c i n t i l l a t o r telescope and coincidence system which t r i g g e r e d a vaiyfe p u l s i n g 

u n i t , d e l i v e r i n g a -5 kV, pulse to the t r i g g e r electrode o f a conventional 

t r i g a t r o n spark gap; on f i r i n g an e x p o n e n t i a l l y decaying pulse was applied 

to the chamber. I f more than one chamber was being run at any one time then 

because o f the high output impedence o f the valve puiser i t was used to dr i v e 

a master spark gap which f i r e d one or more slave gaps each applying a high 

voltage pulse to i t s respective chamber. A delay varying from 1,5jis to 

i n f i n i t y c ould be introduced between coincidence u n i t and valve pulser. 

I n order to v e r i f y the p o s i t i o n o f an i n c i d e n t p a r t i c l e two trays of f l a s h 

tubes were placed above and below the chambers, each bank pulsed separately by a 

spark gap system c o n t r o l l e d by another valve pulser (see f i g . 4.1). Each t r a y 

consisted o f four layers o f 18 mm. e x t e r n a l diameters, 16 mm. i n t e r n a l , f i l l e d 

w i t h neon to a pressure o f 600 mm. Hg. A p a r a l y s i s could be a p p l i e d e i t h e r 

to the chambers or f l a s h tubes or more commonly to both. 

Valve P u l s i n g U n i t 

The s c i n c i l l a t o r telescope unless otherwise s t a t e d was o f size 225 mm, x 

225 mm., much smaller than a chamber; i t was always placed so that cosmic rays 

entered the chambers at an angle 20° to the f i e l d find through the c e n t r a l 

region (thus e l i m i n a t i n g any n o n - u n i f o r m i t i e s i n the f i e l d due to the d i e l e c t r i c 

w a l l s ) . 

The valve p u l s i n g u n i t ( f i g , ^ ) consisted o f a two stage a m p l i f i e r whose 

output was f e d i n t o a cathode f o l l o w e r which drove a hard pulse modulator tetrode 

v a l v e . This l a s t valve had an anode voltage o f + 6 to 7 kV, but because of i t ' s 
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high output impedance could only d r i v e one spark gap down a few feet o f cable. 

Most of the minimum delay time o f the whole d r i v e system was due to t h i s valve 

pulser and was t y p i c a l l y 1,5 microseconds. 

Spark gaps used were always o f the a i r t r i g a t r o n t3^e w i t h a c e n t r a l 

tungsten w i r e as t r i g g e r p r o t r u d i n g through the cold electrode, but i n s u l a t e d 

from i t by a glass sleeve. Negative t r i g g e r pulses were used ( t o reduce j i t t e r ) 

w i t h heights from -4 kv to ̂ lO kv according to mode o f pul s i n g (valve pulser 

or master gap), t h i s was w e l l clear o f the minimum t r i g g e r i n g voltage o f =2,6 kV, 

The main gap could be adjusted to al l o w voltages from + 5 ,kV to + 30 kV to be 

switched, the t o t a l delay time between t r i g g e r and main.gap being t y p i c a l l y 

100 nS w i t h j i t t e r o f 100 nS. Thus v a r i a t i o n i n t h i s delay was always n e g l i g i b l e 

compared w i t h any f u r t h e r delay used. 

I n order to get very f a s t r i s i n g high voltage pulses the t r i g a t r o n s were 

operated close to the chambers and low inductance Barium T i t a n a t e condensers used 

together w i t h low capacity, low inductance p y r o l y t i c r e s i s t o r s as the r e s i s t i v e load. 

T y p i c a l pulses • a p p l i e d to a 15 mm, chamber are shown i n (fig„^3i ) Even f a s t e r 

r i s e times could be achieved by using s p e c i a l capacitors b u i l t a c t u a l l y onto 

one of the electrodes. These consisted o f an extension being made to the pulsed 

electrode onto which was placed a t h i n aluminium p l a t e separated from i t by 15 thou 

o f melanex sheet (fig,l|.«'it). The size o f the p l a t e was designed to give a capacity 

o f 1000 p f and the whole s t r u c t u r e was "potted" i n e l e c t r i c a l l y i n s u l a t i n g 

A r a l d i t e . Such condensers operated w e l l up to applied voltages of 30 kV when 

flashover occurred, rates o f r i s e o f voltage of 1 kv/nS could e a s i l y be achieved. 

The measurement o f the high voltage pulses was made by two independent 

method.s: = 

a) A S.,A,C, high voltage probe, 

b) A s p e c i a l l y constructed ''trainsmission l i n e d i v i d e " network. 

The second method was p r e f e r r e d because the former d i d s u f f e r to a small 

extent from the severe r , f , r a d i a t i o n . 
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Transmission l i n e probe 

This type o f probe described by Fletcher (1) and Schneider (2) i s 

constructed by extending the chamber electrodes and "sampling" the pulse by 

means o f a t h i r d electrode placed close to the earth p l a t e ( f i g , 4 , 5 ) , The 

equivalent e l e c t r i c a l c i r c u i t can be represented to a good approximation by 

( f i g . 4 , 6 ) where represents the i n p u t impedance o f the oscilloscope 

( i n t h i s case a T e k t r o n i x 519 hence was 125 ohms and purely r e s i s t i v e ) . The 

a t t e n u a t i o n r a t i o i s the inverse o f the two capacities C and C . 
o 

I n order t h a t d i f f e r e n t i a t i o n o f the pulse does not occur C 2 must be 
o o 

much l a r g e r than the RC constant o f the pulse being measured, and so t h a t the 

probe produces only a very small p e r t u r b a t i o n on the pulse i t must be very close 

to the e a r t h p l a t e . This l a t t e r c o n d i t i o n requires that an i n s u l a t i n g medium 

be present between i t and e a r t h and hence because o f the d i s s i m i l a r d i e l e c t r i c s 

o f the transmission l i n e and probe the m e t a l l i c f i l m must be- less than the skin 

depth a t the highest pulse frequencies. Pulse o s c i l l a t i o n s must also be 

damped' out by ensuring t h a t the probes r e s i s t i v e component i s much larger than 

i t ' s i n d u c t i v e one at the operating frequency, Schneider found t h a t gold f i l m 

evaporated onto mica was very s a t i s f a c t o r y , but i t would appear that commercially 

a v a i l a b l e mylar has the r e q u i r e d p r o p e r t i e s . The i n s u l a t i n g side was glued to 

the e a r t h e l e c t r o d e by c l e a r lacquer and an e l e c t r i c a l contact made to the 

aluminium f i l m at i t ' s cexiter, t h i s was taken d i r e c t l y to a 125 ohm. General 

Radio connector mounted on the outside o f the electrode. The whole o f the 
mylar f i l m was then covered w i t h clear lacquer g i v i n g a leakage resistance 

g 
greater than 10 ohms. 

C a l i b r a t i o n of such a probe was c a r r i e d out at 50 Hz mains frequency using 

a high impedance o s c i l l o s c o p e probe to compensate f o r the long time constants 

i n v o l v e d . Comparison between them and the S.A.C, type was very good. They 

also proved to be extremely fre e from r , f , i n t e r f e r e n c e and there appeared to be 

n e g l i g i b l e d r i f t i n a t t e n u a t i o n over periods up to a year. 
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The a c t u a l discharges were recorded photographically on e i t h e r Kodak 2475 

or I l f o r d Mark 5 33imn, f i l m , t h e camera aperture v a r i n g from f l , 5 to 3,5. The 

sh u t t e r was continuously open and the f i l m wound on w h i l s t the e l e c t r o n i c s was 

paralysed u s u a l l y f o r about 9 seconds which also gave ample time f o r the chamber 

capacitors to charge up from the H,To generators. The l a r g e s t value o f the 

charging time constant used being 0,1 sec. 

L i g h t Measurements 

L i g h t output from the discharge was measured using a M u l l a r d 53 AVP 

p h o t o m u l t i p l i e r mounted c o a x i a l l y i n a 30 inch long securely earthed brass/ 

aluminium c y l i n d e r to provide e s s e n t i a l s h i e l d i n g against r , f . The anode was at 

ground p o t e n t i a l and d i r e c t l y coupled i n t o 50 ohms; the =1800 v o l t s was supplied 

through a f i l t e r e d power supply stable to > 0,17o and pulses were observed on a 

r . f . s h i e l ded and f i l t e r e d T e k t r o n i x 551 os c i l l o s c o p e . 

The l i n e a r i t y o f the p h o t o m u l t i p l i e r was determined by the a p p l i c a t i o n o f 

the inverse square lai? using a pulsed neon discharge tube designed to give a 

" p o i n t " source. F i g , 4,7 shows the p h o t o m u l t i p l i e r output pulse ( i n t o 50 ohms) 

as a f u n c t i o n o f the normalized l i g h t i n t e n s i t y . The system can be seen to be 

l i n e a r f o r pulse heights up to =1,6 v o l t s , which agrees w e l l w i t h the 

manufacturers s p e c i f i c a t i o n s . I t should.be noted t h a t w i t h t h i s form o f 

c i r c u i t r y the t o t a l l i g h t i n t e n s i t y i s the i n t e g r a l o f the output voltage pulse. 

Under normal operating conditions the dark current pulses were t y p i c a l l y 

- 50 mV h i g h j and the r . f . noise l e v e l =150 mV at worst. 

Charge Measurements 

Measurement o f charge b u i l ^ up and decay i n the spark chambers was made 

using a very high impendance Dolezalek electrometer. The input capacity o f 

the instrument and associated leads was measured on a bridge and found to be 20 

pi c o f a r a d s . The i n p u t resistance was found by charging the electrodes to a few 

v o l t s and observing the needle d e f l e c t i o n as a f u n c t i o n of time (see f i g , 4,8). 

The value o f the resistance d i d a l t e r w i t h time presumably due to changes i n the 
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14 14 humidity, but was u s u a l l y about 5 x 10 ohms and never f e l l below 10 ohms. 

The electrometer was c a l i b r a t e d i n the usual fashion f o r several values of the 

needle v o l t a g e and a set o f such curves are shown i n ( f i g , 4 . 9 ) . The d e f l e c t i o n 

r e f e r s to t h a t on a scale a t a distance o f 1 meter. 

This form o f electrometer i s only u s e f u l f o r measuring p o t e n t i a l s up to 

30 v o l t s , above t h i s an o r d i n a r y e l e c t r o s t a t i c voltmeter was used. The input 

capacity and resistance were measured as described above (fig,4. 1 0 ) and the 

s e n s i t i v i t y by using ^ c a l i b r a t e d o s c i l l o s c o p e . 

I t can be seen from t h i s curve ( f i g . 4 . 1 0 ) t h a t above about 1300 v o l t s 

the v o l t a g e d i d not f a l l e x p o n e n t i a l l y , but rather f a s t e r . This was found to be 

due to corona discharge occuring around the input connector and was e f f e c t i v e l y 

removed by greater i n s u l a t i o n . 
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CHAPTER 5 

The General Properties of the Chamber 

Operating Conditions 

The form o f the discharge along a p a r t i c l e t r a j e c t o r y depends very 

c r i t i c a l l y on the length and height of the pulsed f i e l d applied and to a 

somewhat lesser extent on the chamber gap w i d t h . I n the conventional type 

of spark chamber as soon as a streamer crossed the gap i t formed a low 

impedance spark channel to ground and the voltage across the chamber dropped 

a c c o r d i n g l y , a u t o m a t i c a l l y e x t i n g u i s h i n g the discharge. I n the current 

l i m i t e d spark chamber, because of the glass d i e l e c t r i c , there i s no voltage 

drop when the streamer crosses the gas gap and unless the pulse i s removed 

e x t e r n a l l y the discharge w i l l spread across the i n s u l a t o r . Also photons 

emitted from the discharge w i l l cause e x c i t a t i o n of the surrounding g a s ( l ) and 

U,V. l i g h t may give r i s e to p h o t o e l e c t r i c emission from the glass surface ( 2 ) . 

I n both cases f u r t h e r streamers may r e s u l t i f an e l e c t r i c f i e l d i s s t i l l 

present across the gas. 

Accordingly the pulse height and direction must be such th a t the streamer 

j u s t reaches the glass surface yet emits enough l i g h t to be reasonably, easy 

to photograph. For the two sizes o f chambers used (lOmm x 15 mm gap widths) the 

exponential decay constant of the applied voltage pulse necessary to f u l f i l 

the above requirements had to be less than 100 n sec, and peak f i e l d s t y p i c a l l y 

lOkV/cm. I r c r e a s i n g the length of the pulse introduced a general glow i n the 

volume of the gas around the discharge and severely l i m i t e d the working range. 

With an exponential decay constant o f I j i sec the chambers e i t h e r completely 

discharged on p u l s i n g , w i t h many f i n e streamers crossing the gap, or they 

d i d n ' t respond at a l l , according to the height of the applied f i e l d . I t also 

appeared t h a t the shorter the pulse the greater the v a r i a t i o n on peak pulse 

height p o s s i b l e , consistant w i t h o t c e p t a b l e tracks, t h i s s t i l l applied for 

pulses with, decay constants of about 20 n sec. The occunence of spurious 
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discharges also decreased w i t h decreasing pulse length, although these were 

always less than O,57o i f the chambers were clean and dust f r e e . Values of 

pulse decay constant used v a r i e d from 40 n sec, to 100 n sec, and peak pulse 

heights from -8kv/cm. to -;14kv/cm, the r e s u l t a n t chamber operation i s 

b r i e f l y summarised i n Table ( 1 ) , Fig.(5,1)shows curves of e f f i c i e n c y 

against pulse height f o r two pulses, w i t h exponential decay constants of 

60 n sec, 50 n sec. r e s p e c t i v e l y , each f o r two delays between passage of 

p a r t i c l e and a p p l i c a t i o n of high voltage pulse. 

Because o f the small gap widths, and short pulse lengths required i t 

was very necessary to have f a s t r i s i n g pulses: although no q u a n t i t a t i v e 

r e s u l t s were taken; i n general the shorter the r i s e time the narrower was 

the discharge, being t y p i c a l l y 1.5 mm, to 2 mm, diameter at 2^l sec delay 

f o r pulses w i t h r i s e times (10-90) o f 20 n sec. 

In. using the detector f o r determining the s p a t i a l p o s i t i o n of p a r t i c l e s 

i t i s necessary to know how w e l l one can locate the t r a j e c t o r y . I n order to 

determine t h i s three chambers were placed one above the other each separated 

by a distance of three cms. A p a i r of s c i n t i l l a t o r s forming a p a r t i c l e 

telescope were p o s i t i o n e d top and bottom of the chamber stack such that any 

p a r t i c l e t r a v e r s i n g the l a t t e r would be less than 15° to the d i r e c t i o n o f 

the a p p l i e d ' f i e l d . Only photographs t h a t included a single p a r t i c l e i n each 

gap w i t h i n 15° to the f i e l d were considered. For such frames the de v i a t i o n £ 

of the center of each spark at i t ' s cathode end from the best s t r a i g h t l i n e 

passing through three such p o i n t s was noted, Fig{5,2)shows the r e s u l t a n t 

p r o b a b i l i t y d i s t r i b u t i o n from which the standard de v i a t i o n o f a spark from 

the p a r t i c l e t r a c k was determined as 0,32mm, Comparing t h i s w i t h the mean 

distance an e l e c t r o n can d i f f u s e during the 2 fisec. delay i n applying the 

high voltage pulse ( i n 2|i sec, the mean distance d i f f u s e d by an el e c t r o n 

i s 0,85 mm) i t i s seen to be considerably less, which i s a strong i n d i c a t i o n 
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t h a t i t i s 'not the p o s i t i o n of a s i n g l e e l e c t r o n that determines the streamer 

p o s i t i o n i n t h i s case, but rather the p o s i t i o n of the highest e l e c t r o n density 

as i n d i c a t e d i n Chapter 2, 

The parameters of the applied pulse were, peak height -Il,6kv/cm,, R.C. 

decay constant 50 n sec, r i s e time (10-90/) 20 n sec. 

For p a r t i c l e s which traverse the chamber at small angles to the applied 

f i e l d the discharge tends to l i e along the l i n e of i o n i z a t i o n , however 

there i s an angle at which ra t h e r than f o l l o w the p a r t i c l e several sparks 

occur i n the chamber along the t r a j e c t o r y and s p a t i a l r e s o l u t i o n i s l o s t . 

Hence i t i s important to know the r e l a t i o n s h i p between the t r a j e c t o r y and 

spark i n c l i n a t i o n f o r p a r t i c l e s at various angles to the applied high voltage 

pulse. 

I n order to i n v e s t i g a t e t h i s a chamber w i t h a 15 mm. gap was aligned 

w i t h a bank of f l a s h tubes above and below i t each separated from i t by 40 cms, 

A s c i n t i l l a t o r telescope was adjusted so t h a t cosmic rays could traverse 

the system at angles to the applied e l e c t r i c f i e l d varying from 0° to + 50°, 

The voltage pulse applied to the chamber was -11,0 kv/cm, peak, w i t h a decay 

constant o f 60 n sec and r i s e time (10-9^5 of 20 n sec. Photographs 

cont a i n i n g o nly one p a r t i c l e i n both chambers and f l a s h tubes were considered 

and the angle S between the p a r t i c l e and applied f i e l d measur.ed by means of 

the f l a s h tube t r a y s . The angle <j) between the discharge and the estimated 

p a r t i c l e t r a j e c t o r y was then measured and f i g , (5^3) shows the histogram o f 

the p r o b a b i l i t y of a spark f o l l o w i n g the p a r t i c l p track f o r the d i f f e r e n t 

angles between the p a r t i c l e and a p p l i e d f i e l d . The c e l l width i s 9 , I t 

can be seen t h a t only i n the range 0 to 9° do the discharges f o l l o w the 

p a r t i c l e to w i t h i n the measuring e r r o r ĉ" , although t o - w i t h i n 2 S' the 

agreement i s good to 30°, 

A simple explanation of the s l a n t i n g discharge which w i l l lead to an 

estimate of the maximum angle at which the discharge w i l l f o l l o w the p a r t i c l e 
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t r a j e c t o r y can be seen by considering two electrons a t s l i g h t l y d i f f e r e n t 

distances from the anode. The f i r s t one i s closer to the electrode and 

on the a p p l i c a t i o n o f the high voltage pulse i t avalanches towards i t . The 

second e l e c t r o n avalanches s i m i l a r l y , but because of the f i e l d d i s t o r t i o n 
I 

due t o the space charge i n i t ' s head and t h a t i n the t a i l of the f i r s t 

avalanche i t w i l l grow towards the former. 

Hence i t can be seen t h a t f o r neon gas where the i n i t i a l electrons are 

on average 0,08 cm. apart the maximum spark angle i s given to a f i r s t 

approximation by s i n •''•I 3Dt . I n the above case t = formative time = 

30 n sec, so the maximum angle i s about s i n 0,16 = 9 , Considering the 
i 

approximations made i n n e g l e c t i n g the e f f e c t s due to the space charge b u i l d 

up i n the avalanche head as w e l l as t h a t due to the interavalanche i n t e r 

a c t i o n the agreement i s good. 

Memory Time, 

I n some experiments i t may be essential, f o r the Logic to decide whether i t 

i s necessary f o r the chambers to be pulsed a f t e r the t r a v e r s a l of an i o n i z i n g 

p a r t i c l e , i n which case i t would be important to know the memory time o f the 

dete c t o r . This i s best estimated by p l o t t i n g an e f f i c i e n c y against pulse 

delay (between i o n i z i n g p a r t i c l e and a p p l i c a t i o n o f high voltage pulse) 
t 

curve. Such a curve (a) p l o t t e d i n f i g , ( 5 , 5 ) f o r a pulse of -ll,Okv/cm 

peak h e i g h t , 60 n sec decay constant and 20 n sec r i s e time (10-90). These 

measuremenus were c a r r i e d out immediately f o l l o w i n g one another s t a r t i n g 

from the s h o r t e s t time delay, each p o i n t took about 40 mins and the cosmic 

ray r a t e was 0,0 lo/min/cm . Curve (b) shows another curve obtained w i t h an 

i d e n t i c a l pulse and cosmic ray rate, but taken by s t a r t i n g at the longest 

delay time and w a i t i n g 4 h r s , between each p o i n t during which time the 

chamber was not operated. At the s t a r t of each new point about .15 mins was 

allowed before f i l m i n g began. Increasing the w a i t i n g period between points 

to 6 hrs made no d i f f e r e n c e to the r e s u l t nor d i d the order i n which the 
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various p o i n t s were measured. 

Comparing curve (b) w i t h the expected one from D i f f u s i o n Theory (c) 

shows immediately that some other very dominant process must be present; 

e i t h e r there i s a much la r g e r gas i m p u r i t y present than the measurement at 

f i l l i n g gave, or there i s perhaps an e l e c t r i c c l e a r i n g f i e l d operating due 

to. a charge b u i l t up on the i n s u l a t o r surface caused by the discharge. The 

former explanation does seem less l i k e l y , because i f oxygen or other 

e l e c t r o n e g a t i v e gases were being released i n t o the neon then one would 

expect a steady d e t e r i o r a t i o n w i t h use which has not been observed. The 

f a c t t h a t curves (a) and (b) d i f f e r would appear to i n d i c a t e a "memory" 

between each delay s e t t i n g which i s c e r t a i n l y operative f o r 30 minsj but 

not a f t e r a few hours, t h i s could be r e l a t e d to the apparent i n e f f i c i e n c y 

of the chamber at long delays compared w i t h t h e o r e t i c a l c a l c u l a t i o n s . 

I t should be noted however th a t although the chambers have a high 

e f f i c i e n c y f o r many tens of microseconds the spac^al r e s o l u t i o n decreases 

very r a p i d l y w i t h increasing time delay. For delays as short as 10 |i sec, 

there i s already occuring not j u s t one discharge but several clustered around 

the t r a j e c t o r y o f the i n c i d e n t p a r t i c l e , t h i s i s due to the thermal d i f f u s i o n 

causing enough separation between the electrons to allow more than one 

steamer Lc develop independently. 

Recovery Time 

The recovery time o f the chamber i s defined as t h a t time a f t e r which a 

spark has occurred i n the gas t h a t another p a r t i c l e can be r e g i s t e r e d 

w i t h o u t the previous discharge r e - i g n i t i n g . To determine t h i s parameter a 

chamber was pulsed 2 sec a f t e r the t r a v e r s a l of a cosmic ray and then again 

a f t e r a delay varying froiii 1,5 m sec to several tens of seconds, i r r e s p e c t i v e 

o f whether a second cosmic ray had passed through or not. The pulse applied 

on both cases was the same (-11,0 kv/cm peak, 60 n sec RC decay constant, 

r i s e time (10-90). 20 n sec) , Photographs were taken of the discharges; 
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a t short delays less than about 0.25 sec i t was obviously impossible to 

resolve two separate discharges, but i t was already known q u a l i t a t i v e l y that 

the recovery time was of the order of 1 sec. I f a second delayed pulse was 

not a p p l i e d then a b r i g h t f i n e discharge occurred i n every case along the 

t r a j e c t o r y of the i n c i d e n t p a r t i c l e , however on a p p l i c a t i o n of the second 

pulse r a d i a l l y symmetric secondary discharges occurred w i t h the p o s i t i o n o f 

the i n i t i a l discharge as t h e i r center. With increasing delay between the 

two pulses the area o f the chamber covered by the secondary discharges 

increased, but the f u r t h e r they advanced from the i n i t i a l one the f a i n t e r 

they became. For delays greater than 400 m sec the number of secondaries 

began to decrease as d i d t h e i r distance from the i n c i d e n t p a r t i c l e . Delays 

greater than 1,2 sec no r e i g n i t i o n occurred at a l l . I t would therefore 

appear t h a t the n a t u r a l recovery time of the chamber i s about 1,2 sec f o r 

t h i s high voltage pulse. Varying the pulse height d i d produce an e f f e c t , a 

decrease o f 1 kv/cm reduced the meaofy time by about 257c5 but the i n t e n s i t y 

o f the i n i t i a l discharge was also reduced. 

F i g , ( 5 ,4 ) shows a curve of the mean distance of the secondary discharges 

f a r t h e s t from the i n c i d e n t p a r t i c l e p l o t t e d against the square root of the 

delay time i n applying the second high voltage pulse. I n order to produce 

these secondary discharges i t i s necessary to have free electrons present i n 

a p o s i t i o n i n the gas such th a t the t r a n s i t i o n to a streamer can occur when 

the second high voltage pulse i s applied. D i f f u s i o n theory indicates 

t h a t a p e r f e c t l y free e l e c t r o n has a n e g l i g i b l e p r o b a b i l i t y of s u r v i v a l j n 

the chamber a f t e r a time delay of about 1 m sec at which time 80% of those 

remaining would be w i t h i n 2,7 cm of t h e i r i n i t i a l p o s i t i o n . 

Nevertheless i t can be seen from Fig, ( 5 , 4 ) t h a t the f i r s t p art of the 

curve e x h i b i t s a l i n e a r r e l a t i o n s h i p suggesting t h a t some form of d i f f u s i o n 

process i s t a k i n g place. The breakdown of such a r e l a t i o n s h i p at longer 

delays can be explained p a r t i a l l y by a lack of photographic s e n s i t i v i t y . 
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but much more probably >due to a loss to the chamber of the cause of the 

secondary discharges. An estimate of the " d i f f u s i o n constant" associated 

w i t h the secondary discharges can be made from the l i n e a r region of the 

curve. I f i t i s assumed t h a t the mean distance of the discharges f a r t h e s t 

from the i n c i d e n t p a r t i c l e i s tha t distance i n which about 807o of the 

discharges occur then r f3.6Dt 

2 " 2 
D = r / 3 .6 t oi 75 cm /sec^from the gurve,^ . 

Von Engel ( 4 ) gives a value f o r the d i f f u s i o n c o e f f i c i e n t of. neon ions i n pure 
2 9 neon as 0,16 cm /sec, at atmospheric pressure, and f o r electrons,ISOO cm'/sec. 

Even a l l o w i n g f o r the f a c t t h a t the chambers have 2 % helium present as 
2 

w e l l as the approximations i n the c a l c u l a t i o n , the f i g u r e of 7'5 cm /sec i s 

i n disagreement w i t h both o f these p o s s i b i l i t i e s . I t i s therefore reasonable 

to assume t h a t n e i t h e r p o s i t i v e ions, metastable states of neon atoms or free 

electrons i n the gas are the cause of the long memory, and t h a t perhaps the 

l i n e a r r e l a t i o n s h i p i n f i g . ( 5 - 4 ) i s f o r t u i t o u s . Further evidence supporting 

these p o i n t s i s given below. 

Clearing F i e l d s 

The e f f e c t of an e x t e r n a l l y applied c l e a r i n g f i e l d both on the e f f i c i e n c y 

versus pulse delay c h a r a c t e r i s t i c s and the recovery time was considered. 

Concerning the l a t t e r o f these two pr o p e r t i e s one would expect from the above 

fa c t s t h a t such a f i e l d would have l i t t l e or no e f f e c t and t h i s indeed was 

the case f o r the values o f f i e l d s considered. 

Because the e f f i c i e n c y o f the chamber under normal conditions suggests 

t h a t some other f a c t o r other than simple d i f f u s i o n i s a c t i n g and due to the 

p o s s i b i l i t y o f t h i s being some k i n d of i n t e r n a l l y generated c l e a r i n g f i e l d 
an approximate value of t h i s f i e l d was c a l c u l a t e d a t 0,3 -volts/^^ f o r the 

2 

0,0 1 /min/cm r a t e . I n order t h a t t h i s be a small p e r t u r b a t i o n on the 

e x t e r n a l l y a p p l i e d one the l a t t e r was chosen w i t h a value of + 2.86 v/cm, 

the p o s t i v e s i g n i n d i c a t i n g t h a t the electrons are being swept i n the same 
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d i r e c t i o n as the high voltage sweeps them and the negative sign v i c e versa. 

Fig,(5,6) shows the two e f f i c i e n c y versus time delay curves f o r the 

above f i e l d when the high voltage pulse parameters were =ll,Okv/cm peak 

he i g h t , 60 n sec delay constant and 20 ns r i s e time(lO-90). These curves 

would appear to be very reasonable, the f i e l d has p u l l e d the e f f i c i e n c y o f f 

f a s t e r than normal as would be expectedj and the d i f f e r e n c e i n the two 

curves being due to the formative distance. A measurement of t h i s parameter 

from the two curves given a value of about 3 mm although the e r r o r i s large„ 

Fi g . (5,7) i s a p l o t o f the e f f e c t i v e e l e c t r o n d r i f t v e l o c i t i e s that would 

give r i s e to Fig,(5,6) as a f u n c t i o n o f delay time. Both curves w i t h i n 

experimental e r r o r l i e on the same l i n e , although as one l i e s c o n s i s t a n t l y 

above the other there might be a r e a l d i f f e r e n c e between themj but less 

than the e r r o r . 

The very high d r i f t v e l o c i t i e s p r e d i c t e d a t long delays can be explained 

by the f a c t t h a t (a) the l i g h t output from the discharges at very low 

e f f i c i e n c i e s i s very low and some were not recorded, thus making the 

e f f i c i e n c y appear lower than i t a c t u a l l y was, hence high d r i f t v e l o c i t i e s 

and (b) we have assumed a Poisson d i s t r i b u t i o n f o r theelectron ion p a i r s 

whereas i t i s i n r e a l i t y a Landau d i s t r i b u t i o n . 

I f the i n t e r n a l c l e a r i n g f i e l d were not a small p e r t u r b a t i o n on the 

e x t e r n a l l y applied one and as w i l l be shown l a t e r i t also opposes the d i r e c t i o n 

o f the high voltage pulse then the two curves w i l l be expected to s p l i t 

s l i g h t l y i n e x a c t l y the fashion as seen i n F i g . ( 5 . 7 ) , 

Using the values o f d r i f t v e l o c i t y to determine the actual applied f i e l d 

by e x t r a p o l a t i o n o f the curves f o r d r i f t v e l o c i t y against applied f i e l d 

i n pure neon, given, i n ( 3 ) , i t would appear t h a t the " t h e o r e t i c a l l y " 

a p p l i e d one i s a f a c t o r o f three less than the a c t u a l applied one. 

However i t i s unwise to deduce anything from t h i s as the e l e c t r o n d r i f t 

0 JAN 1972 
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v e l o c i t y i s very s t r o n g l y dependent on any i m p u r i t i e s i n the neon. 

As noted above even w i t h c l e a r i n g f i e l d s s u f f i c i e n t to remove any 

free p o s i t i v e neon ions w i t h i n 100 m sec the recovery time of the chamber 

di d not a l t e r from i t ' s previous value of about 1 sec although the memory 

time was duly reduced. This i s regarded as conclusive proof t h a t n e i t h e r 

f r e e e l e c t r o n s nor ions give r i s e to t h i s long recovery time. 

Very high values of clearing f i e l d s i . e . . 120 v/cm reduced the chamber 

e f f i c i e n c y to zero w i t h i n the mininum pulse delay a v a i l a b l e w i t h the 

system ( l , 8 ( i sec). The recovery time was also zero under these conditions, 

A f u r t h e r discussion o f t h i s recovery time w i l l be given i n a l a t e r 

chapter. 

D i g i t i z a t i o n 

When operating spark chambers i n large experiments i t i s o f t e n not 

possible t o record the data photographically because of the time involved 

i n l a t e r a n a l y s i s , t h e r e f o r e d i g i t i z a t i o n methods are commonly used. With 

the l i m i t e d discharge chamber the current flowing i n the e x t e r n a l c i r c u i t 

due t o the discharge i s n e g l i g i b l e making the commonly used methods i . e . 

m a g n e t o s t r i c t i v e , core, and current s p l i t t i n g i m p r a c t i b l e . Sonic l o c a t i o n 

i n v o l v i n g the p l a c i n g o f p i e z o - e l e c t r i c tranducers against the outside surface 

o f the chamber w;alls was also t r i e d , but proved unsuccessful. 

During a discharge the f a c t t h a t there i s charge moving i n the gas 

suggests the p o s s i b i l i t y o f a c a p a c i t i v e method of l o c a t i o n ( 5 ) , Such a 

method was t r i e d w i t h l i m i t e d success and w i l l be only b r i e f l y described. 

The c e n t r a l p a r t o f the grounded.electrode was replaced by t h i n s t r i p s 

o f copper mounted on i n s u l a t i n g board, the copper feeing face downwards 

against the chamber surface and of w i d t h 2mm, w i t h separation between s t r i p s 

o f 1 mm. At the end o f each s t r i p was mounted, between i t and ground a 

small 56 pF. condenser F i g . ( 5 . 8 ) . The p o t e n t i a l across any condenser 
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could be measured by s e l e c t i n g t h a t condenser w i t h a r o t a r y switch which 

discharged i t through a Tektronix XlO low voltage probe. 

I f a chamber t h a t hadn't been ope r a t i o n a l f o r several hours was 

selected and the f i r s t one or two discharges passed from the high voltage 

electrode to one of the grounded s t r i p s then a pulse of up to 4 v o l t s was 

obtained across the condenser on t h a t s t r i p , and f o r f i n e sparks there was 

no cross t a l k between s t r i p s . The memory of the capacitor storage^presumably 

governed by the condenser leakage resistance^was about three seconds. 

However a f t e r a few discharges had occurred anywhere i n the chamber the 

" d i g i t i z a t i o n e f f e c t " disappeared completely, but would r e t u r n again a f t e r 

about 4 hours i f the chamber wasn't used. 

I f one assumes th a t the pulse on the capacitor i s caused by the 

re=arrangement of charge i n the system^ due to the capacity change i n the 

chamber when the streamer crosses the , gap, then a f t e r the occurrance 

o f a few discharges there must be some s o r t o f screening e f f e c t occurring^ 

perhaps due to the d e p o s i t i o n o f charge on the inner surface o f the glass. 

Various methods were t r i e d to remove such a deposition such as the a p p l i c a t i o n 

o f c l e a r i n g f i e l d s , both AC and DC and the random pu l s i n g of the chamber, 

but a l l gave negative r e s u l t s . Were i t possible to remove t h i s charge 

perhaps by the presence o f a thin"conducting" layer on the inner glass 

surface the above method would appear to y i e l d a d i s t i n c t p o s s i b i l i t y f o r 

d i g i t i z a t i o n of the l i m i t e d discharge chamber. 

L i g h t Output 

The screened p h o t o m u l t i p l i e r as described i n the previous chapter was 

used to observe the l i g h t emission from discharges i n a small p o r t i o n of the 

chamber, such t h a t the i n t e n s i t y d i s t r i b u t i o n due to the inverse square law 

was small compared w i t h s t a t i s t i c a l e r r o r s . I n order t h a t the tube was 

not operated i n t o i t ' s non-linear region a series of c a l i b r a t e d , n e u t r a l 

f i l t e r s were introduced i n t o the l i g h t path. The d i r e c t l y coupled output 
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meant the use of an i n t e g r a t i n g a m p l i f i e r when measurements of the l i g h t 

i n t e n s i t y were required; the i n t e g r a t i o n constant always being about 3.5 fi sec 

The spark chamber used had a 15 mm. gap and the high voltage pulse applied 

the f o l l o w i n g parameters,rise time (10-90) 20 n sec., exponential decay 

constant 50 n sec, and the peak pulse height was v a r i a b l e . 

Fig,(5,9) shows a t y p i c a l l i g h t pulse from the chamber operted w i t h a 

2 n sec delay between i n c i d e n t p a r t i c l e and a p p l i c a t i o n of high voltage pulse 

"11,6 kv/cm. The i n t e n s i t y r i s e s to a maximum w i t h i n 20 n sec and decays 

away i n a f u r t h e r 80 n sec (these measurements were made using a Tektronix 

551 o s c i l l o s c o p e ) . Smaller applied f i e l d s gave smaller and shorter pulses, 

w i t h a minimum wi d t h o f 30 n sec to 40 n sec. I t was not possible to estimate 

e x a c t l y how much of the discharge i s being observed. Whether i t i s simply 

only the streamer phase or more l i k e l y the l a t t e r p a r t of the avalanche 

and the streamer. 

Fig,(5.10) i s a drawing from an o s c i l l o g r a p h showing both l i g h t output 

and high voltage pulses. I t appears th a t a 100 n sec delay occurs between 

the a p p l i c a t i o n of the high voltage pulse and the peak of l i g h t emission 

(note the high voltage pulse has been i n v e r t e d f o r b e t t e r comparison), the 

j i t t e r i n t h i s delay was less than 5 n sec. However there was an o v e r a l l 

delay i n the photomultiplier and associated cables o f about 50 n sec more 

than i n the voltage probe c i r c u i t . Therefore i n r e a l time the l i g h t emission 

reached maximum i n t e n s i t y 50 ns a f t e r the pulse was applied; assuming a 

formative distance of about 3 mm, ( i . e . : formative time about 30 n s e c . ) t h i s 

allows <20 n sec. f o r streamer growth which i s considered not an unreasonable 

time. 

Using a longer time base i t was noticeable t h a t there was some a c t i v i t y 

w e l l a f t e r the main discharge has ceased ( 1 to 10 l^sec), when i t appeared 

t h a t more l i g h t was being emitted. One explanation would be the decay of 

metastable states i n the gas, however t h i s i s thought to be u n s a t i s f a c t o r y 
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when the amount of l i g h t a c t u a l l y emitted i s considered. I t i s d i f f i c u l t 

to e x p l a i n why so many metastables should decay together during such a short 

time i n t e r v a l e s p e c i a l l y many microseconds a f t e r the i n i t i a l streamer. 

I f however a large q u a n t i t y of charge i s deposited on the glassby the 

streamer, then on i t ' s cessation a very high p o t e n t i a l gradient would be 

expected to e x i s t across the gas i n the opposite d i r e c t i o n to the applied 

f i e l d ( t h e p o s i t i v e ions would f o r the most oaoa s t i l l be i n the gas, only 

electrons would be on the glass surface i n any concentration). The gas might 

then break down i f an e l e c t r o n became a v a i l a b l e to i n i t i a t e an avalanche ^ 

e,g, from the decay of a metastable neon atom. I n that case a "backspark" 

would occur and appear i n l i g h t output very s i m i l a r to the i n i t i a l discharge. 

There i s a s i t u a t i o n which gives t h i s idea greater c r e d i b i l i t y , and 

a c t u a l l y proves the existence of "backsparks"- i t w i l l be described b r i e f l y . 

The gas i n a sealed chamber was subjected to a large D.C. f i e l d (14 kv/cm) 

upon which i t broke down r e g u l a r l y i n a series of discharges each occupying 
2 

some 50 cm o f chamber area, A 1 kilohm r e s i s t o r i n series w i t h the chamber 

allowed the measurement of voltage pulses caused by the charge movement 

associated w i t h each discharge. For a 10 mm wide chamber the number of 
11 

e l e c t r o n s associated w i t h each discharge was of the order 10', I f the f i e l d 

was removed i t was noted t h a t a f t e r a p e r i o d of a few seconds a f t e r the 

discharges had ceased, they began to b u i l d up again and v i s i b l e gas break-

down occurred. The o s c i l l o s c o p e showed voltage pulses, but of opposite 

p o l a r i t y to those observed w i t h the D.C, f i e l d , the number of electrons 

associated w i t h each discharge i n t h i s case was about 2 x 10''"'̂ , d e f i n i t e l y 

less than before. This i s considered conclusive proof that "backsparks" do 

occur as a r e s u l t o f D.C. breakdown and i t i s not unreasonable to assume 

t h a t they can occur under pulsed c o n d i t i o n . 

The d i s t r i b u t i o n of "backsparks" w i t h time a f t e r the i n i t i a l discharge 

was steadied as a f u n c t i o n of voltage pulse height f o r a f i x e d pulse length 
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and decay constant; and as a f u n c t i o n of pulse delay f o r a f i x e d height 

and l e n g t h . I n a l l cases the r a t e of discharges was O.OlO/min/cm . Due 

to an i n e v i t a b l e e arth loop i n the recording c i r c u i t the f i r s t 500 n sec 

a f t e r the a p p l i c a t i o n o f the high voltage pulse had to be ignored because 

of "pick-up" i n the e l e c t r o n i c s ; however from the shape of the d i s t r i b u t i o n s 

i t would appear t h a t only a small amount of in f o r m a t i o n has been l o s t . 

Fig,(5.11) shows two such d i s t r i b u t i o n s f o r peak f i e l d s o f - 10,3 kv/cm 

and -12,3 kv/cm r e s p e c t i v e l y and a delay i n a p p l i c a t i o n of these pulses o f 

2 jisec. The means are 4,2 + 1,3 |isec and 4,2 + 1,3 jisec. r e s p e c t i v e l y ; i t 

would t h e r e f o r e appear th a t the mean time f o r the occurrence of a "backspark" 

i s constant i r r e s p e c t i v e of pulse height and t h i s agrees w i t h f i v e f u r t h e r 

values obtained f o r other values of pulse height, the mean of a l l these 

r e s u l t s i s 4,1 + 0,2 (isec. The e r r o r s i n d i c a t e d are one standard d e v i a t i o n . 

F i g , (5.12) shows two o f the d i s t r i b u t i o n s observed as a f u n c t i o n of 

pulse delay time. The peak pulse height was i n t h i s case -11.6 kv/cm w i t h 

other pulse parameters as above; the f i r s t d i s t r i b u t i o n was taken w i t h a 

delay o f 39 + 2 jisec and the second one 56 + 2 |isec. Again the means agree 

both amongst themselves and w i t h two other points at 2 jisec and 20 usee delay, 

being 3,9 + 0,2 ^sec. 

I t would therefore seem t h a t the mean delay f o r a "backspark" to occur 

a f t e r the i n t i a l discharge i s 4.0 jisec and i s e i t h e r independent of pulse 

height and pulse delay or only a very weak f u n c t i o n of one or both of these 

parameters. The p r o b a b i l i t y o f a "backspark" occurring f o r every discharge 

would appear to be 0.6 to 0.8, i t i s c e r t a i n l y no lower but may be higher; 

because of the necessity to use d i f f e r e n t f i l t e r s on d i f f e r e n t occasions 

the absolute s e n s i t i v i t y of the instrument v a r i e d . When a "backspark" d i d 

occur there were occasions when a small chain r e a c t i o n followed the f i r s t 

" t r i g g e r i n g " up t o four, more a l l w i t h i n a few hundred nanoseconds of each 

other. The t y p i c a l r i s e time f o r the l i g h t output was 100 ns to 120 n sec 
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and^the i n t e n s i t y of the order o f 10% t h a t of the i n i t i a l discharge. 

The d i s t r i b u t i o n o f l i g h t i n t e n s i t y was also studied as a f u n c t i o n 

o f pulse height f o r a f i x e d pulse length and delay time, and as a f u n c t i o n 

o f delay time f o r a f i x e d pulse height and length. Unfortunately not only 

s i n g l e discharges were observed, but a small number of pairs of p a r t i c l e s 

as w e l l . Showers were also r e g i s t e r e d , but were excluded from the pulse 

height d i s t r i b u t i o n s by assuming a known rate o f such events and removing 

the r e q u i s i t e number o f the l a r g e s t pulses. On most occasions the presence 

of a shower was e a s i l y seen as the peak height was so much greater than chat 

of any s i n g l e discharge. Fig, ( 5 . 1 3 ) includes two such d i s t r i b u t i o n s f o r 

peak f i e l d s o f - 9 .74 kv/cm and - 1 0 . 7 kv/cm r e s p e c t i v e l y . I n both cases 

the i n t e n s i t y i s p l o t t e d i n a r b i t r a r y u n i t s . Fig. ( 5 , 1 4 ) represents a p l o t 

o f l o g a r i t h m of r e l a t i v e l i g h t i n t e n s i t y against applied pulse height also 

on a l o g a r i t h m i c scale. I t would appear that a l i n e a r r e l a t i o n s h i p e x i s t s , 

i n t h i s case g i v i n g a power law equation between l i g h t output and applied 

pulse h e i g h t . I oc e"̂  where n = 13 .5 + 3 . 5 . However because o f the 

r e l a t i v e l y small range of the appli e d f i e l d the l o g a r i t h m i c scale i s almost 

l i n e a r i n which case Fig. ( 5 . 1 5 ) can be p l o t t e d , y i e l d i n g a r e l a t i o n s h i p of 
kE 

the form I oc e where k = 1 , 2 + 0 . 3 cm/kv. Bulos (6 ) obtained a r e l a t i o n 

ship o f the simple power form w i t h n = 5 ,2 + 1 . 0 ,but t h i s was considering 

the avalanche - streamer t r a n s i s t i o n r a t h e r than a f u l l y developed streamer. 

However both r e l a t i o n s h i p s may be f o r t u i t o u s as there^ i s no "a p r i o r i " 

reason f o r assuming e i t h e r . 

The pulse delay .times considered were i d e n t i c a l to those used above 

f o r the ^'backspark" a n a l y s i s , and Fig. ( 5 . 1 6 ) shows a p l o t of logarithm o f 

r e l a t i v e l i g h t i n t e n s i t y against delay l i n e a r r e l a t i o n s h i p given a equation 

o f the form I ^ e'^^ where m = 2.7 + 0 . 5 x I0~\\i sec)'\ 

The s i g n i f i c a n c e o f such a r e l a t i o n s h i p w i l l be discussed i n more 

d e t a i l i n a l a t e r chapter, but i t should be noted how r a p i d l y the i n t e n s i t y 
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drops w i t h delay time, a f a c t o r of two f o r about every 25 ^sec delay. 

From the above i t i s possible to r e a l i z e some of the general 

c h a r a c t e r i s t i c s o f a sealed spark chamber and t h e i r l i m i t a t i o n s ; however 

there are one or two anomalous e f f e c t s , notably concerning the e f f i c i e n c y 

measurements, that are not observed w i t h the more conventional spark 

chambers. I t would seem t h a t perhaps these are being caused by some form . 

o f charge b u i l d up on the d i e l e c t r i c surface, or even p o l a r i z a t i o n o f the 

m a t e r i a l , which gives r i s e to an " i n t e r n a l c l e a r i n g f i e l d " thus reducing 

the e f f i c i e n c y . I t i s the purpose of the f o l l o w i n g chapter to i n v e s t i g a t e 

these e f f e c t s i n more d e t a i l . 
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CHAPTER 6 

The i n v e s t i g a t i o n o f acomalous e f f e c t s i n the chamber 

I f the assumption i s made t h a t an i n t e r n a l c l e a r i n g f i e l d i s being 

b u i l t up due to the discharge, then i t ' s d i r e c t i o n w i l l be important both 

i n determining i t ' s magnitude and mode of production. Two methods both 

s e m i - q u a n t i t a t i v e w i l l be given by which the d i r e c t i o n was found, the 

f i r s t one was by measurements of chamber e f f i c i e n c i e s w h i l s t the second 

and more d i r e c t one was by voltage measurements a f t e r the chamber had been 

operated f o r a period. The l a t t e r w i l l be described l a t e r i n t h i s chapter 

under the s e c t i o n dealing w i t h the use of the electrometer. 

The f i r s t experiment was b a s i c a l l y to charge the chamber by breaking 

down the gas by means o f a steady D.C. f i e l d , and immediately measuring i t ' s 

e f f i c i e n c y to cosmic ray p a r t i c l e s at a f i x e d delay, as a fu n c t i o n of the 

time a f t e r charging Fig.(6,1) case 1, Then repeating the whole procedure, 

but w i t h a negative D.C. f i e l d Fig.(6.1) case 2, 

Using a chamber w i t h a 15 mm, gap width a D,C. f i e l d o f +I0kv/cm was 

a p p l i e d f o r one minute and then w i t h i n one minute the chamber was operated 

so as to detect cosmic rays, the pu l s i n g conditions being such that the 

elect r o n s i n the discharge were driven against the same electrode as they 

were due to the D.C, f i e l d , (case 1 above). I n order t h a t the pu l s i n g 

should not perturb the system too much only ten pulses were applied ovet 

a p e r i o d o f two minutes every twenty minutes and w i t h a delay of 24 jisec, 

between cosmic ray and a p p l i c a t i o n of high voltage pulse. The time 

r e q u i r e d f o r the chamber to reach i t ' s normal e f f i c i e n c y f o r the pul s i n g 

con d i t i o n s used was found to b e ~ 2 ^ hrs., when the experiment was 

repeated w i t h a 2\i sec. delay instead of 24 ^sec, the time increased to 

~3% hours. 

With the high voltage pulse i n such a d i r e c t i o n that i t drove 

el e c t r o n s against the electrode charged p o s i t i v e l y by the 10 kv/cm. D.C. 

f i e l d (case 2, above), then f o r the 24nsec, delay i t took ~I''"/3 hours and 
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3 fo r a 2 |isec. delay ,~ /4 hours to r e t u r n to i t ' s normal e f f i c i e n c y . These 
r e s u l t s would appear to imply a charge deposition on the glass surface by 
the discharge which w i l l give r i s e to an e l e c t r i c f i e l d i n the opposite 
d i r e c t i o n to the ap p l i e d , pulsed one. 

How soon i t takes the " i n t e r n a l c l e a r i n g f i e l d " to reach an e q u i l i b r i u m 

value f o r a given r e p e t i t i o n r a t e i s another important parameter. This 

was s t u d i e d by running the chambers continuously at various time delays 

between cosmic ray and high voltage pulse f o r periods of up to three days, 

photographing every few hours f o r about an hour. The f i l m s were then 

analysed both f o r chamber e f f i c i e n c y and any v a r i a t i o n i n the brightness 

o f the discharge. Over a long p e r i o d of several days there was no change 

i n e f f i c i e n c y w i t h i n s t a t i s t i c s (300 events), and as f a r as the s t a t i s t i c s 

allowed there was no change over the f i r s t few minutes o f chamber operation 

(~15 events). However f o r long delays the f i r s t few discharges were always 

b r i g h t e r than the r e s t i r r e s p e c t i ^ e of where i n the chamber under the 

s c i n t i l l a t o r they occurred, and a f t e r several days operation the i n t e n s i t y 

dropped very s l i g h t l y , less than a f a c t o r two. I t would therefore appear 

t h a t e q u i l i b r i u m i s a t t a i n e d r a p i d l y r e q u i r i n g about ten or so discharges 

only, and t h a t one discharge can ftffect an area of the chamber some 

distance from where i t occurred. Because experiments c a r r i e d out on the 

chambers only l a s t e d the order of a few hours at most the s l i g h t drop i n 

brightness o f the discharges over a peri o d of several days was considered 

n e g l i g i b l e . 

Due t o the e q u i l i b r i u m requirement chambers i n experiments were 

always given f i f t e e n minutes p u l s i n g before any measurements were taken 

to a llow the system to s e t t l e down. 

The c l e a r i n g f i e l d a t p o s i t i o n s away from the discharge. 

To f u r t h e r i n v e s t i g a t e the e f f e c t t h a t a discharge i n one p a r t o f the 

chamber had on another p a r t the 22.5cm x 22,5 cm s c i n t i l l a t o r telescope 
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was moved to one s i d e ( t h e l e f t side) of the chamber, but s u f f i c i e n t l y 

away from the w a l l s f o r any discharges to be u n ^ f e c t e d by the non-uniform 

f i e l d which arose due to the d i e l e c t r i c and edge e f f e c t s caused by the elec= 

trodes. The e f f i c i e n c y o f the chamber was then measured f o r a r a t e of 
-2 2 ' 

cosmic rays o f 10 /min./cm , and several delay times up to 100 ^isec., the 

r e s u l t s were i n exact agreement w i t h those obtained under s i m i l a r conditions 

at other times (see Figo6,4) i n d i c a t i n g that p o s i t i o n o f the discharges 

i n the chamber has only a. small i f any e f f e c t on the e f f i c i e n c y . For the 

2 Jisec., 40 Jisec. and 55 jisec, delays the e f f i c i e n c i e s were measured very 

a c c u r a t e l y , A second s c i n t i l l a t o r telescope was then introduced above 

and below the r i g h t hand side of the chamber (see F i g , 6,2), s i m i l a r 

precautions being.taken concerning f i e l d u n i f o r m i t y as on the other side 

o f the chamber. I t had an area o f 9 cm x 9 cm. and separated by 16,5 cm, 

from i t ' s inner edge to the inner edge o f the la r g e r telescope. Both 

telescopes drove the same p u l s i n g u n i t . 

The e f f i c i e n c y o f the chamber w i t h the smaller telescope was 

measured f o r a delay o f 88 jisec, between p a r t i c l e and a p p l i c a t i o n o f high 
-3 2 voltage-pulse,, the p u l s i n g r a t e being, 7,5 x 10 discharges/min/cm , The 

two telescopes were then run simultaneously such that w i t h a known delay 
"2 2 on the 10 discharges/min/cm r a t e the e f f i c i e n c y o f the area o f the 

chamber under the smaller telescope was measured f o r the f i x e d delay of 

88 |isec„ and a t the slower r a t e of p u l s i n g . To ensure that a cosmic ray 

d i d n ' t cause the right-hand side to be pulsed too soon a f t e r the l e f t - h a n d 

side and v i c e versa, so not a l l o w i n g .the power supply to charge the condensers 

to t h e i r f u l l v o l tage a one second p a r a l y s i s was a p p l i e d between the two 

telescopes. The whole, experiment was repeated w i t h the two telescopes 

on the opposite sides of the chamber to those above. The r e s u l t s are 

summarized i n Table ( 1 ) , A second repeat was also done using the 10 mm 

wide chamber and a s i m i l a r e f f e c t observed. 



5̂  

64 

o 
0) 

X I 

o c 
0) 

t-l 
• o 
»̂ ^ 
<4-l 

w 

i n 

+ 1 

00 

+ 1 

00 
CM 

i n 

+ 1 

m 

+ 1 

m 

pp 

<4-l 
o 
0) 
CO 
d 

w o ^ 01 
1-1 

a> 
0 

P 

CU 
n 

to •H 
0) 
CJC 

a 0) 
o to 
03 fl •H O 

to 

«1 
o 

b 
Oi > 
x> B o 
o 

tp o 
•4-) 
r--! 
to 

3» 

to 

0 

o 

I 
IS 

(1< 

P 

60 
• H 
pei 

T5 

IW 

O 
0) 
to 

tfl 
1—1 

p 

<N 

Pi 

o c 
0) 

•H 
O 

•4-) 

w 

o 

CO 

tl) 
i - i 

(1) P 

C3 

nj 
PS 

+ 1 

00 
00 

00 
00 

00 
00 

CO 
00 

I g I 

m i n i n i n 
ft 

O O 

+ 1 

as 

i n 

+ 1 

ro 

C3̂  
CĴ  

CM 

+ e 
CM 

+ 1 

5 
+> 
i n 
m 

CM CM 
I 

s 
CM 

I 



65 

To prove t h a t there was no o l o o t r i c a l e f f e c t producing such an 

e f f e c t two s i m i l a r chambers were placed end to end under the electrodes 

w i t h the two w a l l s i n contact midway between the two s c i n t i l l a t o r 

telescopes. The experiments were again repeated e x a c t l y as described 

above and i n no case was the e f f i c i e n c y of the chamber under the 

smaller telescope e f f e c t by the other discharges i n the other chamber. 

Thus the e f f e c t was not due to any o l o c t r i o a l process. 

These r e s u l t s show two p o i n t s q u i t e d e c i s i v e l y ; f i r s t l y t h a t a 

discharge o c c u r r i n g i n one p a r t of the chamber w i l l a f f e c t a l l other 

parts immediately ( w i t h i n a few seconds) and secondly and more i n t e r e s t i n g , 

the amount by which the f a s t p u l s i n g r a t e a f f e c t e d the other side o f 

the chamber depended very c r i t i c a l l y upon the delay between the p a r t i c l e 

t r a v e r s i n g the chamber and the a p p l i c a t i o n of the high voltage pulse, 

even though the e f f i c i e n c y was s t i l l 100 per cent, thus i n d i c a t i n g t h a t 

there i s some property of the discharge which changes quite r a p i d l y w i t h 

these s o r t s o f delays, yet i t a f f e c t s the e f f i c i e n c y by a n e g l i g i b l e 

amount. The valueS' o f the c l e a r i n g f i e l d present i n the chamber under 

the snjaller s c i n t i l l a t o r w i l l be cal c u l a t e d i n the next chapter, and the 

whole r e s u l t discussed i n greater depth. 

The.charge decay constant 

I n the f i r s t s e c t i o n of t h i s chapter the d i r e c t i o n of the i n t e r n a l 

c l e a r i n g f i e l d was obtained, an i n d i c a t i o n of i t ' s decay constant was 

determined by u t i l i z i n g the above double s c i n t i l l a t o r experiment. The 
-2 2 10 discharge/min/cm- , r a t e was run w i t h a delay o f 2 jisec. and 

simultaneously the other side of the chamber pulsed under the same 
3 

conditions as i n the above experiments. A f t e r 2 /4 hours o f operation 

the f a s t r a t e o f p u l s i n g was switched o f f and the e f f i c i e n c y of the 

chamber under the smaller s c i n t i l l a t o r telescope observed as a f u n c t i o n 

o f time. Fig,(6,3) shows a histogram o f the e f f i c i e n c y of t h i s p a r t of 
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the chamber binned over ten minute periods against time a f t e r switching 

o f f the f a s t e r p u l s i n g r a t e on the other side o f the chamber. The h o r i z o n t a l 

dashed l i n e s i n d i c a t e the e q u i l i b r i u m value before and a f t e r switching o f f 

the telescope. From the e a r l i e r work i t would appear l i k e l y t h a t the 

a c t u a l slow p u l s i n g r a t e would perturb the decay of the c l e a r i n g f i e l d , 

nevertheless the histogram would suggest a decay constant o f ~ 4 5 minutes 

assuming an exponential decaying process, t h i s i constant r e f e r s . t o a decay i n the 

e f f i c i e n c y , but to a f i r s t approximation the decay constant f ^ j r the 

charge on the glass i s the same. I f any p e r t u r b a t i o n was occurring i t 

would be expected to act so as to hinder the decay, therefore the decay 

constant should be somewhat smaller than the above value. 

The e f f e c t o f pulse r e p e t i t i o n r a t e 

I n Chapter 5 the f i r s t anomc^lous e f f e c t s were n o t i c e d by the f a c t 

t h a t an e f f i c i e n c y against time delay curve depended upon how the 

measurements were taken, the only consistent r e s u l t s being obtained when 

one ensured t h a t the "memory" of the chamber of one p a r t i c u l a r experiment 

had decayed before another was attempted. Ensuring t h a t t h i s was always 

the case the e f f e c t of various p u l s i n g rates on the e f f i c i e n c y against time 

delay curves was determined; several curves are shown i n F i g , ( 6 , 4 ) , The 

high v o l t a g e pulse a p p l i e d was-ll.Okv/cm., r i s e time 20 n sec, (10-90) and 

exponential decay constant o f 60 nsec. I t i s immediately apparent that 

the r a t e o f discharges has a very strong e f f e c t even at these rather slow 

values, however f o r long delay times between cosmic ray and high voltage 

pulse the curves appear to be asymptotic to the same l i n e , and i t might 

be reasonable to suggest t h a t t h i s i s the t h e o r e t i c a l l i m i t due to 

i m p u r i t i e s and d i f f u s i o n . Fig.(6,5) shows the t h e o r e t i c a l values of the 

e l e c t r o n d r i f t v e l o c i t y r e q u ired to produce the experimental e f f i c i e n c y , 

p l o t t e d against the delay time f o r the various p u l s i n g r a t e s j and i t i s 

c l e a r t h a t t h i s i s not the case. These curves have been c a l c u l a t e d 
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field 

assuming the i n t e r n a l clearing^was opposing the applied high voltage 

pulse, a formative distance o f 3 mm, and an oxygen i m p u r i t y o f 2 ppm. 

I f perhaps the oxygen i m p u r i t y had r i s e n appreciably during the 

l i f e t i m e o f the chamber t h i s might account f o r the seemingly constant 

value o f the e l e c t r o n d r i f t v e l o c i t i e s a t long delay times. Hence the 

oaves i n Fig,(6„5) were again evaluated f o r d i f f e r e n t q u a n t i t i e s of 

oxygen i m p u r i t y up to 400 ppm. The r e s u l t s showed th a t any f u r t h e r oxygen 

i m p u r i t y could only play a small p a r t i n the reduction of t h e , ^ d r i f t 

v e l o c i t i e s , because f o r concentrations o f 100 - 250 ppm they were reduced 

by a constant f a c t o r < 2 and never approached zero f o r the longest delays, 

whereas as the concentrations tended towards 400 ppm, there a c t u a l l y appears 

a s l i g h t minimum i n the v e l o c i t y curves which does not seem at a l l 

reasonable. 

Hence i t i s concluded t h a t although the oxygen concentration i n the 

gas may not be as low as the i n i t i a l analysis showed i t c e r t a i n l y cannot 

cause the e f f e c t of f i n i t e e l e c t r o n d r i f t v e l o c i t i e s at long delays. The 

c a l c u l a t i o n s were also repeated assuming a 2 mm, e r r o r had been made i n 

the e s t i m a t i o n of the formative distance, the r e s u l t a n t d i f f e r e n c e was less 

than the experimental e r r o r . 

Modes o f production o f c l e a r i n g f i e l d 

The assumption t a c i t l y made above th a t the c l e a r i n g f i e l d was due 

to charge deposited on the glass d i r e c t l y from the discharge, requires 

t h a t t h i s charge be able to move to great distances from i t ' s i n i t i a l 

p o s i t i o n w i t h i n seconds i n order to account f o r the e f f e c t observed i n 

the double s c i n t i l l a t o r experiment. However there are other methods o f 

producing such a f i e l d , perhaps the two most obvious being; p o l a i i e a t i o n 

o f the d i e l e c t r i c under the electrodes due to the high voltsge pulse, 

and secondly the emission o f photoelectrons from t h i s d i e l e c t r i c by 
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u l t r a - v i o l e t l i g h t from the discharge. Considering the f i r s t 

p o s s i b i l i t y Fig.(6.6) shows a p l o t of d i e l e c t r i c loss against 

frequency f o r sheet glass o f s i m i l a r type to t h a t used i n the spai' 

chambers ( 1 ) , which i n d i c a t e s a minimum i n the megacycle region r i s i i ' -'. 

q u i t e considerably as the frequency drops and D.C. conduction becomes 

more important. I n order to determine whether the high voltage pulse 

was causing any p o l a r i z a t i o n a chamber was pulsed by means of a pulse 

generator at a r e p e t i t i o n r a t e of 1/sec. f o r several hours, the high 

voltage pulse being i d e n t i c a l to t h a t used i n normal chamber operation. 

Immediately a f t e r s w i t c h i n g o f f the e f f i c i e n c y o f the chamber to cosmic 

rays was measured f o r a long delay between the p a r t i c l e and the pulse 
-3 2 

at a r a t e of 10 discharges/min/cm ,the r e s u l t was i n e x c e l l e n t agreement 

w i t h a s i m i l a r measurement made without any previous pulsing. 

I t should be noted t h a t when p u l s i n g from a pulse generator the 

voltage dropped across the glass sheets is~47o o f the applied pulse 

( i . e . «ir 400 v o l t s ) , whereas when a discharge occurs the voltage across 

the glass i n the v i c i n i t y of the streamer i s ~ 5kv. However even i f 

p o l a r i z a t i o n occurred at t h a t p o i n t i t could not account f o r the c l e a r i n g 

f i e l d e f f e c t appearing i n a d i f f e r e n t p a r t of the chamber some distance 

away. This i n conjunction w i t h -the f a c t t h a t l i t e r a t u r e on the e l e c t r i c a l 

p r o p e r t i e s of glass seems to i n d i c a t e t h a t such an e f f e c t i s not very 

probable ( 1 ) , ( 2 ) suggests t h a t under the conditions p r e v a i l i n g i n normal 

chamber operation p o l a r i z a t i o n i s u n l i k e l y to occur. 

The emission of photelectirons from the glass under the a c t i o n of 

u l t r a - v i o l e t photons c e r t a i n l y does occur as the photon energy is~'16eV, 

w e l l above the p h o t o e l e c t r i c threshold f o r glass ( 4 ) . The r a d i c c i q n 

emitted from the discharge reaches i t ' s maximum i n t e n s i t y -50 nsec. a f t e r 

the a p p l i c a t i o n o f the pulse so t h a t photoelectrons w i l l mainly be 

emitted w h i l s t the voltage i s decaying although q u i t e a considerable 

f i e l d w i l l s t i l l be' present i n the gas. One such e l e c t r o n released 
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from the anode side of the chamber w i l l see t h i s f i e l d opposing i t 

and would be very u n l i k e l y to be removed from the glass surface. However 

a s i m i l a r e l e c t r o n on the cathode side would be accelerated i n t o . • 

gas and'give r i s e to a small avalanche before the f i e l d had dropped 

a n e g l i g i b l e l e v e l . Such an e l e c t r o n would leave biehind i n the glass 

an "un-neutralized" sodium ion w i t h which recombination would not be 

easy. This type o f production mechanism could e x p l a i n the b u i l d i n g up 

of c l e a r i n g f i e l d s i n the chamber f a r from the discharge, and the 

expected d i r e c t i o n o f such a f i e l d would be the same as i f electrons 

had been deposited s t r a i g h t from the streamer. 

A se m i - q u a n t i t a t i v e experiment described below suggests t h a t 

although t h i s process may have some e f f e c t i n the production of a c l e a r i n g 

f i e l d i t i s not the dominant one, A chamber w i t h a. 15 mm gap was used 

w i t h two s c i n t i l l a t o r telescopes i n the same fashion as f o r the double 

s c i n t i l l a t o r experiment, however the earthed electro.'de was now s p l i t i n 

the middle and three t h i n aluminium s t r i p electrodes i n s e r t e d i n t o the 

gap. The c e n t r a l one being 1 cm wide could have any p o t e n t i a l applied 

to i t w i t h respect to ground by means of a b a t t e r y : w i t h respect to 

the high voltage pulse i t was "grounded" by a 0. IjiF condenser. The 

other two s t r i p s were 1,5 cm wide and acted as "guard" s t r i p s . The 

spacing between each of the s t r i p s and the main earth electrodes was 

<0,5mm,, see F i g , ( 6 , 7 ) . 

I t was hoped to demonstrate whether t h i s c e n t r a l electrode when 

held at a p o t e n t i a l w i t h respect ^ ground would i s o l a t e one side of the 

chamber from the other. I f the c l e a r i n g f i e l d was caused by r a d i a t i o n 

no i s o l a t i o n e f f e c t would.be expected whereas i f electrons "mcved" across 

the surface an e f f e c t would be l i k e l y . On the l e f t hand side the f a s t 
-2 2 cofemic ray p u l s i n g r a t e of 10 discharges/min./cm was operated 

w i t h a 2psec. delay, w h i l s t on the r i g h t hand side the slower r a t e of 
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- 3 2 

7.5 X 10 " discharges/min,/cm w i t h an 87 Usee, delay was simultaneously run; 

the a p p l i e d f i e l d was about 10% lower than i n the previous experiments. 

Discharges o c c u r r i n g i n e i t h e r side o f the chamber were always more than 6 cm. 

from the nearest guard s t r i p . 

The e f f i c i e n c y o f the chamber f o r the slowest p u l s i n g r a t e was 

determined w i t h the other telescope operating, the p o t e n t i a l applied to the 

a e n t r a l e l e c t r o d e being zero, and t h i s agreed w i t h a s i m i l a r measurement 

f o r the case when the earthed electrode was a s i n g l e sheet o f aluminium, 

i n d i c a t i n g t h a t the p h y s i c a l s p l i t t i n g d i d not i n i t s e l f a f f e c t e i t h e r side 

o f the chamber, With only one telescope operating at a time, the e f f i c i e n c y 

o f e i t h e r side o f the chamber was u n a l t e r e d when a bias o f + or -8 v o l t s was 

placed on the c e n t r a l s t r i p electrode. 

Table (2) shows the r e s u l t s obtained using a bias o f + or -8 v o l t s 

w i t h respect to ground on the c e n t r a l s t r i p electrode. 

When both sides o f the chamber were operating together the 

e f f i c i e n c y on the r i g h t hand side rose when a bias p o t e n t i a l o f e i t h e r 

+ or -8 v o l t s was applied, although the s t a t i s t i c s are poor.,Therefore the 

bias was having the e f f e c t o f i s o l a t i n g one h a l f o f the chamber from the 

ot h e r as f a r as the c l e a r i n g f i e l d e f f e c t i s concerned. This would seem to 

suggest t h a t perhaps a charge nwvement over the glass surface does give 

r i s e to the grea t e r p a r t , o r a l l o f the i n t e r n a l c l e a r i n g f i e l d , and t h a t 

t h i s movement was being suppressed by the applied p o t e n t i a l . I n chapter 7 

f u r t h e r evidence o f a t h e o r e t i c a l nature w i l l be presented to suggest th a t 

the r a d i a t i o n from a discharge i s not intense enough to cause a c l e a r i n g 

f i e l d as l a r g e as the one observed. 

Accurate measurement o f the charge decay constant 

The presence o f a c l e a r i n g f i e l d b u i l t up most probably by d i r e c t . 

de p o s i t i o n o f charge onto the glass surface having been established. 
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accurate measurements were made to determine i t ' s decay constant. These 

f e l l i n t o two categories:- a) " s t a t i c measurements", where a chamber 

was charged up by the a p p l i c a t i o n of a D.C, p o t e n t i a l large enougK fco 

break the gas down, and then a f t e r i s o l a t i o n the decay of the voltaj.e 

across the chamber was measured by means of an e l e c t r o s t a t i c galvonometer 

down to several hundred v o l t s , and then from a few tens of v o l t s to ~zero 

by means of an electrometer, b) "dynamic measurements", where a chamber 

was operated under normal conditions f o r a period, then both electrodes 

i s o l a t e d and the p o t e n t i a l between them measured as a f u n c t i o n o f time 

w i t h the electrometer, 

a) S t a t i c measurements 

A 10 mm.wide chamber was used i n these experiments and had a steady 

f i e l d o f 5 kv/cm applied across i t f o r 1 minute, during which time the 

gas broke down repeatedly, a steady state being obtained w i t h i n a few 

seconds (gauged from the steady r a t e of discharging). At t h i s time 

an e l e c t r o s t a t i c galvanometer was placed across the chamber. The 

chamber electrodes were then i s o l a t e d from the charging supply when 

"back sparking" occurred i n the gas, t h i s continued u n t i l the charge 

on the glass surface had been so reduced t h a t the reverse f i e l d across 

the gas was less than the breakdown value. 

The decay o f the p o t e n t i a l was then measured by means of the 

galvanometer, the R.C, decay constant of the measuring c i r c u i t being 
4 " 

>10 sees much l a r g e r than the decay of the voltage being measured. 

The capacity of the galvanometer was approximately ten times smaller 

than the chamber. The equivalent c i r c u i t i s shown i n F i g , ( 6 , 8 ) , 

From t h i s i t can be seen th a t the r e l a t i o n s h i p between the 

p o t e n t i a l measured on the galvanometer and the p o t e n t i a l across the 

gas due to the deposition of charge on the glass surfaces i s given 

approximately by 
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vm = e g v g ( 2 e g + - e ^ ) 

(C^Cg 4 r 2 C g + C^~tm) (1) 

where Cg = capacity of gas i n chamber 

= capacity o f glass sheet under electrode 

Cm = capacity of meter 

Vg = p o t e n t i a l across gas 

Vm = p o t e n t i a l measured by meter, 

f o r C m « Cg and Cg « Ĉ  

equation (1) approximates to 

Vm ~ Vg. 

There appeared to be some e f f e c t of e i t h e r temperature or humidity 

on the decay constant, but f o r the former i t was less than 20% f o r a 

5°C change i n temperature. Fig.(6.^) and (6.10) show two t y p i c a l 

curves f o r an i n i t i a l f i e l d of + and -5kv/cm. r e s p e c t i v e l y . The mean 

decay constant obtained from four experiments was 980 seconds. 

With the system being s i m i l a r l y changed a pe r i o d was allowed f o r 

the p o t e n t i a l to decay to'^20. v o l t s assuming,the decay constant as 

determined above, the electrometer probe was then placed i n contact 

w i t h the i s o l a t e d electrode and the p o t e n t i a l measured as a f u n c t i o n 

o f t i ^ i e ; again the. decay constant o f the meter c i r c u i t was small 

compared w i t h t h a t of the chamber. Fig.(6.11) shows a t y p i c a l curve 

g i v i n g . a decay constant o f 1030 seconds: experimental agreement between 

the two sets o f r e s u l t s a t the d i f f e r e n t voltages indicates t h a t f o r 

charge accumulating on the glass surfaces as a r e s u l t of discharges i n 

the gas, the decay constant i s about 1000 seconds. 

Before a l l of the above experiments and the f o l l o w i n g ones were 

c a r r i e d out the chambers were cleaned .with alcohol and acetone and 

a sheet o f clean melanex placed between each aluminium electrode 
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and the chamber, such t h a t i t protruded w e l l outside the edge of the 

•electrodes, t h i s prevented s i g n i f i c a n t current flow around the outside 

of the chamber. 

b) Dynamic measurements 

For these measurements a 15mm wide chamber was operated at a 10 
2 

discharges/min/cm r a t e w i t h a f i e l d of-11,6 kv/cm. r i s e time 20nsec.(10-90) 

and decay constant of 50 nsec. f o r approximately an hour a f t e r which 

the p u l s i n g system was disconnected, the electrodes i s o l a t e d and connected 

to the electrometer. The r e s u l t i n g p o t e n t i a l and i t ' s decay were then 

measured. Fig.(6,12) gives one such curve obtained. The equivalent 

c i r c u i t i s the same i n t h i s case as shown i n F i g . ( 6 , 8 ) . The decay 

constant of 570 seconds i s c l e a r l y v i s i b l e . 

The experiment was done some ten times f o r various delays between 

cosmic ray t r a v e r s a l and a p p l i c a t i o n of high voltage pulse, and the 

general shape of the curves obtained was the same. The ~600 second decay 

always being present, but sometimes there would appear to be another 

much longer decay constant also operative, however t h i s was not always 

re p r o d u c i b l e . The r e l a t i o n s h i p between the peak p o t e n t i a l across the 

electrodes a f t e r o p e r a t i o n o f the chamber f o r a f i x e d period and the 

delay i n pulse a p p l i c a t i o n i n d i c a t e d a general.trend towards smaller 

voltages f o r longer delays, but here too q u a n t i t a t i v e figures' were 

not reproducible, although peak voltages of~'8 v o l t s (2^s.ec.delay) to 

~0-4 v o l t s (56 Usee delay) were recorded. 

I t would seem reasonable to conclude t h a t the i n t e r n a l c l e a r i n g f i e l d 

b u i l t up over short o p e r a t i o n a l periods decays exponentially given by a 

constant7"= RC where C i s the capacity o f the system and R appears to be 

the surface r e s i s t i v i t y o f the glassj.some dependence o f r o n temperature 

and, or humidity appears l i k e l y . Assuming t h i s to be the case, one 

obtains a value f o r the surface r e s i s t i v i t y i n the io mm. wide chamber 
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12 12 o f 2 X 10 ohms/square and i n the 15 mm. one o f 5 x 10 ohms/square, 

which considering the mode of manufacture i s regarded as good agreement 

both between themselves and w i t h the values obtained from d i r e c t 
13 

measurement (about 10 ohms/square, see chapter 7) I n none of these 

measurements was i t possible to c o n t r o l the surrounding temperature, 

although the v a r i a t i o n was less than 5°C. 

The p o s s i b i l i t y o f another decay constant o f even longer period 

(many hours) cannot be r u l e d out, although the evidence f o r i t i s as yet 

iqeagre, almost c e r t a i n l y because such a process would require many houro 

o f chamber operation before i t became no t i c a b l e . 

Discharge Resolution 

Attempts were made to determine the r e s o l v i n g power of the 

chambers, i . e . the closest distance between tWo inc i d e n t p a r t i c l e s 

t h a t could be accurately resolved by the system. Almost c e r t a i n l y the 

l i m i t i s determined by space charge e f f e c t s between two streamers, i . e . 

whether or not coalescing between, or i n h i b i t i n g o f one or more discharges 

occurs. Two methods were considered, both were intended to determine 

j u s t how close together two discharges could develop without se r i o u s l y 

a f f e c t i n g one another. 

F i r s t l y a w i r e electrode made from 4 thou. Cu-Be wire w i t h a 

p i t c h o f 2 mm. replaced the earth electrode and the chamber was operated 

i n the conventional mode. Observation through the wire electrode showed 

one discharge f o l l o w i n g the track of the i n c i d e n t p a r t i c l e , however 

w i t h a delay o f 25(isec. added to the p u l s i n g c i r c u i t , several discharges 

ocurred due to thermal d i f f u s i o n of the electrons. Observations 

were made on the separation of the c e n t r a l discharges from one another, 

from which i t appeared t h a t the average distance of approach was 0.5 cm. 

The second method involved observation o f the chamber operating i n 
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the t r a c k mode ( p a r t i c l e s t r a v e l l i n g normal to the pulsed f i e l d ) , 
photographing the discharges through the wire electrode. With the same 
pulse parameters as above; peak f i e l d - 11.6 Kv/cm., r i s e time 20 nsec.(10-90), 
exponential decay constant of 50 nsec.and a 2nsec. delay, 525 cm. of t ; ck 
was measured to determine the number of streamers/cm. Due precaution was 
taken to s e l e c t only sections o f the tracks where the i n i t i a l electrons 
deposited were.'in the a c t i v e chamber volume, outside the formative distance. 
The mean streamer density was found to be 1.2/cm. o f track, g i v i n g the 
average distance o f closest approach as 0.83 cm, i n disagreement w i t h the 
e a r l i e r f i g u r e . 

The discrepancy between the two measurements can be explained i n terms 

of the c l e a r i n g f i e l d . The chamber was operated i n the track mode, the delay 

being increased from 2psec. to 15nsec. i n an attempt to measure the 

d i f f u s i o n o f the electrons about the o r i g i n a l t r a c k , but the e f f i c i e n c y 

dropped to approximately zero, because a very large c l e a r i n g f i e l d was being 

b u i l t up. 

The e f f e c t i v e r a t e o f p u l s i n g equivalent to using the chamber i n the 
-2 2 

more conventional mode was estimated as 4 x 10 discharges/min./cm. a fact o r 

of four greater than any previous r a t e considered. I t i s therefore 

impossible to quote a d e f i n i t e r e s o l u t i o n , as t h i s parameter too i s very 

dependent on the p u l s i n g r a t e and therefore on the applied high voltage 

pulse. 
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CHAPTER 7 

Discussion & Conclusion 

The p r o p e r t i e s of the sealed current l i m i t e d spark chamber 

having been studied i n the two previous chapters, an attempt 

w i l l now be made to c o r r e l a t e the most important and i n t e r e s t i n g 

r e s u l t s together w i t h .the t h e o r e t i c a l approach, r e s u l t i n g i n a 

deeper understanding o f the c h a r a c t e r i s t i c s . 

An i o n i z i n g p a r t i c l e crosses the chamber leaving a t r a i l 

o f e l e c t r o n - i o n p a i r s , a f t e r a time t , a high voltage pulse i s 

a p p l i e d and the remaining electrons give r i s e to streamers. I t 

i s known t h a t these discharges give r i s e t o an accumulation of 

charge on the i n s u l a t i n g surface^such that a small e l e c t r i c c l e a r i n g 

f i e l d e x i s t s across the gas long a f t e r the discharge has been 

extinguished. This f i e l d i s not l i m i t e d to the volume of the 

chamber i n i t i a l l y defined by the discharge, b u t ' i s present at 

distances o f more than 20 cms. The d i r e c t i o n o f the f i e l d opposes 

t h a t o f the high voltage pulse, and the c r e a t i o n o f a second discharge 

i n o p p o s i t i o n to the f i r s t tends' to n u l l i f y i t . 
} • • • 

I f d i r e c t p o l a r i z a t i o n o f the d i e l e c t r i c by the discharge i s 

considered u n l i k e l y (Chapter 6) then there would appear to be two 

po s s i b l e processes g i v i n g r i s e to a charge accumulation,, (a) Charge 

deposited on the surface from the discharge - t h i s would include 

e l e c t r o n s i n the high energy t a i l o f t h e i r energy d i s t r i b u t i o n that 

a c t u a l l y penetrate the surface ( 1 ) , but as t h e i r energy i s very 

low (few tiens o f e l e c t r o n v o l t s ) the number t h a t would penetrate 

to any distance would be small and i n s u f f i c i e n t to account f o r the 

size o f clearing" f i e l d observed, HoweVer such electrons wdiild be 

expected to be very e f f e c t i v e l y "trapped" i n the glass m a t r i x and 

recombination w i t h a ''hole" could only occur through "hopping". 
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Electrons deposited on the surface would see a " p o t e n t i a l w e l l " 

due to the d i f f e r e n c e i n work functions ( 2 ) , (approximately 4,8 eV) 

and would c e r t a i n l y be unable to escape by thermal e x c i t a t i o n . A 

concentration o f such electrons would a t t r a c t p o s i t i v e ions i n t o 

close p r o x i m i t y r e s u l t i n g i n w a l l recombination, such a process 

i s expected to be very e f f i c i e n t , because when the e l e c t r o n and 

i o n get w i t h i n each others sphere of i n f l u e n c e there i s always an 

atom or molecule.of the surface m a t e r i a l ready as a t h i r d body to 

remove any energy l i b e r a t e d . Such a recombination would be governed 

by an exponential decay constant. I f the electrons "were present as 

deeply trapped charge then a high f i e l d region would e x i s t across 

the d i e l e c t r . i c surface almost c e r t a i n l y causing f i e l d emission ' 

r e s u l t i n g i n eventual n e u t r a l i z a t i o n of the charge and perhaps the 

e j e c t i o n o f electrons i n t o the gas. To be able to explain the e f f e c t of 

the c l e a r i n g f i e l d being present at great distances, the charge 

deposited must be mobile w i t h an e f f e c t i v e " v e l o c i t y " > 1 cm/sec. 

The second p o s s i b i l i t y (b) i s the emission of photo-electrons 

by u l t r a - v i o l e t l i g h t from the discharge. Experimentally there i s a 

suggestion.(Chapter 6) t h a t i t cannot be the dominant cause, but i t 

has an a t t r a c t i o n i n t h a t i t can e a s i l y e x p l a i n i n a q\aalitative 

fashion,how the f i e l d i s produced at great distances from the discharge. 

I t w i l l however be very s t r o n g l y suggested that even from a 

t h e o r e t i c a l p o i n t of view i t cannot account f o r the magnitude of the 

f i e l d s observed. F i r s t l y a b r i e f explanation of what i s thought to 

occur on release of such elec t r o n s . 

The peak o f l i g h t emission from.the discharge occurs ~50 nsec a f t e r 

the a p p l i c a t i o n of the high voltage pulse, and most o f the r a d i a t i o n i s 

emit t e d i n the 20 nsec. around that time. During t h i s period the 
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a p p l i e d f i e l d i s decaying and has an i n i t i a l value o f ~7kv/cm. so that 

considerable gas a m p l i f i c a t i o n would i n i t i a l l y occur, but the 

p r o b a b i l i t y of many electrons reaching the opposite electrode w i t h 

more than thermal energy i s very small. Electr.ons t h a t d i d d i f f u s e 

to the w a l l s would a t t r a c t p o s i t i v e ions from the gas and recombine i n 

a f r a c t i o n o f a second. That would leave the i n i t i a l photoelectron 

and a p o s i t i v e l y charged "hole" very probably on opposite electrodes 

g i v i n g r i s e to the i n t e r n a l e l e c t r i c f i e l d . 

For such a hypothesis to be tenable the l i g h t i n t e n s i t y must be 

great enough to produce f i e l d s o f the correct magnitude even at 

distances o f ~20 cms (see Chapter 6), Consider then a discharge 

across a 15 mm gap containing approximately 10'̂ ^ electrons and 

hence about 10^^ e x c i t e d s t a t e s , i n agreement w i t h photographic 

d e n s i t y measurements o f Fukui et a l . ( 3 ) . The only r a d i a t i o n emitted 

' by the neon atom capable of p h o t o i o n i z i n g glass i s the 2^8^ - 3̂ ?̂ ^ 

l i n e which has an energy of 16,7 eV, and the number of such photons 
2 

i n c i d e n t per cm o f glass surface at a distance of 20cm can be 

estimated; see F i g , ( 7 . 1 ) , 
5 2 

The f i g u r e a r r i v e d at f o r the photon f l u x i s 2 x 10 per cm / a a c , 
whereas to create a c l e a r i n g f i e l d of 0,05 volts/cm (a t y p i c a l value 

4 2 

encounted) one requires a density of 2 x 10 electrons/cm of surface. 

This would lead to an estimate quantum e f f i c i e n c y f o r photoelectrons 

from glass o f 0,1, However Rohatgi(2) gives an experimental value 

o f <10 , and the above c a l c u l a t i o n assumed that a l l emitted photons 

a c t u a l l y c o n t r i b u t e to the c l e a r i n g f i e l d which seems an unreasonable 

assumption. C l e a r l y such a d i f f e r e n c e of at least two orders of 

magnitude i s unreasonable, and the conclusion t h a t must be drawn i s 

t h a t u l t r a - v i o l e t r a d i a t i o n does not cause the c l e a r i n g f i e l d generally 

observed i n the chambers. 
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The f a c t t h a t t h i s process does occur means tha t i t w i l l 
almost c e r t a i n l y give r i s e t o a c l e a r i n g f i e l d although i t may be 
very slow to b u i l d up. The decay constant of the charge might also be 
expected to be large as the p h o t o - e l e c t r o n s , w i l l come from the volume 
o f the glass j u s t below the surface and not be r e a d i l y accessible 
f o r recombination. I n consequence i t i s proposed t h a t the most 
probable cause o f the c l e a r i n g f i e l d observed i n the chambers i s 
charge deposited d i r e c t l y onto the'glass from the streamer. 

The e x t e r n a l f i e l d having been removed a f t e r spraying electrons 

onto the anode and a much smaller q u a n t i t y of p o s i t i v e ions on the 

cathode, the discharge and l i g h t emission cease and a f a i r l y uniform 

p o s i t i v e i o n d i s t r i b u t i o n w i l l e x i s t i n the gas across the gap. The 

e l e c t r o n d i s t r i b u t i o n however i s h i g h l y d i s t o r t e d due to the large 

q u a n t i t y on the anode. As only a small q u a n t i t y of ions are 

deposited on the glass $pace charge e f f e c t s produce minor d i s t o r t i o n s 

a l l o w i n g an estimate to be made o f the number. Von Engel (4) gives 
4 

the d r i f t v e l o c i t y f o r p o s i t i v e neon ions i n neon a s ~ 3 x 10 cm/sec. 

f o r f i e l d s of~5kv/cm, and assuming th a t such a f i e l d i s present 
-3 

for^-50nsec. a p o s i t i v e i o n would d r i f t s 1.5 x 10 cm. However 

i n the discharge 1.5 cm; long there a r e ^ l O ^ ^ p o s i t i v e ions, thus 

~10^ w i l l have been deposited on the glass. 

A s i m i l a r c a l c u l a t i o n i n the case of the e l e c t r o n deposition i s 

not possible f o r w i t h such large numbers, space charge e f f e c t s would 

l e a d to serious f i e l d d i s t o r t i o n s . Nevertheless i t does seem 

reasonable t h a t w h i l s t the e x t e r n a l l y applied f i e l d e x i s t s across 

the gas electrons w i l l s t e a d i l y accumulate u n t i l a reverse f i e l d 

close to the surface and comparable to the applied: f i e l d i s b u i l t up. 

At t h i s p o i n t the discharge i n that region would have ceased (due 

to the zero n e t t f i e l d ) , but because the e x t e r n a l l y applied f i e l d i s 
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s t i l l present charge from closer to the cathode would be d r i f t i n g 
towards the anode. Consequently the streamer w i l l broaden and even 
s p l i t , d e p o s i t i n g more electrons onto the glass i n a region o f lower 
density, ( F i g , 7 , 2 ) , Such discharges are indeed observed branching at 
t h e i r anode end e s p e c i a l l y when rat h e r large high voltage pulses are 
applied. 

I t i s also suggested t h a t the area of r a d i a t i n g gas around the 

anode end of the discharge i s due to electrons e x c i t i n g gas molecules 

near the glass surface.. Although the a c t u a l area from which the r a d i a t i o n 

comes need not define tl:|e extent of e l e c t r o n movement on the glass, 

the l a t t e r probably extends to f a r greater distances than the excited gas. 

The r e q u i r e d e l e c t r o n concentrations g i v i n g r i s e to f i e l d s o f ~ 5kv/cm. i s 
9 2 

2 X 10 /cm and assuming t h a t t h i s charge occupies an area of the glass 
2 9 

surface o f the same size as the r a d i a t i n g gas (~lcm ) then~ 2 x 10 electrons 

need be deposited. This i s about 26% of the t o t a l e l e c t r o n number i n the 

discharge, and considering what has been said above about the deposition 

process i t i s thought to be an under ra t h e r than an over-estimate. 

Fig.(7.3a and b) show a diagramatic representation of the charge and 

f i e l d d i s t r i b u t i o n s t h a t are suggested as being present during and a f t e r the 

discharge, 

The breakdown having ceased i n the chamber the charge movement becomes 

very complicated,: About 0,1% of the p o s i t i v e ions are on the glass at the 

cathode and >207o o f the electrons on the anode, but covering a much greater 

area than the cross s e c t i o n o f the discharge, and from the previous 

discussion about the p r o p e r t i e s o f glass i t would seem l i k e l y that the 

greater p a r t o f t h i s charge i s f i r m l y attached. Therefore as the e x t e r n a l l y 

a p p l i e d f i e l d i s removed over a p e r i o d of -vSOnsecthe electrons i n the 

gas close to the anode i n the high f i e l d region of the trapped charge w i l l 
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d r i f t back-into the approximately-uniform,'pos^iti've i o n cloud, • 

although the n e t t charge o f t h i s cloud, must remain p o s i t i v e . Because 

the d r i f t v e l o c i t y o f the ions i s low compared to that o f the electrons i t 

w i l l be considerably a f t e r the pulse has decayed away before any 

appreciable movement takes place; but they w i l l move ̂ towards the anode, 

a t t r a c t e d by the trapped negative charge. Recombination w i l l occur probably 

w i t h o u t the emission of much r a d i a t i o n due to the presence of the w a l l 

(see above) , but I t i s possible t h a t a high f i e l d region w i l l occur 

around the periphery o f the i o n cloud close to the anode where the 

el e c t r o n s were deposited on the glass f a r from the discharge. I n such a 

region the f i e l d m^y r i s e to above breakdown f o r the gas (~1,'5 kv/cm f o r 

neon) and l o c a l i z e d d-'.sc'iarges could occur, t h i s would explain the 

"back&parks." .seen to occur...a.fter. ,a .discharge 

The . r i s e time of the l i g h t from such sparks , i s 100 to 120 nsec,, but i t 

i s d i f f i c u l t to decide from t h i s whether a purely Townsend, or streamer 

mechanism i s o c c u r r i n g . The apparent mean delay time of 4 usee, before 

t h i s discharge occurs could be explained i n terms of the time required f o r 

a s u f f i c i e n t f r a c t i o n o f the p o s i t i v e i o n cloud to move i n t o a p o s i t i o i | 

such t h a t a high f i e l d region occurred across a s i g n i f i c a n t volume of 

the gas. The seeming independence o f t h i s mean delay time on pulse height 

and pulse delay i s strange, and no s a t i s f a c t o r y explanation can be found 

as the delay time would be expected to increase as the pulse height decreased 

and pulse delay increased. However because of the poor s t a t i s t i c s any r e a l 

v a r i a t i o n may have been masked. A very accurate study of the "backspark" 

as a f u n c t i o n o f the chamber operation should lead to a much b e t t e r 

understanding of the process both i n the spark chamber and i n the f l a s h tube 

where i t i s also known to occur. Fig.(7,3c) shows the charge and f i e l d 

d i s t r i b u t i o n s t h a t are believed t o e x i s t a f t e r removal of the high voltage pulse 
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The above discussion assumed t h a t the charge was held f i r m l y on the 
glass surface unable to move from i t ' s place of deposition; t h i s i s not 
•thought to be the case. This charge ( a t the present moment the electrons 
and not the p o s i t i v e ions are being considered) apart from g i v i n g 
r i s e to a high f i e l d region i n the gas w i l l also cause a f i e l d o f 
comparable magnitude t o e x i s t across the glass, and because of the 
d i s t r i b u t i o n a smaller one t a n g e n t i a l l y across the surface. The chambers 
were pumped down and baked out during t h e i r manufacture, but they were not 
chemically cleaned and v i s u a l - i n s p e c t i o n always showed minute dust p a r t i c l e s , 
and even grease marks present on the surface.. This would be expected to 
give the glass surface an e f f e c t i v e r e s i s t i v i t y less than the normal values' 
quoted^for..sodiumrsilicate glasses. 

I t i s important to r e a l i s e however th a t glass i s not an e l e c t r o n 

conductor, but an i o n i c one: i n the glass used i n the construction of 

these chambers the charge c a r r i e r s are c h i e f l y sodium ions, and the values 

f o r the r e s i s t i v i t y etc., are f o r these c a r r i e r s . There i s c e r t a i n l y no 

"a p r i o r i " reason f o r assuming th a t electrons would give the same values. 

I n f a c t there i s no immediate reason why electrons should t r a v e l through the 

glass volume or"over" i t ' s surface at a l l , as t h e - s t r u c t u r e on the 

molecular l e v e l i s so fragmented, and the concept o f a conduction band only 
o 

e x i s t s over distances o£< lOOA . On the other hand experimental measurements 
show (2)^ t h a t f o r soda glass electrons have a m o b i l i t y through the volume 

-5 2 

of 5 X 10 cm /v o l t / s e c , t h i s i s not due to true e l e c t r o n i c conduct Ion^ but 

by the electrons "hopping" between small p o t e n t i a l traps caused by the 

imperfections i n the atomic s t r u c t u r e . The movement of electrons over 

the surface o f glass (sodium s i l i c a t e t y p e), which had been t r e a t e d i n a 

s i m i l a r fashion to that used i n the spark chambers i n d i c a t e d an e f f e c t i v e 
13 

"surface r e s i s t i v i t y " of-^10 ohms/square ( 5 ) , and the conduction process 
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was ohmic. The presence of extremely small q u a n t i t i e s o f water vapor i n 

the volume surrounding the glass reduced t h i s value by at l e a s t an order of 

magnitude. The above measurements were made both w i t h electrodes d i r e c t l y 

i n contact w i t h the surface arid by spraying electrons on t o i t , the 

r e s i s t i v i t y being the same on each occasion. 

Two possible methods of conductiori appear as candidates to explain 

these seemingly low values f o r the r e s i s t i v i t y t , a value f o r the m o b i l i t y 

o f e l e c t r o n s i n the glass volume was givgn above, and i t i s possible that 

the same process o f "hopping" could occur j i i s t below the surface. 

Estimations o f the number o f electrons required to give the currents present 

i n the above measurements (5) when the charge was being sprayed onto the 

surface were ihade, using the m o b i l i t y given i n (2) and gave values many 

orders o f magnitude greater than would seem reasonable f o r such a system. 

This would s t r o n g l y suggest th a t the ptocess of e l e c t r o n "hopping" i n the 

glass i s not s u f f i c i e n t to e x p l a i n the r e s i s t i v i t y measured. 

The second possible process i s b a s i c a l l y much simpler. The t e s t 

specimens to ensure c o m p a t a b i l i t y w i t h the I.R.D. process of chamber 

c o n s t r u c t i o n were not chemically cleaned and i t i s suggested t h a t despite the 

pumpiiig down o f the surrounding gas volume etc., there are s t i l l i m p u r i t i e s 

present on the surface as w e l l as monomolecular layers of water. This i s 

borne out by reports at t^e S h e f f i e l d Conference on Glass Technology (6) 

and (7) t h a t t o remove a l l the water vapor from a glass surface, as w e l l as 

t h a t absorbed i n t o the volume takes many days o f pumping down to very low 

pressures (10 ^ t o r r , ) and heating to temperatures o f ~ 300 C. 

Hence i t would appear t h a t electrons deposited on the glass surface 

w i l l be spread outwards by the t a n g e n t i a l e l e c t r i c f i e l d present due to 

t h e i r i n i t i a l d i s t r i b u t i o n , t h i s w i l l make i t more d i f f i c u l t f o r 

p o s i t i v e ions remaining i n the discharge column to recombine. Superimposed 

upon the d r i f t v e l o c i t y over the surface the electrons w i l l also be 
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. d i f f u s i n g due to the density gradient,' .Nothing i s known q u a n t i t a t i v e l y 
about the speed of d i f f u s i o n 'of electrons or ions over surfaces, but 
Loeb(8) claims t h a t " i t can be great on glass surfaces." 

Regarding the p o s i t i v e ions on the glass surface at the cathode 

even less i s known, accepting Loeb's statement above means tha t d i f f u s i o n 

can occur and presumably w i l l ; w h i l s t there i s evidence ( 8 ) , ( 9 ) , ( 1 0 ) that 

i n s u l a t i n g surfaces sprayed w i t h p o s i t i v e ions emit electrons by the process 

of f i e l d emission. I t i s very u n l i k e l y that i n t h i s case there could be 

f i e l d emission from the volume o f the glass, f o r the f i e l d s estimated to 

be present are at lea s t an order o f magnitude•too low ( f i e l d s required are 

>10^ volts/cm), but very f i n e dust p a r t i c l e s and surface i r r e g u l a r i t i e s 
• 

do e x i s t and i n such regions considerably higher values o f f i e l d s are to 

be expected, enough to caiiSe the emission o f electrons i n some cases w i t h 

energies as high as 20 eV. 

There i s some experimental evidence concerning the use of the spark 

chambers t h a t would support t h i s idea. The t y p i c a l spurious rat e of a 

chamber as mentioned elsewhere i n t h i s thesis i s very low, but one p a r t i c u l a r 

chamber had a ra t e o f 50%, a l l occurring i n a f a i r l y r e s t r i c t e d area and 

on l y when t r u e discharges caused by cosmic rays occurred. I f the chamber 

was nat used f o r a perio d of.~day and was then pulsed using a pulse generator 

at a normal, cosmic.-ray. r a t e no ..diecharges occurred at a l l i n the gas. However 

i f i t was pulsed to detect cosmic rays (pulse parameters being i d e n t i c a l to 

those used above) the spurious sparking oCcuned as soon, as cosmic ray tracks 

were recorded and they b u i l t up over a period of some h o u r s ^ ( i t i s not known 

whether the b u i l d up was asymptotic to a value o f 1007.,). The chamber 

was considered p r a c t i c a l l y useless becausie of t h i s and duly sent f o r cleaning 

and r e f i l l i n g , but not before a v i s u a l i n s p e c t i o n had been made of the glass 

surface i n the region where the spurious discharges had occurred, A 

large q u a n t i t y of dust p a r t i c l e s were present, stuck to both sides of the 
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chamber, the l a r g e s t p r o t r u d i n g ~lmnl, i n t o the gap. Unfortunately 

at the time the s i g n i f i c a n c e o f such an observation was not appreciated 

and no q u a n t i t a t i v e observations were made. 

The o v e r a l l e f f e c t on the p o s i t i v e ions of f i , e l d emission i s 

thought to be a slowing down of t h e i r movement. Presumably the emitted 

e l e c t r o n would lead to the n e u t r a l i z a t i o n of the ion, but i t would leave 

the dust p a r t i c l e or glass w i t h a much less mobile p o s i t i v e charge. 

Comparing a l l the numerous processes which are believed could occur 

i t i s suggested t h a t f o r the short term operation of the chambers (a few 

hours at the r e p e t i t i o n rates used above) the movement of electrons and 

ions over the surface predominates over a l l other mechanisms. Despite 

the m o b i l i t y measurements of (2) i t appears th a t the high voltage pulses 

are too short to allow anything but a very small f r a c t i o n of the negative 

charge to be drawn deep i n t o the glass. Although a steady state s i t u a t i o n 

w i l l a r i s e the electrons are probably able to spread f a s t e r and f u r t h e r over 

the glass than the ions, and recombination takes place on the surface. 

An important p o i n t t h e r e f o r e a r i s e s , i f thiis hypothesis if v a l i d then the 

edges o f the chamber play an e s s e n t i a l p a r t i n the n e u t r a l i z a t i o n process 
f o r 

and s u b s t i t u t i o n - e ^ these w a l l s f o r a h i g h l y i n s u l a t i n g m a t e r i a l would 

be expected to a l t e r the chamber c h a r a c t e r i s t i c s ( f o m p l e t e l y . The 

p o s s i b i l i t y o f long term e f f e c t s , which are believed to e x i s t w i l l be 

mentioned l a t e r i n t h i s chapter. 

The i n i t i a l value of the c l e a r i n g f i e l d present i n the v i c i n i t y of 

the discharge must be a few kv/cm, ,but w i t h i n a few tens o f microseconds 

i t i s reduced to w e l l below the breakdown voltage f o r neon gas by 

"backsparking" such t h a t f i e l d s o f <50v/cm. are present by the time the 

products o f the discharge have b«en removed from the chamber volume, This 
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then decays by the above process. I t i s d i f f i c u l t to define a decay 
constant f o r the process i n t-erms o f l o c a l i z e d discharges, but i f the chamber 

•is considered as a^wholea decay constant depending upon the surface 
r e s i s t i v i t y o f the glass and capacity of the chathber would be expected,. 
I n the case o f the 15mm, chamber t h i s iwould be ~-2000 seconds, whereas a 
time constant of 600 has been observed, which considering the o v e r a l l lack 
o f p r e c i s e knowledge of the recovery mechanisms and cond i t i o n o f the glass 
surface i s regarded as good. There i s also general agreement w i t h the 
estimate of,.the. recovery constant from the double s c i n t i l l a t o r experiments. 

T r e a t i n g the whole chamber i n t h i s fashion does not allow anything 

to be s a i d about the u n i f o r m i t y o f the c l e a r i n g f i e l d over the surface. 

For periods between pulses comparable w i t h the decay constant Tthe surface 

charge d i s t r i b u t i o n would be expected to have become f a i r l y f l a t , but f o r 

much shor t e r periods (e.g, f r a c t i o n s of a minute) a peaked d i s t r i b u t i o n 

must be present y i t h i t ' s maximum i n the region of the discharges. Neither 

an experimental nor a t h e o r e t i c a l i n v e s t i g a t o n has been made concerning 

t h i s p o i n t . 

I n the double s c i n t i l l a t o r telescope experiment (Chapter 6 - which 

could be used i n a more r e f i n e d fashion to i n v e s t i g a t e the c l e a r i n g f i e l d 

non=unl.fo,rmity) .the e f f i c i e n c y o f the .slow p u l s i n g rat e changed according 

to the delay imposed upon the f a s t e r r a t e . The calculated e l e c t r o n d r i f t 

v e l o c i t i e s r e q u i r e d t o cause t h i s e f f i c i e n c y change would be expected 

to be d i r e c t l y p r o p o r t i o n a l to the charge density on the glass surface i n 

t h a t p a r t o f the chamber, which to a f i r s t approximation i s expected to 

be p r o p o r t i o n a l t o the q u a n t i t y of charge present i n the f a s t dischargee. 

The l i g h t output from t h i s discharge i s also expected to be p r o p o r t i o n a l 

t o the amount of charge present so th a t some general agreement between the 

l i g h t output measurements and e l e c t r o n d r i f t v e l o c i t i e s i s to be expected. 
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As mentioned i n Chapter 2 the l i g h t output from a streamer isc<.(length)'^ 
where the best estimate i s n ~ 2 ̂ some agreement here w i l l be looked f o r 

Table (1) i s a b r i e f summary o f the relevant data from the double 

s c i n t i l l a t o r experiment showing computed d r i f t v e l o c i t i e s f o r the slow 

p u l s i n g r a t e . I t can be seen that f o r the case when no f a s t r a t e was 

i n o p e r a t i o n a c l e a r i n g f i e l d already e x i s t e d under the other telescope; 

t h i s was presumably due t o the slow rate o f discharging and has been 

subtracted from the other values so that, the r e l a t i v e change i n d r i f t 

v e l o c i t y can be estimated. 

From t h i s t a b l e i t can be seen th a t the r a t i o 

!2 ^2 = 1.5 + ,3 

(1) 
% ' ^40 

l i ^ ^ = 2,0 + .5 
^ 5 ^ 5 5 • • 

where represents e l e c t r o n d r i f t v e l o c i t y under the r i g h t hand side 

telescope due to 2;isec delayed r a t e on the other side of chamber, and 

the charge density g i v i n g r i s e to t h a t v e l o c i t y where i t i s assumed 

tha t V = const x e l e c t r i c f i e l d ^ w h i c h i s tru e i n t h i s range o f v e l o c i t i e s . 

The r a t i o of the l i g h t i n t e n s i t i e s from the discharges i n l e f t hand 

side o f chamber are 

^ = • 3 + 1 
. ^40 

^ - 5 + 2 
^55 

Comparing t h i s . with., the r a t i o of the charge densities (eqns 1) there i s f a i r 

agreement although the e r r o r s are very large. I t can be concluded 

t h a t there i s no strong disagreement w i t h the idea t h a t the c l e a r i n g 

f i e l d a t points d i s t a n t from the discharge i s p r o p o r t i o n a l to the 
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amount o f charge present i n t h a t discharge,. 

From the t h e o r e t i c a l considerations i n Chapter 2 some estimate can 

be made o f the streamer length. An equation was given i n Chapter 2 

des c r i b i n g t h i s length, however as already shown V„ i s not a constant, 

but a f u n c t i o n of streamer length,or the time since the avalanche streamer 

t x a n s i s t i o n occurred. Assuming a mean value of the v e l o c i t y obtained 

from C a v a l l e r i curve by i n t e g r a t i n g w i t h respect to the time a f t e r the 

t r a n s i t i o n , J the expected streamer length i s given i n Table 2. 

I t can be seen th a t the r a t i o s o f the squares of the lengths f o r the 

various delays i s not p r o p o r t i o n a l t o the corresponding l i g h t i n t e n s i t i e s , 
4 

a law closer to I x 1 would appear more s u i t a b l e . However u n t i l more 

accurate parameters f o r the discharge can be obtained d e f i n i t e conclusions 

cannot be drawn. 

Perhaps the most s t r i k i n g t h i n g about the streamer lengths i s t h e i r 

a c t u a l magnitude. Even a f t e r the longest delay of 55 |isec the length i s 

l a r g e r than the chamber width. Some o f t h i s may be due to an over-

e s t i m a t i o n i n the e f f e c t i v e pulse length and i n the actual streamer 

v e l o c i t y . Nevertheless i t i s f e l t t h a t the " t r u e " streamer l e n g t h ^ i f the 

glass w ^ l l s were not present would be of t h i s order. I t i s thought that-^the 

glass w a l l s apart from p h y s i c a l l y l i m i t i n g the streamer length do slow 

down i t ' s propagation, because o f the charge b u i l t up on the walls 

The f a c t t h a t the l i g h t output i s such a strong f u n c t i o n of delay i s 

another important i n d i c a t i o n o f a process removing charge created by the 

i n c i d e n t p a r t i c l e . D i f f u s i o n theory gives a value of 27 f o r the mean 

number o f electrons remaining in- a 15 mm spark chamber a f t e r a delay of 

-'55 iisec. Of these 80% would be- contained i n a volume .given by 1.4cm x 

1,4cm X chamber w i d t h , such a volume would contain ~8 streamer columns 

i n d i c a t i n g t h a t as many as 8 streamers are l i k e l y to occur, and the 
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discharge theory i n d i c a t e s t h a t during the pulse length the p r o b a b i l i t y 
t h a t a l l the streamers do occur i s ipproximately u n i t y , although a l l at 
d i f f e r e n t stiages i n the pulse. However d i r e c t observation show that o nly 
three or four at the most do occur and t h a t they are rather weak. This 
suggests l a t e streamer development and probably i n i t i a t i o n by only one-
e l e c t r o n . The t h e o r e t i c a l considerations i n d i c a t e the p o s s i b i l i t y o f a l l 
forming-, but i f the e l e c t r o n , density was very low then there i s a p o s s i b i l i t y 
t h a t o c c a s i o n a l l y one o f them would be l o s t i n t h a t i t ' s avalanche 
coalesced w i t h another t o form only one streamer. An estimation o f the number o f 
el e c t r o n s at time t»55;;tî ec gives ~4 whereas from the experimental e f f i c i e n c y 
a value o f 4.8 i s obtained. A s i m i l a r estimation can be made using the 40nsec 
delay e f f i c i e n c y and agreement i s as good. 

I n a l l of the above ca^es when the streamer mechanism has been considered 

the d i s t r i b u t i o n o f electrons across the chamber has been taken as uniform. 

This i s c l e a r l y not the case, e s p e c i a l l y when an e l e c t r i c f i e l d i s present 

and the number o f e l e c t r o n s i n the gap low, but such an approximation was 

made to save computation time. 

I f " no c l e a r i n g f i e l d were present an i n t e r e s t i n g s i t u a t i o n might a r i s e . 

As the pulse delay time i s increased the maximum possible number o f discharges, 

t h a t could occur would l i k e w i s e increase, the formative time f o r each 

streamer would get s l i g h t l y longer so the f i n a l l i g h t output from each one 

would drop. The t o t a l l i g h t output however,being the product of the number of 

streamers and the l i g h t output from each one,might conceiveably increase over 

a range o f delay times; Detailed c a l c u l a t i o n s using the theory have not been 

done, but i t i s hoped t h a t perhaps experiments w i t h streamer chambers may 

disprove or v e r i f y t h i s p o i n t , 

* * * * * * 

Using the value f o r the c l e a r i n g f i e l d decay constant obtained from the 

various experiments,it i s possible to make a simple estimate of the value of 
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the c l e a r i n g f i e l d as a f u n c t i o n o f discharge r a t e etc. 

L e t r be the decay constant and b the amount of charge deposited on the 

glass per discharge, and q the amount present at t i m e t per u n i t area, then 

the r a t e o f change o f charge i s given by 

= R.b. - ^/j- where R i s number of discharges/ 

. u n i t area/unit time 

s o l v i n g f o r boundary conditions 

q = o at t = o and q = q^ at t = t ^ 

gives 

q^ = R.b.r^i-Cexp-*^/^) 

i f t then e'*" r < l - s o t h a t the e q u i l i b r i u m value f o r the surface charge 

density i s q = Rb^, or as the e l e c t r o n d r i f t v e l o c i t y i s p r o p o r t i o n a l to o T 
f i e l d then 

V a Rb^, 

Therefore the e l e c t t o n v e l o c i t y should be d i r e c t l y p r o p o r t i o n a l to ra t e . 

Note t h a t R i s the r e a l r a t e o f discharges and not the spark chamber pulsing 

r a t e , the two parameter^ being l i n k e d by the chamber e f f i c i e n c y . Fig.(7.4) 

shows the e l e c t r o n d r i f t v e l o c i t y p l o t t e d against true sparking"rate f o r 

the curves shown i n Chapter 6, F i g , ( 6 . 4 ) . The various pulsing rates from 

which the sets of po i n t s are derived are shown on the f i g u r e . 
-2 2 

I t can be seen t h a t f o r the true discharge rates< 10 /min/cm the above 

r e l a t i o n s h i p appears to be v a l i d , but at higher rates the d r i f t v e l o c i t y 

increases s t e a d i l y t o much large values than predicted. Such behaviour cannot 

be explained by the parameter b not being constant, due to d i f f e r e n t numbers 

of e l e c t r o n s i n i t i a t i n g the various streamers and suggests another process 

becoming dominant. The exact nature o f such a mpchanism i p not known, but 
_2 

i t should be noted t h a t at these r e p e t i t i o n ratels (~2 x 10 discharges/min/, 
2 

cm ) , which f o r the telescope used corres.pond to ~lO/minute i n the chamber 

one i s approaching the recovery time of the system. 
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3.95 7.90 11.8 

^ 3 2 True r a t e ( d i s c h a r g e s x 10~ /min./cm. ) 

2.5 X 10" •2 /min./cm.^ r a t e 
2.0 X 10" •2 /min./cm.^ r a t e 
1.0 X 10" •2 / m i n . / c f f l . r a t e 
1.0 X 10" 3 /min./cm. r a t e 

7.k CURVE OF TRUE PULSING RATE AGAINST ELECTRON DRIFT VELOCITY 
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Only a one second p a r a l y s i s was applied between events whereas the 

recovery time was 1.2 seconds, suggests t h a t perhaps some spurious discharges 

were o c c u r r i n g as w e l l as the true streamers, however the rat e of spurious 

discharging to account f o r the n o n - l i n e a r i t y i s u n r e a l i s t i c and wasn't 

observed at the time. 

Another i n t e r e s t i n g f a c t a r i s i n g from the f i g u r e i s that f o r zero 

discharge r a t e a f i n i t e e l e c t r i c f i e l d was present, t h i s i s the same e f f e c t 

t h a t was mentioned e a r l i e r when i t was suggested t h a t an increased oxygen 

i m p u r i t y was the cause. Such an " i n i t i a l " f i e l d i s even more unexpected 

because before these measurements were taken the system was allowed more than 

a day o f no operation to s e t t l e down, and then the usual precautions were taken 

during the experiments. I t i s very u n l i k e l y t h a t i t b u i l t up over the series 
-2 2 o f experiments as the f i r s t p o i n t taken was on the 10 discharges/min/cm 

curve f o r a long delayed pulse and i f t h a t measurement was enough to cau'se 

such a f i e l d then i t would be expected t h a t the other ones would cause a 

p r o p o r t i o n a l l y large f i e l d , a f a c t t h a t i s not observed. I t i s possible that 

t h i s small i n i t i a l f i e l d i s a m a n i f e s t a t i o n o f a true p o l a r i z a t i o n of the 

glass volume perhaps caused by charging o f the glass which occurred during 

cleaning at some e a r l i e r p eriod, or by stresses set up , i n the system at the 

time of manufacture or even by a non-uniform temperature d i s t r i b u t i o n i n 

the glass. 

The long recovery time has been explained by Miyamoto (11) as due to the 

high charge density i n the remaining discharge column g i v i n g r i s e to ambipolar 

d i f f u s i o n o f the charge. I t i s suggested t h a t such a process, i f i t does occur 

cannot e x p l a i n t h i s long time. F i r s t l y such recovery times do not occur i n 

conventional spark chambers where they can be simply explained i n terms of 

e l e c t r o n d i f f u s i o n to the w a l l s . Secondly, the spread of the spurious 

discharges to several centimeters from the i n i t i a l streamer w i t h i n 
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several hundred milliseconds i s incompatible w i t h such d i f f u s i o n c o e f f i c i e n t s . 

The process g i v i n g r i s e to the long recovery time must therefore be a property 

o f the glass, such t h a t electrons are . a v a i l a b l e i n a s u i t a b l e p a r t of the 

gas f o r some hundreds o f milliseconds. j 

The f a c t t h a t the chamber volume i n which the spurious discharges occur 

increases w i t h time would i n d i c a t e a moyement o f the causal agent, perhaps 

over the glass surface. This could be substantiated by the seeming agreement 

w i t h a d i f f u s i o n process t h a t i s obtained from experiment, however i t i s 

thought t h a t too much emphasis should not be placed on such an agreement 

evoking a process about which so l i t t l e i s known. 

Nevertheless, charge i s c e r t a i n l y moving over the glass whether by a 

d i f f u s i o n process or not. The removal by the high voltage pulse o f electrons 

d i r e c t l y from the surface i s considered very u n l i k e l y , since experimentally i t 

has been shown (2) t h a t they cannot be ranoved by u l t r a - v i o l e t l i g h t of 

wavelength >2537X, which has considerably more energy than they can gain 

from the f i e l d a pplied. Apart from t h i s , any electrons present on the glass 

would be expected to be on the anode. The p o s i t i v e ions on the cathode could 

however cause f i e l d emission to occur as has been dealt w i t h previously, and 

i t i s f e l t t h a t t h i s i s the most s a t i s f a c t o r y explanation at present o f the long 

recovery time. Therefore the spreading of the spurious discharges around the 

i n i t i a l t r a c k would give some i n d i c a t i o n as t o the motion of the p o s i t i v e ions. 
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Conclusion and Future Work 

I n t h i s t hesis the general c h a r a c t e r i s t i c s o f the sealed, current l i m i t e d 

spark chamber have been described and an attempt made to explain some of them 

by means o f a semi-quantitative theory describing spark chamber operation. 

An approximate model of spark breakdown has been developed and used to explain 

q u a l i t a t i v e l y v a r i a t i o n s i n the discharge seen i n the chambers under 

d i f f e r e n t operating c o n d i t i o n s . I f more inform a t i o n was a v a i l a b l e cm the 

development of streamers a more q u a n t i t a t i v e a p p l i c a t i o n of the theory would 

have been attempted. 

The chambers o f the size used i n t h i s work appear to have a long l i f e t i m e 

w i t h o u t any need o f r e f i l l i n g , i r r e s p e c t i v e of whether they are used or stored. 

There i s some i n d i c a t i o n however th a t l a r g e r chambers constructed i n a s i m i l a r 

fashion may be mechanically u n s a t i s f a c t o r y w i t h r e s u l t a n t contamination of the 

gas. Operation i s r e l a t i v e l y easy p r o v i d i n g sensible steps are taken to 

minimize the inductance o f the discharge c i r c u i t thus enabling the use of 

f a s t r i s i n g voltage pulses.. The accuracy of t r a c k l o c a t i o n for very short 

pulse delay times i s comparable w i t h t h a t obtained w i t h the more conventional 

type o f chamber, but decreases r a p i d l y w i t h increasing delay. 

Due to the presence of the d i e l e c t r i c surface charges b u i l d up, and severely 

r e s t r i c t the e f f i c i e n c y . The greater the rat e o f discharges per u n i t area the 

worse t h i s e f f e c t becomes. The rates used here have a l l been f a i r l y low, but 

even a t the f a s t e s t f o r which quantilative r e s u l t s were taken the change i n 

e f f i c i e n c y became noticeable a f t e r only a few microseconds delay. This f a c t 

i s d i s t u r b i n g i n t h a t where t h i s form of chamber has a great advantage over 

other types o f spark chamber, namely i n the r e g i s t r a t i o n of showers, the 

e f f e c t i v e r e p e t i t i o n r a t e may be very high, although the showers do not occur 

very o f t e n . 
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The a c t u a l i n t e r a c t i o n between the charge and d i e l e c t r i c and the re s u l t a n t 

m anifestations appear numerous and complicated, and i t i s considered that the 

most r e a l i s t i c approach to, f i l l l y e l u c i d a t e the problem i s not by a d e t a i l e d 

study o f the chamber operation, but rather by a study of the glass surface 

and i t ' s r e a c t i o n to u l t t a v i o l e t l i g h t , i r i j e c t e d charge etc. Nevertheless 

there would appear t o be strong evidence i n support of the idea that charge i s 

deposited onto the glass and t h a t i t does move over the surface, eventually 

recombining. The p a r t played by r a d i a t i o n although smaller i n the short term 

may over long periods o f i n t e n s i v e operation predominate, g i v i n g r i s e perhaps 

to a long term component o f the i n t e r n a l c l e a r i n g f i e l d , which has only been 

suspected i n the above work, whereas i t i s an established f a c t i n f l a s h tube 

o p e r a t i o n ( 1 2 ) . D i r e c t p o l a r i z a t i o n may also be a candidate f o r t h i s process, 

but i t has been dea l t w i t h elsewhere. 

The thickness and density of the chamber wa l l s might mean tha t i n 

low energy experiments p a r t i c l e s would lose an unacceptably large f r a c t i o n of 

t h e i r energy, or i f nuclear i n t e r a c t i n g p a r t i c l e s were involved then a too 

higher r a t e o f i n t e r a c t i o n s occur i n the w a l l s to make the chambers a 

v i a b l e p r o p o s i t i o n . The use of melanex walls' would however e f f e c t i v e l y 

e l i m i n a t e t h i s disadvantage. 

Photography o f the discharges although harder than f o r normal spark 

chamber i s not d i f f i c u l t w i t h f ^ s t - f - i l m , the p o s s i b i l i t y o f d i g i t i z a t i o n i n 

the above, case does seem remote, but i f a glass w i t h an inner semi-conducting 

surface was used i t may become possible. This aspect of chamber operation i s 

c e r t a i n l y one f o r .future development as such conducting glass i s expected to 

e f f e c t i v e l y remove the charge deposited w i t h i n milliseconds This w i l l also 

ftffect the chamber recovery time i f i t i s due to f i e l d emission as the charge 

w i l l not be present f o r such long times. However before any such m o d i f i c a t i o n 

can be undertaken i t i s necessary to have a much t i g h t e r c o n t r o l on the conr 

s t r u c t i o n o f the chambers i n tha t r e a l l y clean chambers must be produced. 
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and the a b i l i t y to analyse the gas, other than at the time of f i l l i n g developed 

i n order to ensure t h a t no i m p u r i t i e s have contaminated i t . 

The use o f s i m i l a r types of chambers to study the streamer breakdown 

process appears a p r a c t i c a l p r o p o s i t i o n as p sources of known energy can 
3 

be , i n s e r t e d i n t o the w a l l s . Such a system need only be a few hundred cm i n 

volume a l l o w i n g very f a s t , short, high voltage pulses to be applied w i t h greater 

ease than can be done on the usual t57pe of streamer chamber. With t h i s 

system a d i s t i n c t p o s s i b i l i t y e x i s t s of g e t t i n g a one to one correspondence 

between streamer density and i o n i z a t i o n , and also q u a n t i t a t i v e agreement w i t h 

the streamer mode o f breakdown. 
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APPENDIX.I 

S o l u t i o n to the equation describing the motion o f electrons i n a 

spark chamber, under the i n f l u e n c e of an e l e c t r i c f i e l d and thermal 

d i f f u s i o n . 

F i g , ( A , l ) shows d i a g r a m a t i c a l l y the spark chamber w i t h electrodes 

i n the yz plane, and o f gap w i d t h E. A constant e l e c t r i c f i e l d e x i s t s i n 

the + X d i r e c t i o n g i v i n g r i s e to an e l e c t r o n d r i f t v e l o c i t y of -v i n the 

X d i r e c t i o n . The e x t e r n a l l y a p p l i e d pulsed f i e l d o f magnitude - Ux/„ causes 
E 

a formative distance s to e x i s t . 

Consider a volume of gas along the x axis defined by x and x + dx and 

of u n i t cross s e c t i o n . 

Let density of electrons at x be n per u n i t area. 

Let density of electrons at x + dx be n +,Bn . dx per u n i t area. 
^Sx ^ 

Nett loss o f electrons from volume i n u n i t time 

D.Sn v.Sn ( dx. 

D = d i f f u s i o n constant f o r 
electrons i n the gas. 

Rate o f change of electrons i n volume 

= Sn ,dx. 

equating 
St 

DB^n vSn 

Equation ( l ) i s the d i f f e r e n t i a l equation 4escribing the e l e c t r o n motion. 

The boundary conditions a p p l i c a b l e are 

n ( o , t ) = o. 

n i ( E , t ) = o, 

ni(x^,o) = Six-x^) , 



Cathode 
V 

-ME 

X 

Anode 

x + dx p 
X 

A . l SCHEI4ATIC DIAGRAM OF CHAMBER CONSIDERING DIFFUSION AND ELECTRIC FIELD 
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I t can be solved by separation of v a r i a b l e s to give a s o l u t i o n of the form 
f \ 2 n ( x , t ) =H,expOx), ^F,exp(a)x) + G,exp(-ajx)y , exp (-a t ) 

where H,F and G are a r b i t a r y constants 

a = separation constant 

P - "/ZD 

D D 

s u b s t i t u t i n g the f i r s t two boundary conditions, two of. the possible three 

s o l u t i o n s become t r i v i a l l eaving 
2 

n(x5t) = /A , sin(£ox),expOx) ,exp(-a t ) I I 
£_j m m=l , , 

where OJ = mTT/-
hi 

whence 
\2 / ^2 ST i _ v 

,E / A 2 0 / 
2 

a = 

From equation I I , A i s given by the t h i r d boundary c o n d i t i o n and the ' m 

OO T, 

o r t h o g a n a l i t y r e l a t i o n s h i p such th a t 

c r ( x - x ) ,exp(-Px) , s i i f kTTx^ dx = 
° ^ E / 

k = l OO E 

_ -o 
whence k = l 

A = exp(-px ) . sml- o 
m E o —" 

the r e f o r e the p a r t i c u l a r s o l u t i o n of the d i f f u s i o n equation required i n t h i s 

case i s : - ^ 

n.(x , t ) = ) |-,sin(coic^) ,exp(-px ) ,sin(ajx) ,exp(px) .exp(-a^t) I I I 
O / i j o o 

m=l l e t t i n g a;= mr/„ 
E 

This describes the p r o b a b i l i t y of an e l e c t r o n at x = x^ at time t.= o being 

between x and x + dx at time t = t . 

For such an e l e c t r o n to be u s e f u l i n c o n t r i b u t i n g to a discharge then i t 

must be present i n the chamber between o and p at time t = t . 
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P(x , t ) = , n ( x ^ , t ) dx. 
It) ° 
P 

oo 
—* 6 2 

P(x , t ) = > |. sin(£ox^).exp(-px ) , 1 . . exp(-a t ) 

,[~exp OP) . j^p,'sin(;^p') "Ojcos (uJP)) + (x)_' 


