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ABSTRACT 

A study has been made of the c h a r a c t e r i s t i c s of neon f l a s h tubes 
w i t h a view t o t h e i r use i n cosmic ray work, and f o r machine expezdments. 
I n p a r t i c u l a r t h e i r low e f f i c i e n c y when operated a t high r e p e t i t i o n 
r a t e s has been iDvestigated, and t h i s i s thought t o be due to f i e l d s 
set up by charge deposited on the glass as a r e s u l t of the discharge. 
The f i e l d s are shomi t o decay w i t h a time constant consistent v.dth 
conduction of electrons over the glass sui-face t o n e u t r a l i s e p o s i t i v e 
ions deposited on the other side of the tube. A long teriTi e f f e c t has 
also been encountered, and i s thought t o be due t o f i e l d s caused by 
ele c t r o n s trapped i n the glass. 

The discharge mechanism has been examined and shovm t o be, i n 
most cases, a combination of streamer and Tovmsend breakdown. The 
most probable method "of propagation down the tube i s t h a t several 
discharges are i n i t i a t e d along the tube by photoemission from the w a l l s 
caused by photons from the i n i t i a l and successive avalanches. VJhen 

the f i e l d due t o charge separation e f f e c t i v e l y backs o f f the applied 
f i e l d , the discharge i s q,uenched. 

A random v/alk method has been developed t o solve the equation of 
d i f f u s i o n and d r i f t f o r electrons i n a f l a s h tube, t a k i n g formative 
distance i n t o account, and hence the f i e l d s b u i l t up during the 
experiment have been estimated,and compared w i t h values c a l c u l a t e d from 
the decay constant obtained-from the r e s i s t i v i t y of the glass and the 
capacitance of the tube. 

Some methods of overcoming the c l e a r i n g f i e l d e f f e c t , namely 
increased surface c o n d u c t i v i t y , and the use of a b i p o l a r r i n g i n g pulse, 
have been s u c c e s s f u l l y t r i e d , vn.tix a view t o malving the e f f i c i e n c y 
of f l a s h tubes independent of r e p e t i t i o n . r a t e . 



CHAPTER. 1 . 

COSffiC. RAYS AND THEIR DETECTION. 

The f i r s t evidence f o r the existence of coszaie r a d i a t i o n was 
obtained a t the end of the l a s t century i n experiments t o 
measure the c o n d u c t i v i t y of gases. I t was found t h a t , even when the 
apparatus was shielded from a l l knov/n sources of r a d i a t i o n , the 
gas s t i l l showed some c o n d u c t i v i t y , although i t was thought a t 
t h a t time t h a t gases should be almost p e r f e c t i n s u l a t o r s . The 
conclusion therefore was, t h a t some unknown source of i o n i s i n g 
r a d i a t i o n was present. 

This r a d i a t i o n was a t f i r s t a t t r i b u t e d t o r a d i o a c t i v e 
m a t e r i a l s i n the earth's c r u s t , but when i o n i s a t i o n chaiiibers, sent 
up i n balloo2is, detected a decrease i n the i n t e n s i t y o f the 
r a d i a t i o n w i t h a l t i t u d e up t o about 700 metres, and an increase 
above t h i s h e i ^ t , i t was i n f e r r e d t h a t a t l e a s t some of the 
r a d i a t i o n came from outside the earth. I t was f u r t h e r concluded 
t h a t the r a d i a t i o n was not of s o l a r o r i g i n since no v a r i a t i o n 
i n i n t e n s i t y was observed between daytime and n i g h t time 
measurements, although v a r i a t i o n s have since been detected 
which show t h a t some of the low energy r a d i a t i o n comes from the 
sim and i s p a r t i c u l a r l y associated vrith intense s o l a r a c t i v i t y . 

1̂ 2 0 JAN1972 

v.-
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The .fact t h a t cosmic r a d i a t i o n causes i o n i s a t i o n of gases, 
thus i n c r e a s i n g t h e i r e l e c t r i c a l c o n d u c t i v i t y , provided the f i r s t 
i n d i c a t i o n of i t s existence, and t h i s property has been u t i l i s e d 
i n several instruments f o r the d e t e c t i o n and study of cosmic rays. 

One of these instruments, the Geiger comater, has been used 
i n many e a r l y cosmic ray experiments. I t consists of a gas 
f i l l e d c y l i n d r i c a l cathode w i t h a f i n e w i r e anode running down 
i t s centre. Wlien a p a r t i c l e passes through the gas, i o n i s a t i o n 
occurs along i t s path. The electrons are swept by the e l e c t r i c 
f i e l d t o the anode, causing f u r t h e r i o n i s a t i o n i n the gas, and 

. the p o s i t i v e ions move more slowly t o the cathode. Breakdown of 
the gas r e s u l t s , and an e l e c t r i c a l pulse i s obtained from the 
anode. 

Using Geiger coiinters, Botho and Kolhbrster i n 1928 ( l ) . 
were able t o show t h a t a t l e a s t some of the cosmic r a d i a t i o n 
was duo t o charged p a r t i c l e s . TJp t o t h i s time i t had been 
assumed t h a t the r a d i a t i o n was due to high energy gamma rays, 
the most p e n e t r a t i n g r a d i a t i o n then known. 

The apparatus of Bothe and Kolhbrster consisted of an array 
o f counters and a coincidence c i r c u i t which r e q i i i r e d simultaneous 
s i g n a l s from two counters, shovang t h a t a p a r t i c l e and not a 
gamma ray had traversed the system. 

Such arrays can be used to f i n d the a c t u a l path of a p a r t 
i c l e , whereas the i o n i s a t i o n chamber simply detected the presence 
of r a d i a t i o n . 

S i m i l a r arrangements have been employed to study the 
d i r e c t i o n a l v a r i a t i o n s of cosmic rays. A d i f f e r e n c e i n i n t e n s i t y 
from East and West was found, and by considering the d e f l e c t i o n 
of charged p a r t i c l e s i n the earth's magnetic f i e l d t h i s was shown 
to i n d i c a t e an excess of p o s i t i v e l y charged p a r t i c l e s . 

Related t o the Geiger counter i s the p r o p o r t i o n a l counter. 
This has a lower voltage on i t s electrodes, so t h a t when a 
p a r t i c l e passes through i t a catastrophic discharge does not occur, 
but the pulse height i s p r o p o r t i o n a l to the i n i t i a l i o i i i s a t i o n . 
I n f o r m a t i o n can be obtained not only about the p o s i t i o n but also 
about energ'y l o s s , and therefore about the nature of the 
p a r t i c l e . ' . .-
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Another detector which makes use of i o n i s a t i o n and which has 
been employed i n many cosmic ray experiments i s the cloud chamber, 
devised byC.T.R.Wilson i n 1912. Tliis instrument consists of an 
expaiidable chamber f i l l e d w i t h a gas and a satui*ated vapour, 
l o n i s a t i o n i s caused by a p a r t i c l e along i t s p a t h , and i f the 
chamber i s then expanded the vapour becomes supersaturated and 
the ions act as condensation n u c l e i . The vapour drops formed 
along the tracks are v i s i b l e i n a b r i g h t l i g h t and can be photo
graphed. Typical tracks i n a cloud chamber are 1 or 2 mm wide 
and hence p a r t i c l e t r a j e c t o r i e s can be located w i t h much greater 
accuracy than w i t h arrays of Geiger counters, and the f i n e r 
d e t a i l s of the t r a c k such as s c a t t e r i n g , d e l t a rays and tracks 
of i n t e r a c t i o n products can be seen. 

I n 1932 Anderson, studying cosmic r a d i a t i o n w i t h a cloud 
chamber operated i n a strong magnetic f i e l d , demonstrated the 
existence of the p o s i t r o n , a p o s i t i v e p a r t i c l e w i t h mass about 
the same as the mass of the e l e c t r o n . (2) 

I t was also i n cloud chamber experiments t h a t the s o f t or 
non-penetrating component of cosmic r a d i a t i o n was shown t o 
co n s i s t mainly of electrons and p o s i t r o n s , and the hard or 
p e n e t r a t i n g component, of charged p a r t i c l e a w i t h mass about 200 
times the e l e c t r o n mass. 

I n i t i a l l y i t was thought t h a t t h i s might be the Yukawa 
p a r t i c l e which had been proposed t o exp l a i n nuclear forces, 
but since the Yukawa p a r t i c l e was expected t o i n t e r a c t s t r o n g l y 
w i t h matter, and the cosmic raj'' p a r t i c l e was found not to do so, 
i t was i n f e r r e d t h a t the t\7o were not the same. The cosiiiic ray 
p a r t i c l e was l a t e r c a l l e d the ̂  meson or muon. 

Besides these two main components o f cosmic r a d i a t i o n , the 
cloud chamber has made i t possible to i d e n t i f y many other 
elementary p a r t i c l e s , both as cosmic rays and as products of 
i n t e r a c t i o n s between the primary cosmic rays and tlie atmosphere, 
or w i t h t a r g e t s placed i n t h e i r path. For example, i n a cloud 
chaiaber experiment i n 1947 Rochester £md B u t l e r observed the 
decay of a n e u t r a l hyperon (3) and i n 1969 HcCusker e t , a l . , 
making use of the f a c t t h a t the density of vapour drops along a 
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t r a c k i s p r o p o r t i o n a l to the i o n i s a t i o n , used the cloud chamber to 
look f o r p a r t i c l e s w i t h f r a c t i o n a l charge, and foimd possible 
evidence of quarks. (4) 

Unfortunately the accuracy of t r a c k l o c a t i o n i n the cloud 
chamber i s l i m i t e d by movement of the gas and consequent t r a c k 
d i s t o r t i o n . Another drawback i s the necessarily long time, about 
15 m.sec. between the passage of the p a r t i c l e and the forjnation 
o f the vapour drops. . This i s due t o the mechanical process of 
expanding the chamber and gives the ions time to d i f f u s e away from 
t h e i r o r i g i n a l p o s i t i o n s , and leads t o added inaccuracy because of 
the broadening of the t r a c k s : 

The cloud chamber i s a r a t h e r complicated device, but 
another, m.uch simpler technique, the nuclear emulsion, which gives 
a record of a c t u a l p a r t i c l e ' tracks and i n t e r a c t i o n s , has been 
T^idely used i n cosmic ray work since about 1947. I f an i o n i s i n g 
p a r t i c l e passes through a block of photographic emulsion which i s 
subsequently developed, the t r a c k o f the p a r t i c l e becomes v i s i b l e . 
Tlie density of the t r a c k , i . e . the number of grains per u n i t 
l e n g t h , i s p r o p o r t i o n a l t o the i o n i s a t i o n , and the range of the 
p a r t i c l e i n the emulsion i s r e l a t e d to i t s energy. This technique 
i s u s e f u l f o r b a l l o o n and s a t e l l i t e experiments because the 
emulsion i s very l i g h t , i t i s simple and r e l i a b l e sxid needs no 
a n c i l l a r y equipment. However, i t s temporal r e s o l u t i o n i s 
extremely poor, and i t i s tedious t o scan. 

Both the cloud chamber and nuclear emulsion can be used only 
over r e l a t i v e l y small areas. The spark chamber, introduced about 
1960 has comparable accuracy of t r a c k l o c a t i o n , and ccin be used 
over much l a r g e r areas. Since i t does not r e l y on any mechanical 
process the delay between the passage of a p a r t i c l e and the form -
a t i o n of a v i s i b l e t r a c k can be as l i t t l e as a few hundred n.sec, 
and the device i s more r e l i a b l e and simpler to operate than the 
cloud chamber. 

Tlie spark chamber consists of two p a r a l l e l plane electrodes 
w i t h a gas, u s u a l l y neon, between them. As i n the Geiger coimter, 
a p a r t i c l e passing through causes i o n i s a t i o n and hence breai:do77n 
o f the gas. The discharge i s l o c a l i s e d at the p o i n t where the 
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p a r t i c l e passed through the chamber, and can be recorded phobograph-
i c a l l y , and by using mai^iy spark chambers, one above the other, or 
m u l t i p l a t e spark chambers, the p a r t i c l e t r a j e c t o r i e s can be 
defined. Spark chambers are r e l a t i v e l y cheap and have made 
po s s i b l e the study o f cosmic rays over large areas. They have 
been used i n conduction w i t h magnets t o determine the spectrum o f 
cosmic ray muons up to high momenta where a large volume of 
de t e c t o r i s needed. 

The device can be t r i g g e r e d by a network r e q u i r i n g a coincidence 
from two s c i n t i l l a t i o n counters above and below the chamber I n 
t h i s way a voltage pulse much greater than breakdown voltage can 
be a p p l i e d soon a f t e r the passage of the p a r t i c l e . This method 
i s found t o give more r e l i a b l e r e s u l t s than the a p p l i c a t i o n of 
a D.C. voltage j u s t below breakdown p o t e n t i a l . 

Current l i m i t e d spark chambers are chambers which have the 
Sas enclosed i n a glass envelope w i t h the electrodes on the out
si d e . Because of the i n s u l a t i n g l a y e r of glass the current i n 
each spark i s l i m i t e d , and hence one spark does not "xob" another, 
and the m u l t i t r a c k e f f i c i e n c y of the device i s increased, making 
pos s i b l e the study of a i r showers and i n t e r a c t i o n s of cosmic ray 
p a r t i c l e s . 

I f the electrodes are made of p a r a l l e l wires instead of 
sheets of metal, the p o s i t i o n o f the p a r t i c l e can be read out 
e l e c t r o n i c a l l y since a c u r r e n t pulse i s obtained i n the wire t o 
which the discharge occurred. E l e c t r o n i c readout enables 
experiments to be rwri on l i n e t o a computor, saving much fe'edious 
scanning of f i l m , and all o v a n g large amounts of data t o be 
processed, which would otherwise take too long t o analyse. 

A f u r t h e r development of the spark chamber technique i s 
the streamer chamber. This consists e s s e n t i a l l y of a wide gap 
spark chamber t o which a very short Mgh voltage pulse i s applied 
soon a f t e r the passage of a p a r t i c l e . The pudse i s so short 
t h a t the avalanche i n i t i a t e d by each e l e c t r o n has not had time 
t o t r a v e l r i g h t across the chamber before the pulse i s removed, 
thus streamers are formed along the ac t u a l path of the p a r t i c l e 
i n s t e a d of a spark between the electrodes. 
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A. very recent v a r i a t i o n of the gaseous detector i s the 
m u l t i w i r e p r o p o r t i o n a l chamber, ^riiich i s constructed l i k e a spark 
chamber w i t h p a r a l l e l v/ire electrodes g i v i n g a more uji i f o r m f i e l d 
than t h a t i n the p r o p o r t i o n a l counter, ai:id a D.C. voltage below 
breakdo\7n p o t e n t i a l i s applied t o i t . Ions produced by a 
p a r t i c l e are swept to the nearest w i r e , and as i n the p r o p o r t i o n a l 
counter, the r e s u l t i n g pulse height i s p r o p o r t i o n a l to the 
i n i t i a l i o n i s a t i o n . 

At present p r o p o r t i o n a l chambers are used mainly to determine 
the number of p a r t i c l e s passing through a system, but they can 
also be used f o r t r a c k l o c a t i o n and energy loss measurements. 

I t has been mentioned t h a t detectors l i k e cloud chambers 
and spark chambers can be trigg'ered, when a p a r t i c l e has passed 
through them, by a coincidence s i g n a l from two s c i n t i l l a t i o n 
Counters. These counters consist of a piece of m a t e r i a l which 
has the property t h a t when a charged p a r t i c l e passes through i t 
e x c i t a t i o n s can occur which decay w i t h the emission of v i s i b l e 
l i g h t . This can be detected by a p h o t o m u i t i p l i e r . The response 
from a s c i n t i l l a t i o n counter can be very f a s t ; a few n.sec., an 
obvious advantage i f a detector i s t o be t r i g g e r e d as soon as 
p o s s i b l e a f t e r a p a r t i c l e has passed through i t . 

S c i n t i l l a t i o n counters have another a p p l i c a t i o n i n energy 
loss measurements. The height of the l i g h t pulse i s p r o p o r t i o n a l 
t o the energy l o s t i n the s c i n t i l l a t o r . This provides a convenient 
method f o r measuring the siz e of extensive a i r showers. Since 
the energy l o s t i n the s c i n t i l l a t o r i s roughly p r o p o r t i o n a l t o 
the number of p a r t i c l e s passing t h r o u j ^ i t , the pulse heights 
from an array of s c i n t i l l a t o r s give some i n d i c a t i o n of the size 
,of the shower. 

Another detector which i s sometimes used i n t r i g g e r i n g 
c i r c u i t s i s the Cerenkov counter. Fnen a p a r t i c l e passes through 
a raediuja w i t h a v e l o c i t y greater than the v e l o c i t y of l i g h t i n 
the mediiun, l i g h t i s emitted i n a forward cone, the angle of 
wriich depends on the v e l o c i t y of the p a r t i c l e ; thus the d i r e c t i o n 
and v e l o c i t y of the p a r t i c l e can be determined. By choosing a 
medium w i t h a s u i t a b l e r e f r a c t i v e index, p a r t i c l e s w i t h 
d i f f e r e n t v e l o c i t i e s can be d i s t i n g u i s h e d since p a r t i c l e s are 
recorded only i f t h e i r v e l o c i t y i s greater than the v e l o c i t y 
of l i g h t i n the medium. Cerenkov counters are much cheaper 
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than s c i n t i l l a t o r s since water can be used as the medium, but the ' 
l i g h t output i s very much lower. 

A. comparatively recent instrument f o r cosmic ray studies i s 
the f l a s h tube chamber, proposed by Conversi and Gozzini i n 1 9 5 5 

( 5 ) as a r e s u l t of work by Pocardi et a l . on plane counters 
and f a s t t r i g g e r i n g c i r c u i t s f o r them ( 6 ) 

The f l a s h tube chamber consists of several layers of glass 
tubes f i l l e d w i t h neon, covered w i t h black paint or other opaque 
m a t e r i a l , and placed between electrodes. Ihen a p a r t i c l e passes 
through the gas i o n i s a t i o n takes place, and i f .a high voltage 
pulse i s then a p p l i e d the ions are accelerated i n the f i e l d and 
a luminous discharge occurs. The tubes along the path of the 
p a r t i c l e l i g h t s up and can be photographed. This instrument 
has many advantages over other detectors and has been widely 
used i n cosmic ray wo lie. 

The f l a s h tube chamber i s robust, very simple and r e l i a b l e 
and easy to operate. The tubes have a long l i f e , and can be 
manufactured very cheaply using commercial neon, and they can be 
used over very large volmnes without d i f f i c u l t y i n the p u l s i n g 
system being experienced. They have the added advantage over 
v i r t u a l l y every other type of detector, of c o n s i s t i n g -of small 
i m i t s which can e a s i l y be rearranged f o r use i n several d i f f e r e n t 
experiments. 

The device can be t r i g g e r e d by a coincidence network i n c o r p 
o r a t i n g s c i n t i l l a t i o n coimters, thus a l l o m n g a high voltage pulse 
higher than breakdown p o t e n t i a l to be applied. Unlike spcirk 
chambers, which r e q u i r e short f a s t r i s i n g pulses, f l a s h tubes w i l l work 
e f f i c i e n t l y over a wide range of pulse parameters. The i n t e r n a l 

- e f f i c i e n c y , defined as the p r o b a b i l i t y o f a p a r t i c l e wliich passes 
through the gas causing a f l a s h , can be very close t o lOO^i 
provided the delay between the passage of the p a r t i c l e and the 
a p p l i c a t i o n of the high voltage pulse i s lesa than about 5 micro 
sec. Applied f i e l d s as low as 1 or 2 KV/cm., which i s much lower 
than the f i e l d s of about 5 KV/cm required f o r spark cha;:ibers, can 
be used, and pulse lengths can vary from^.a few hundred n.sec, t o 
tens of micro sees., w i t h r i s e times of up t o a micro s e c , 
wi t h o u t any s i g n i f i c a n t loss of e f f i c i e n c y . 
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Plash tubes have a much longer s e n s i t i v e time than spark 
chaaibors. Delays of several tens of micro sees, between the 
passage of a p a r t i c l e and the a p p l i c a t i o n of the high voltage 
pulse caia be t o l e r a t e d . T}i i s , however, con be a disadvantage 
i f very high r e p e t i t i o n r a t e s ai'e t o be u.sed, since o l d tracks 
may be mistaken f o r tracks simultaneous w i t h the one which 
t r i g g e r e d the instrament. This d i f f i c u l t y can be overcome by 
the a p p l i c a t i o n o f a c l e a r i n g f i e l d which sweeps the ions from 
o l d t r a c k s out of the tube before the next event. 

Good, m u l t i t r a c k e f f i c i e n c y i s another advantage of the 
f l a s h tube chamber. I f more than one p a r t i c l e traverses the 
apparatus the e f f i c i e n c y of one t r a c k i s not reduced by the 
presence of the others. Since the gas i s i n s u l a t e d from the 
electrodes the curr e n t i n the discharge i s l i m i t e d and the 
f l a s h i n g or other.idse of one tube does not in f l u e n c e the others. 
Plash tubas t h e r e f o r e have an advantage over the conventional 
spark chamber where the current i s not l i m i t e d and one spark 
may develop at the expense of the others. 

I f many l a y e r s o f f l a s h tubes are used p a r t i c l e t r a j e c t o r i e s 
can be defined w i t h great accuracy, and i f the tube diameter.is 
reduced even b e t t e r r e s o l u t i o n can be obtained. Tubes of 0.5 t o 
1.5 cm. are g e n e r a l l y used and, f o r arrays o f several l a y e r s , 
t r a c k l o c a t i o n of about 1 mm. accuracy has been claimed. This 
i s comparable w i t h the accuracy wiiich can be achieved" w i t h cloud 
chambers and spark chambers. A. three dimensional r e c o n s t r u c t i o n 
of p a r t i c l e t r a j e c t o r i e s can be obtained by arrcUiging the f l a s h 
tubes w i t h a l t e r n a t e l a y e r s at r i g h t angles t o each other. 

Flash tubes have an advantage over other detectors where 
photography i s employed i n t h a t the whole tube l i g h t s , up, and 
t h e r e f o r e no depth of focus problems are encountered. Another 
advantage i s t h a t the l i g h t output from the tubes i s h i g h , and 
s p e c i a l l y s e n s i t i v e f i l m i s not required. 

An e l e c t r o n i c readout from f l a s h tubes can be used as an 
a l t e r n a t i v e t o photography, enabling experiments t o be run on 
l i n e t o a computer. There are two basic methods; one i s to 
place a photosensitive c e l l i n f r o n t of each tube t o detect 
the l i g h t emitted by the discharge, and the other i s t o place 
a metal probe i n f r o n t of each tube to pi c k up the e l e c t r o n i c 
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pulse which i s found t o accompany the discharge. (7) E l e c t r o n i c 
readout can also be obtained from w i r e spark chambers, but f o r the 
same accuracy o f t r a c k l o c a t i o n and the same volume o f defector, 
f l a s h tubes are a much cheaper method. 

The spectrum of cosmic ray muons has been measured using 
f l a s h tubes i n conjunction vrith-magnets. Muons, being charged 
p a r t i c l e s , . ai'e d e f l e c t e d i n a magnetic f i e l d . The f l a s h tubes are 
placed i n laj^ers on e i t h e r side o f the magnet, or i n the case o f 
the M.A.R.S. experiment, i n gaps between the sections of the 
magnet, (see appendix l ) The t r a c k o f the muon i s recorded by 
the f l a s h tubes, and i t s momentum determined from i t s d e f l e c t i o n 
i n the magnetic f i e l d o f known s t r e n g t h . I n the M.A.R.S. p r o j e c t (8) 

the muon spectrum up t o 5,000 GeV/C i s t o be measured, using 
an e l e c t r o n i c readout system. S i m i l a r apparatus i s used t o 
determine the r a t i o o f p o s i t i v e t o negative muons as a f u n c t i o n 
of muon energy. 

The search f o r neutrinos deep imderground has also u t i l i s e d 
the f l a s h tube chamber ( 9 ) . I n tlais experiment a l l cosmic rays 
except neuti-lnos are absorbed by the rock. The tracks of two 
secondary p a r t i c l e s , recorded by the f l a s h tubes, wliich whe:;. 
p r o j e c t e d bacltwai'ds, i n t e r s e c t somewhere i n the surroimding rock, 
i n d i c a t e t h a t a p e n e t r a t i n g cosmic ray n e u t r i n o has i n t e r a c t e d 
v a t h a rock molecule a t t h i s p o i n t . 

Extensive a i r shower work i s another branch of cosmic ray 
physics which has employed the f l a s h tube chamber ( 10 ,11 ) . I n 
the study of a i r showers large volumes of detecto r are needed, 
and many p a r t i c l e s must be recorded at the same time. Flash 
tubes are t h e r e f o r e very s u i t a b l e f o r t h i s a p p l i c a t i o n . 

• I n the above experiments f l a s h tubes are used simply t o 
def i n e the t r a c k s of cosmic ray p a r t i c l e s , and the requirements 
are l i i g h e f f i c i e n c y , good r e s o l u t i o n and r e l i a b i l i t y . A d i f f e r 
ent p r o p e r t y of f l a s h tubes i s being e x p l o i t e d a t present i n the 
Durham Quark experiment ( 1 2 ) . This experiment r e l i e s on the 
f a c t that, the i o n i s a t i o n produced i n a f l a s h tube, and th e r e f o r e , 
under c e r t a i n c o n d i t i o n s , the e f f i c i e n c y , depends on the 
charge of the i o n i s i n g p a r t i c l e . Thus a quark w i t h charge y% 
or ^ e would be expected t o produce a less e f f i c i e n t t r a c k 
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i n a f l a s h tubs array than a p a r t i c l e , f o r example a muon, w i t h 
charge 1 e. 

The f l a s h tube chamber has foujid i n c r e a s i n g use i n cosmic 
ray studies i n recent years, and i t s possible a p p l i c a t i o n 'to 
machine experiments has been suggested. Kuch work has been done 
on the p r o p e r t i e s of f l a s h tubes and t h i s i s summarised i n the 
next chapter. This t h e s i s consists of f u r t h e r research i n t o the 
mode of operation and c h a r a c t e r i s t i c s of f l a s h tubes, p a r t i c u l a r l y 
some f a c t o r s i n f l u e n c i n g the e f f i c i e n c y o f the tubes which are 
not f u l l y understood and v/hich are important i n some present 
and f u t u r e a p p l i c a t i o n s of the device. 
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CHAPTER- 2. 

C H A P J I C T E P J S T I C S O F T H E M^Q'ii F Lj I S H - T U B E . . 

2.1. IHTRODUCTIOH. 

Tk).s chapter contains a summary of the i n v e s t i g a t i o n s 
which have been made i n t o the mode of operation and character- .. 
i s t i c s o f f l a s h tubes. For most a p p l i c a t i o n s of t h e . f l a s h 
tiTbe chamber up t o the present time, the c h i e f requirements 
are good r e s o l u t i o n and high e f f i c i e n c y . 

2.2. SPATIAL RESOLFTION. 

I f f l a s h tubes are t o be used f o r d e f i n i n g p a r t i c l e 
t r a j e c t o r i e s i t i s important t h a t good s p a t i a l r e s o l u t i o n can 
be obtained. This problem has been studied both from an 
exiiei'imental and a t h e o r e t i c a l p o i n t of view. 

2.2.1. BXPBRIIvISI-ITAL- INVESTIGATION. 

The r e s o l u t i o n of f l a s l i tube arrays has been' i n v e s t i g a t e d 
experimentally by Ashton et a l . i n 1958. (13). These workers 
used staggered s t a c k i n g i n s t e a d o f tubes stacked v e r t i c a l l y above 
each other as i n the o r i g i n a l apparatus of Conversi and Gossini, 
since the l a t t e r ari-angement leads t o a s i t u a t i o n i n which a 
v e r t i c l e p a r t i c l e i s able t o pass through the dead spaces between 
the tubes and not cause any f l a s h e s . They found t h a t the 
o v e r a l l e f f i c i e n c y , defined as the r a t i o of the number of 
i;seable photographs t o the t o t a l m.in!ber t-aicen, v/as improved, and 
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the precision v/ith which a track could be located was slightly-
increased. 

Four trays of flash tabes A,3,0 arid- P v/ere used. The 
position of a track at each of the four levels was foirnd from 
the tubes wiiich flashed, and the angle between the lines AB 
and CD was determined. The tracks of particles passing through 
the stack were measured by three methods;-

a) The centre of gravity of the centres of the tubes wMch 
flashed at each level was found, and the i n c l i n a t i o n of the 
l i n e j o i n i n g the two points was determined. 

b). A diagram of the array was drarm and a thread was adjusted 
over i t s surface to give the best straight l i n e through the 
flashed tubes. 

c) Photographs of the events \7ere projected onto a rotatable 
screen with close p a r a l l e l lines ruled on i t and the direction ' 
of the l i n e determined such that the sum of the distances 
from the centres of the flashed tubes to the l i n e was a minimum. 

Plashes wiiich were incompatible wit}i a track defined by 
the other flashes were rejected. 

Ashton and his co. workers concluded that the last, two 
methods are superior to the f i r s t but that there i s l i t t l e 
difference between these two. 

The d i s t r i b u t i o n i n angle found from the measurements was 
0-53*— ChOZ" . The angle can be due to four causes:-

a) . Scattering of the par t i c l e s . 
b) The error i n setting the measuriiig device on the best 

estimate of the track. 
c) The error i n defining the track. 
d) Traversal of the array by more than one p a r t i c l e , f o r example, 

knock on electrons produced by the primary p a r t i c l e , when i t 
may not be obvious to which track a given flash belongs. 

I t \rdB concluded that the errors due to scattering, s e t t i n g 
the measuring de-^rice and other causes were;— 

0-22." , 0-14'' and O-Z" ^ 0-05" respectively. 
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Also calculated was the uncertainty of the position of the 
t r a j e c t o r y at a single l e v e l , although i t was pointed out that 

• t h i s Tj-as less than the uncertainty at a single level considered 
independently of the others. The value of t h i s uncertainty was 
fouJid to •be:-

^ = O-bid mm ± 0.1 mm 
f o r the array used i n t h i s experiment. 

The conclusions dravm from this work v/ere that the error 
i n trade location due to spurious flashes caused, fo r example, 
by knock on electrons, i s small, and that the accuracy for the 
array i s comparable to that -vTliich can be obtained i n a cloud 
chainber, where tracks can be located with an accuracy of 
about 1 mH. 

2.2.2. TIISOHETICAJ. IFrgSTIgATIQH. 

A..-fciieoretical investigation i n t o the accuracy of track 
location i n flash tube arrays has been carried out by Bull et a l . 
(14) who have devised a computor method f o r analysis of flash 
tube data. (15). They concluded that, experimentally, the error 
of location does not decrease as rapidly with increasing nwuber 
of layers as the theory indicates; that high pressure tubes 
being more e f f i c i e n t , give greater accuracy of tracK location, 
and that there i s no advantage i n increasing the v e r t i c a l 
separation of the layers. 

2.:5. EFFICIENCY. 

The basic mechanism of flash tube opei--ation was described 
by Conversi et a l . (16) Whera a flash tube i s traversed by a 
charged p a r t i c l e , ionlsation of the gas occurs along the track. 
I f a high voltage pulse i s subsequently applied the electrons 
freed by the p a r t i c l e are accelerated i n the e l e c t r i c f i e l d 
and a luminous discharge results. I t i s assujJied that i f at 
least one electi'on i s present i n the gas when the pulse i s 
applied, the tube v / i l l flash. An equation i s given f o r the 
e f f i c i e n c y of a flash tube:-



IS -

-)/ = 1 - E:.(P ( -Q (1) - j ) 

where ^ ' = efficiency 
Q: = nximber of electrons /cm generated by the p a r t i c l e . 
D. = average path length of a p a r t i c l e i n the tube 
Dp = formative distance, or path length necessary 

for an electron avalanche to develop i n t o a 
discharge. 

The i n t e r n a l efficiency of a flash tube can be defined as 
the p r o b a b i l i t y of a luminous discharge occuring when a 
p a r t i c l e has.passed through the gas. The layer efficiency of 
an array of flash tubes, wnich i s the quasitity usually measured 
i n practice, .is the r a t i o of the number of layers i n wiiich 
a f l a s h i s observed along the path of the p a r t i c l e , to the 
t o t a l number of layers. This i s related to the int e r n a l 
ef.ficiency by the equation:-

where = layer e f f i c i e n c y i 
- i n t e r n a l efficiency. 
= i n t e r n a l dia:neter of the tubes. . 

dc = external diameter. 

The efficiency of flash tubes depends on sevei-al facto.rs, 
and t h i s dependence has been investigated by a number of 
workers. , 

2.3.1. AI^PLIED PI3ID. 
To cause a discharge the applied f i e l d must exceed the 

brealcdown potential of the gas. The variation-• of efficiency 
with f i e l d has been investigated by Conversi and Gozzini ( 5 l , 
by Gardener et a l . , (17), by Coxell and Wolfendale (18) and 
others. Conversi and Gossini found no varia t i o n i n efficiency 
f o r f i e l d s between 5 and 10 KV/cra. The other workers foimd an 
increase i n efficiency \ 7 i t h increasing f i e l d up to values of a 
few IvV/cm when a plateau was reached. Ideally the maximuiT 
i n t e r n a l efficiency would be lOÔ 'o, but Gardener et a l . and 
Coxell and V/olfendale found values of 157o and 955̂ - f o r f i e l d s 
above SlvJ/cxi and 6 ICV/cm respectively. (Figure 2.1.) 
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The best condition f o r operation i s obviously i n the 
plateau region i f high efficiency i s required. 

2.3.2. RISE TlhS. 

The r i s e time of the high voltage pulse affects the 
efficiencj'- of the f l a s h tubes. I f the pulse rises slowly to 
brealcdo7/n value some of the electrons w i l l bcj swept out of 
the tube without gaining enough energy to i n i t i a t e a discharge. 

Coxell and Wolfendale (18) report a f a l l of efficiency 
from 95% to 65% f o r an increase i n r i s e time from 0.3 to 1,7 
micro sees, (figure 2,2.). 

2.3.3. NATURE OF THE GAS. 

Conversi and his co-workers used flash tubes containing 
pure neon, and neon with 2% argon , and most other workers 
have used neon with varying amounts of other gases present, 
although any of the rare gases or mixtures of them would be 
e f f e c t i v e . Tlie choice of neon i s due mainly to i t s low 
breaJcdown po t e n t i a l . This can. be made even lower by the 
addition of a small amount of helium or argon when the Penning 
ef f e c t comes i n t o operation. Plelium also has a low breakdown 
pote n t i a l , but i s more expensive than neon. 

2.3.4. PUiaTI OF THE GAS. 

Commercial neon containing 2^'o helium i s generally used i n 
fl a s h tubes but a mixture of 70;j neon and "^Op helium can be 
employed, and i s cheaper than the former mixtui'e. 

Water and oxygen molecules have a high a f f i n i t y f o r free 
electrons (19) and i f they are present i n any considerable 
concentration a reduction i n the efficiency of the tubes i s 
inevitable. Some workers have added a small amount of alcohol 
to the gas (.20) . This has the same effect as water 6r oxygen, 
and tends to reduce the rate of spurious flashing (21). However 
tubes with alcohol i n them have a f i n i t e l i f e time because the 
alcohol molecules are gradually broken down. 
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2.3.5 PRE'SSURE OF THE GAS. 

Since the primary ionisation i s proportional to the number 
of gas molecules i n the path of the ion i s i n g p a r t i c l e , the 
efficiency of the flash tubes increases with gas pressure. 
Thus.! the low efficiency of small diameter tubes can be brought 
up to a reasonable value by using a high pressure of neon. 
Pressures of 30cm Hg up to a few atmospheres have been employed. 

2.3.6.. DELAY. 

The electrons liberated by an ionising p a r t i c l e w i l l be 
slowly removed from the gas by a number of processes, and 
therefore the efficiency of the flash tubes w i l l decrease with 
increasing time delay betT,'een the traversal of the array by a 
p a r t i c l e and the application of the high voltage pulse. 

Conversi et a l . (15) gave a simple theory f o r the 
v a r i a t i o n of efficiency with delay. Assuming that loss of 
electrons by recombination i s negligible, and that the main 
process involved i s diffusion to the walls of the tube where 
the electrons have a high probability of capture, i t i s shown 
that, provided no e l e c t r i c f i e l d s are present, the niomber of 
electrons remaining i n the tube a f t e r time t . i s given 
approximately by:-

n ( t ) = no EC d /• 2. Dt) 

^ere. n ( t ) =- number of electrons at time t . 
.. = i n i t i a l number of electrons. 

E . = error i n t e g r a l function. 
= dimensionless shape factor, 0.4 f o r 

the tubes considered by these workers, 
d = diameter of tube. 
D = diff u s i o n c o e f f i c i e n t , 
t = delay time. 

I n t h i s paper Conversi and his co-wori-cers plot t h e i r 
experimental results, using an applied f i e l d of 8 KV/cm, and 
compare tb.eir; • with the cuive given by the above equation, (figure 2.3) ' 

The. agreement i s good considering the s i m p l i c i t y of the theory. 

A more detailed and accurate theory of flash tube efficiency 
as a fmiction of delay has been worked out by Lloyd (22) i n 1960. 
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Lloyd considers a throe dimensional diffusion equation and 
solves i t i n c y l i n d r i c a l coordinates f o r the boundary conditions 
of a flash tube. Besides the primarj^ ionisation he considers 
electrons produced by the decay of metastable atoms and t h e i r 
subsequent di f f u s i o n , electrons produced from metastables during 
the high voltage pulse, and electrons knocked out of the walls 
of the tube i n t o the gas by the primary p a r t i c l e . He concludes 
that electrons produced by other mechanisms are few compai-ed 
wit h the "primaiy ionisation. He also assumes that the electrons 

. have thermal energy, but points out that f o r short time delays 
of less than 1 micro sec. t h i s i s not tnae and the theory i s 
only an approximation. 

A number of workers have investigated the variation of 
efficiency with delay experimentally. The results of Gardener 
et a l . (17) and Coxell and '761fendale (18) are given i n 
figu r e 2.4. The experimental curves have been made to f i t 
Lloyd's theory by adjusting the value of a parameter F..'j the 
pro b a b i l i t y of one electron i n i t i a t i n g a dischar.je, thus 
providing an empirical relationship between ef.ficiency and 
delay, (figure 2.5.) 

The efficiency of the f l a s h tubes i s thus given by:-

=. 1 - SXE ( - Q;F.-) 

where rj = efficiency 
Q. = number of electrons present 
F = probability of one electron i n i t i a t i n g 

a. discharge. 

2.4. AI'fOMLOUS FLilSH TUBS RESULTS. 

Recently some experimental results have been obtained with 
f l a s h tubes wliich cannot be explained by Lloyd's diffusion theorj--. 

2.4.1. EFFICIMIGY VBIiSUS DELAY 

The experimental curves of ei'ficiency ag-ainst delay can be 
made to f i t the theorj^ by adjusting the value of F, but wliile 
t h i s provides an empirical relationship i t does not allow the 
va r i a t i o n to be predicted \ 7 i t h any degree of accuracy f o r a 
given set of conditions. Different workers have found di f f e r e n t 
values of F and no satisfactory explanation has been given of why 
t h i s difference occurs. 
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2.4.2. M™IffliCYJTfflSU3̂ ^̂  

I n 1968 P i c k e r s g i l l (23) investigated the effect of 
applied f i e l d on flash tube efficiency. He found that the 
effi c i e n c y increased with f i e l d up to a certain value, as 
other workers had obseirved, but on further increasing the 
f i e l d the efficiency started to f a l l o f f . 

2.4.3. EFFICIENCY: -VERSUS llEPSTITION RATS. 

Some'workers (24.} have found that the efficiency of flash 
tubes i s decreased i f the r e p e t i t i o n rate i s inci-eased. 
Perhaps the best i l l u s t r a t i o n of t h i s i s given by figure 2.6. 
This shows two events taken w i t l i i n a minute of each other on 
the Diirham Quark experiment of Ashton et a l . (12), This 
experiment i s based on the assumption that a quark, having 
chao-'go. ̂  or ̂  e w i l l produce less ionj.sation i n the flash 
tube than a muon with unit charge. For highly e f f i c i e n t 
tubes t h i s would make l i t t l e difference i n efficiency, so a 
delay of about 40 micro sees, i s introduced to allov/ some of 
the electrons to diffuse away. The efficiency of the tube i s 
thus reduced, and made more sensitive to differences i n 
primary ionisation. 

The f i r s t picture shows the tracks of four particles 
crossing the array. The second, taken less than a minute l a t e r , 
shov;s a shower passing through the instrument causing almost 
every tube to flash except those which had flashed i n the 
previous event. This clea r l y shows that once a tube has flashed 
i t may be i n e f f i c i e n t f o r some time, longer than a minute, 
afterwards. 

2.4.4. SPURIOUS FLASHING. 

I t has been found that'flash tubes w i l l sonetises flash 
when pulsed even i f no p a r t i c l e has passed through them. 
(17, 24, 25). Some tubes appear to be worse thaii others, though 
no eorelation betiveen spurious flashing and any other property 
of the flash tubes has been found, and the reason f o r the 
phenomenon i s not kno'-mi. 
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2,4.:?. AFi'Eit, FLASHING. 

/mother phenomenon which may be disadvantageous i f the 
tubes are to be pulsed at high r e p e t i t i o n rates i s aft e r 
f l a s l i i n g , altiiough t h i s has been made use of as a method f o r 
storing infomation i n the flash tubes f o r several m.sec. 
Conversi et a l . observed that i r a tube flashed due to the 
passage of a pax'ticle, and a second pulse was applied a f t e r 
a tirae t < T , the tube reigmted. (16) They defined 
T as the recovery time of the tubes, and found i t s value to 
be about 0.1 sec. . — 

Tlie process of a f t e r flashing i s not understood; according 
to d i f f u s i o n theory the electrons should have been removed 
from the gas i n a time much less than 0.1 sec. 

2.b. POSSIBLE J,XPj^^ 

Some attempts have been made to explain these results. 
Pick(.^rsgili (23) suggested that polarization of the glass 
takes place wnen' a discliarge occurs, producing an elec t r i c 
f i e l d i n the tube which "bacics o f f " the pulsed f i e l d next 
time i t i s applied, thus reducing the efficiency. 

I t has been; suggested by Hampson (26) that the 
discharge deposits electrons on the glass surface and these 
lea]c away very slowly because of the high surface resistance 
of the glass. These electrons set up a "clearing f i e l d " i n 
the flash tube ^7hich sweeps out some of the electrons before 
the high voltage pulse i s applied. Or alternatively, that 
the glass i s polarized as suggested by P i c k e r s g l l l and that 
t h i s i t s e l f provides a. clearing f i e l d . Obviously the higher 
the r e p e t i t i o n rate, the more the clearing f i e l d i s b u i l t up. 

Various pulse shapes have been used to try to overcome the 
clearing f i e l d effect and allow flash tube arrays to be operate! 
e f f i c i e n t l y at liigh r e p e t i t i o n rates. Pickersg-ill concluded 
that a square pulse gives a higher efficiency than an R.C. pulse, 
and put t h i s domi to the fact that the R.C. pulse, having a long 
t a i l , - has a larger polarizing effect than the square pulse with 
no t a i l . 
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Crouch et a l . (27) t r i e d various pulse shapes. The results 
were inconclusive, but i t appeared that a bipolar ringing pulse 
did reduce the clearing f i e l d e ffect, iliese woi-kers also found 
some evidence that an increase i n atmospheric humidity increases 
the efficiency of the flash tubes. 

2.6. COKCIaJSION. 

The work wliich has been done with neon flash tubes has . 
shown that they are useful i n pro\dding r e l a t i v e l y cheap, large 
area detectors, of good resolution. Provided the operating 
conditions are chosen correctly they have high efficiency, 
and i t has been shovra that the accu.i^acy of track location i s 
comparable to that i n a cloud chamber. 

However, considering the large discrepancies between 
the results of various workers i n measuring the variation of 
ef f i c i e n c y with r e p e t i t i o n rate and with delay, aid the lack 
of £iny theory v/hich i s able to predict t h i s variation s a t i s 
f a c t o r i l y , i t i s evident that there i s a need for further 
research i n t o the existence and nature of the clearing f i e l d s 
wiiich are thought to be responsible f o r these discrepancies, 
and i n t o methods of preventing t l i e i r building up. 
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CHiypl'ER.T. 

EXPExRIItlENTAL IlfVESTIGATION OF CLUl/iPJKG FIELDS. 

3.1. IITTRODUCTION. 

The previous chapter contains a summary of the woik which has been 
done up to the present time on the characteristics of neon flash tubes, 
and i t has been shovm that some of the results obtained cannot be 
explained by considering a simple di f f u s i o n process for removing 
electrons from the tube. The results can be accounted for, however, 
i n terms of clearing f i e l d s which sweep electrons out of the tube 
before the application of the high voltage pulse, thus reducing the 
efficiency'at long delays. Tlus chapter describes e:q)eriments desigTied 
to investigate the existence of these- clearing f i e l d s , to determine 
t h e i r nature and t h e i r cause, and to f i n d methods of eliminating them. 

The experiments include measurements of the layer efficiency of 
flash tube arrays i n very carefully controlled conditions, and of 
some of the properties of individual flash tubes. 

3.2. THE; FLASH TUBE. .PULSING SYSTEIsi. " 

A. block diagram of the apparatus used i n the measurement of 
e f f i c i e n c y i s shown i n figure 3.1. An array of flash tubes was 
triggered on cosmic rays by means of a small s c i n t i l l a t o r telescope. 
The pulse obtained on.coincidence between the two coimters was used to 
tirlgger two spark gaps, one imjiiediately, and the otiier a f t e r a variable 
delay. The minimum delay between the passage of a pa.rticle through 
the detector and the s t a r t of the high voltage pulse xtas 40C n.sec. 
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The high voltage pulse a p p l i e d t o the array had aii RC decay 
constant depending on C, the charging capacitor, aaid R]_the load 

r e s i s t o r . The RC constant was v a r i e d by changing, the value of R], 
and RC constants of 0.4 t o 200 laicro sec. 7?ere uaed. The two spark 
gaps vrexe supplied by d i f f e r e n t power l u i i t s to a l l o w independent, 
v a r i a t i o n of pulse height," and both p o s i t i v e and negative pulses up 
to 7. K\''/cm were employed. Rise times of 40 to 500 n.sec.(lO;^ t o SOyi) 

were obtained by v a r y i n g the value of the r e s i s t o r R i n s e r i e s w i t h 
the h i g h voltage electrode. 

Figure 3.2 (a) shows a t y p i c a l h i g h voltage pulse, (b) shows 
the r i s i n g edge of a pulse obtained v/ith R = 0, £ind i s seen to r i n g . 
With R. = 47 oliins, the r i s e t i m e - i s not g r e a t l y increased, (c) and the 
r i n g i n g i s damped out. This I s e s s e n t i a l i f pulse heights f o r d i f f e r e n t 
r i s e times are t o be compared, since f o r a r i n g i n g pulse i t i s uncertain 
whether the mean height or the pealc height should be considered. 

Tracks i n the array could be photogi'aphed, and the coincidence 
s i g n a l was also used to t r i g g e r the camera winding mechanism, the 
f i d u c i a l l i g h t s and a p a r a l y s i s i m i t by means of wliich the event r o y e . 
could be v a r i e d . 

Two basic arrays o f f l a s h tubes V7ere used. One consisted o f two 
banlcs of 8'layers of tubes, 40 tubes wide. One banic was pulsed i n 
c o n d i t i o n s which gave h i g h l y e f f i c i e n t t r a c k s , and was used t o define 
the path of t h e ^ p a r t i c l e , and the other was operated vdth v a r y i n g high 
v o l t a g e pulse parameters. 

The second array consisted of 96 layers of 10 tubes arranged i n 
3 sections which could be pulsed independently. Tliis array was used 
when very slow r e p e t i t i o n r a t e s were re q u i r e d , so t h a t good s t a t i s t i c s 
could be obtained i n a reasonable time. 

Comparison showed t h a t measurements of e f f i c i e n c y f o r the same 
hig h voltage pulse parameters on the two arrays agreed'' v / i t h i n the • 
s t a t i s t i c a l e r r o r of about ifo. Unless otherwise shown, a l l experimental 
e f f i c i e i i c i e s had erroi>s less than or equal t o t h i s value. A t y p i c a l 
cosmic ray t r a c k through p a r t of the second array i s shown i n the 
f r o n t i s p i e c e . 

The f l a s h tubes used were made of soda glass, ICQ cm. long, 
1.6 cm. i n t e r n a l diameter, 1.8 cm. e x t e r n a l diameter, ai\c\ were f i l l e d 
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w i t h a 98/0 neon 2?;5. helium raisture at a. pressure of 60 cffl.Hj. ' Unless 
o t h e i m s e s t a t e d , these tubes -yere used i n a l l the experinents. 

The e f f i c i e n c y of f l a s h tubes depencis on the magjiitude of the high 
voltage pulse applied t o them,, i n general increasing -with i n c r e a s i n g 
f i e l d i m t i l a maziinum value i s reached. A t j r p i c a l p l o t of e f f i c i e n c y 
as a , f u n c t i o n of applied f i e l d i s shovm i n f i g u r e 3.3, aiid unless 
otherv/ise stated the tubes xrere operated i n the plateau region;;. 

3.3. EVIDBTJCS FOa CLBIRING FIllLDS. 

Using the f i r s t of the f l a s h tube arrays described i n the previous 
s e c t i o n , the l a y e r e f f i c i e n c y v/as measured as a f i i n c t i o n of delay. The 
event r a t e was 1 / 5 s e c , which corresponds t o a r a t e of about 1 f l a s h / 
minute/ tube. The e f f i c i e n c y against delay curves f o r l i i g h voltage 
pulses w i t h d i f f e r e n t decay const-ants are shov.m i n f i g u r e 3.4, and i t 
can be seen t h a t the e f f i c i e n c y f a l l s o f f w i t h i n c r e a s i n g delay much 
more r a p i d l y f o r ;ionger. high-voltage-pulses. • I f • one assumes t h a t the 
e f f i c i e n c y of a tube depends on the number of -electrons present i n i t 
when the h i g l i voltage pulse i s a p p l i e d , and t h a t t h i s i s governed 
mainly by d i f f u s i o n of electrons t o the w a l l s of the tube vmere they . 
are captured, as described by Lloyd (22), then the e f f i c i e n c y f o r a 
given delay should be independent of the d u r a t i o n of the applied 
f i e l d , however, i f an e l e c t r i c f i e l d i s present, electrons w i l l be 
swept t o the w a l l s more rapidly- than by a simple d i f f u s i o n process, 
and t h e - e f f i c i e n c y m i l f a l l o f f f a s t e r w i t h i n c r e a s i n g delay. I n the 
l i g h t of f i g u r e 3.4, one must p o s t u l a t e a mechanism v/hich depends on 
the d u r a t i o n of the applied- f i e l d . 

.> The preceeding experiment was repeated u s i i i g the t a l l f l a s h tube 
a r r a y and a much slower event r a t e of about 1 /5 minutes, or 1 f l a s h /' 
30 minutes / tube. The r e s u l t s are shovm i n f i g u r e 3.5, and i t can be 
seen t h a t the e f f i c i e n c y i s no\r independent of IrLgh voltage pulse 
l e n g t h , and agrees reasonably w e l l wd.th Lloyd's t h e o r e t i c a l curve with-
F, the p r o b a b i l i t y of one e l e c t r o n ' i n i t i a t i n g a discharge, equal t o 0.3, 
and an i o n i s a t i o n , Q, of 33.6'ion p a i r s / cm at 1 atmosphere pressure, 
given by Syeions (31). This i n d i c a t e s t h a t i n t h i s case, electrons are 
removed c h i e f l y by a d i f f u s i o n process. The f a c t o r s i n f l u e n c i n g the 
value of P w i l l be discussed i n a l a t e r chapter. 

These experiments show t h a t the c l e a r i n g f i e l d e f f e c t i s apparent 
only f o r h i g h r e p e t i t i o n r a t e s , and t h a t i t increases w i t h i n c r e a s i n g 
h i g h v o l t a g e pulse l e n g t h . 
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3.4. M t l M 4 L C i i E 4 m i ( T , j i E i J ^ ^ ^ ^ 

/ui extejmal c l e a r i n g f i e l d o f 8.5 V./cm rras a p p l i e d t o the f l a s h 
tube a r r a y t o see i f the c l e a r i n g f i e l d e f f e c t described i n the previous 
s e c t i o n could be simulated i n t l i i s v;ay. For a l i i g h voltage pulse of 
4 KV/cm, a decay const-nnt of 80 micro sec. and a r i s e time of 70 n.sec., 
the e f f i c i e n c y a t 50 micro sec. delay mis reduced froju 73% f o r no 
ap.plied c l e a r i n g f i e l d , t o 67.4/' f o r a c l e a r i n g f i e l d of the same si g n 
as the h i g h voltage f i e l d , and 67.1/^ f o r a c l e a r i n g f i e l d o f the 
opposite p o l a i l t y . These are i d e n t i c a l w i t h i n the ^ s t a t i s t i c a l e r r o r 
of - l,6fo. 

However, i f one assumes a d r i f t v e l o c i t y of about 1.5 x 10^ cm/sec. 
f o r e l e c t r o n s i n neon a t 60 om.Hg pressure i n a f i e l d o f 8.5 V/cm., 
given by Pack and Pnelps (28), i t w i l l be shorm i n chapter 5 t h a t a l l 
the e l e c t r o n s should have been removed frop: the gas i n 50 micro s e c , 
and the e f f i c i e n c y reduced t o zero. 

The discrepancy could be due e i t h e r to an i n c o r r e c t assamption 
about the d r i f t v e l o c i t y or an i n c o r r e c t value of the e f f e c t i v e c l e a r i n g 
f i e l d . This w i l l be discussed i n chapter 6. 

3.5-. TWO CLBARIITS FIELD EFFECTS. 

During the i n i t i a l measurements of e f f i c i e n c y as a f u n c t i o n of 
delay, c e r t a i n p o i n t s were repeated, and i n some cases were foiind t o 
disagree s i g n i f i c a n t l y v-dth the. o r i g d n a l values under c o n d i t i o n s , 
i n c l u d i n g r e p e t i t i o n r a t e , which ^vere apparently i d e n t i c a l . Wien 

measurements ^vere made a t slow r e p e t i t i o n - r a t e s , of about 1/5 minutesj 
they were always re p r o d u c i b l e . I t was i n f e r r e d t h a t a rmi might somehow 
be i n f l u e n c e d by previous runs i f these were such t l i a t c l e a r i n g f i e l d s 
were b u i l t up. 

Accordingly, the apparatus was run a t high e f f i c i e n c y and a high-
r e p e t i t i o n r a t e f o r s e v e r a l days, and during t h i s time the e f f i c i e n c y 
a t 50 micro sec. delay.and a slow r e p e t i t i o n r a t e was monitored. This 
was foimd t o decrease as the h i g h e f f i c i e n c y run progressed, although 
no c l e a r i n g f i e l d e f f e c t v/as observed i n a s i ; a i l a r run v/hich was not 
preceded by a high e f f i c i e n c y run. On t e r a i i n a t i n g the high e f f i c i e n c y 
run, the e f f i c i e n c y r a t 50 micro sec. delay rose slov/ly, over a fe"w days, 
t o i t s o r i g i n a l value, ( f i g n r e 3.6) Over a s i n g l e t hour run a t a h i g l i 
r e p e t i t i o n r a t e , e q u i l i b r i i u n seems t o be reached i n a matter of a few 
seconds. Figure 3-7 shows the sum, over 50 such runs a t 50 micro s e c 
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delay, of the e f f i c i e n c y as a f u n c t i o n of average number of flashes/tube. 
Prom I the two experiments, t-wo c l e a r i n g f i e l d e f f e c t s are i n d i c a t e d , one 
w h i c i takes e f f e c t and decajrs i n a matter of seconds, and a long term 
e f f e c t w i t h time constant of the order of days. 

3.6 . THE SHORT TERK CLEARING FIELD El^CT. 

Measurements of the short term clewiring f i e l d effect-were made, w i t h 
several hours between runs t o ensure t h a t the long term^ c l e a r i n g f i e l d s 
had noii;.': chance t o b u i l d .up. Figure 3-8 shows the v a r i a t i o n of e f f i c i e n c y 
w i t h i n t e r v a l between events, using a 50 micro sec. delay, and a high 
voltage pulse of 2 .8 ICV/cm and decay constant o f 26 . 8 micro^sec. I t 
can be seen t h a t an i n t e r v a l of about 12 minutes between successive 
discharges i n a tube i s r e q u i r e d f o r the c l e a r i n g f i e l d t o decay below 
a detectable l e v e l . 

3>7 THE-NATURE AlU) CAUSE OF CLEARING FIELDS. 

That the short term c l e a r i n g f i e l d e f f e c t i s due to the discharge 
and not simpl;/ to the a p p l i c a t i o n of the high voltage pulse i s c l e a r l y 
shown by photographs obtained at high r e p e t i t i o n rates showing • 
two successive events, the f i r s t being the track of a s i n g l e muon, and 
the second being a shower which causes almost every tube t o f l a s h 
except those wliich flashed i n the f i r s t event. One such photograph 
i s shovm i n fisgure 3 .9- The r e p e t i t i o n r a t e was about 1 / minute / tube. 
A h i g h voltage pulse o f 4 irv/cm and RC constant of 15 micro sec. v/as used. 

I n order to i n v e s t i g a t e the dependence of the c l e a r i n g f i e l d e f f e c t 
on h i g h voltage pulse l e n g t h , the e f f i c i e n c y of f l a s h tubes as a f i m c t i o n 
of RC decay constant of the high voltag^e pulse vias measured f o r a 
r e p e t i t i o n r a t e o f about 1 /'minute / tube. The r e s u l t , given i n 
f i g u r e 3-10, shows t h a t f o r a 50 micro sec. delay and a 4 ICV/cm applied 
f i e l d , t h e ' c l e a r i n g f i e l d e f f e c t increases w i t h i n c r e a s i n g high voltage 
pulse l e n g t h u n t i l a constajit value i s reached a t an RC constant of 
about 40 micro sec. 

Experiment shov/s t h a t the c l e a r i n g f i e l d e f f e c t does not depend 
on the magnitude of the a p p l i e d f i e l d . Figure 3.3 shows the v a r i a t i o n 
o f e f f i c i e n c y - w i t h a p p l i e d f i e l d f o r a f a s t r e p e t i t i o n r a t e , i . e . i n 
circujnstances v/here cleaiding f i e l d s are b u i l t up. The e f f i c i e n c y 
readies a constant value above a given f i e l d , and does not decrease vath 
i n c r e a s i n g f i e l d , showing t h a t the c l e a r i n g f i e l d e f f e c t i s independent-
o f a p p l i e d pulse h e i g h t . The same type of curve, i . e . w i t h a plateau 
above a c e r t a i n value of f i e l d , was obtained f o r delays of zero t o 300 . 
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SUCCESSIVE EVENTS AT HIGH REPETITION RATE 

SHOWING THE CLEARING FIELD EFFECT 
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mici'o. sec, and f o r high voltage pulse lengths of 0.4 t o 40 micro.'sec. 
RC constant. 

Since.the c l e a r i n g f i e l d e f f e c t occurs only when a tube has 
discharged, there seem t o be tv/o possible explanations. One i s t h a t 
the f i e l d i s due t o charge deposited on the glass during the discharge, 
v/hich lealcs auay very slowly, and the other i s t i i a t the glass i s p o l a r i s e d 
by the increased f i e l d wiiich apjfears across i t when the gas breaics dov/n 
and becomes'conducting. • 

The v a r i a t i o n of e f f i c i e n c y v/ith applied pulse length i n d i c a t e s the 
former process since a maximum e f f e c t would be expected v/hen a l l the 
p o s i t i v e i ons i n the discharge v/ere deposited on the glass during the 
high v o l t a g e pulse, and i t i s estimated from d r i f t v e l o c i t i e s given by 
Von Engel (33) t h a t t h i s would occur \7ith a pulse of 4ICV/cm and a decay 
constant:, of about 80 micro sec. 

3.8. DECAY' OF THE CL^.yRING FIELDS - . 

I f the c l e a r i n g f i e l d s are due t o charge deposited on the v/alls of 
of the f l a s h tube d u r i n g the high voltage.pulse, they w i l l decay by 
conduction of electrons over the glass surface i ? i t h a time constant 
which depends on the r e s i s t i v i t y of the glass and the capacitance of 
-tiie f l a s h tube. 

The r e s i s t i v i t y of the glass of v/hich f l a s h tubes are manufactured 
was measured i n the f o l l o w i n g way. A p a i r of aliLminium f o i l electrodes were 
wrapped round a f l a s h tube, one a t each end; one electrode was connected 
t o a 2 ICV power supply and the other t o one t e r m i n a l of an e l e c t r o s t a t i c 
v o l t m e t e r , the other t e r m i n a l of v;hich was earthed. The high voltage 
supply was switched on, and -the p o t e n t i a l at the other end of the f l a s h 
tube was measui-ed by means of the e l e c t r o s t a t i c voltmeter, as a f u n c t i o n 
of time. The d i f f e r e n c e between the measured p o t e n t i a l and the f i n a l 
p o t e n t i a l ( i . e . the p o t e n t i a l of the high voltage supply) was p l o t t e d 
on a l o g a r i t l i m i c scale against time, and hence the time constant of the 
charg-ing process was obtained, ilssuming t h i s t o be an RC constant, and 
lcnovri.ng the capacitance of the voltmeter, the resistance of the tube was 
found, and from i t s geometiy, the r e s i s t i v i t y was c a l c u l a t e d , assuming 
the conduction t o be a surface phenomenon. 

The r e s i s t i v i t y vras foimd t o vary considerably w i t h surface 
c o n d i t i o n s , and w i t h temperature and h u m d i t y . However, measurements 
made on lengths of glass i n a dessicator, or i n an evacuated or neon 
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f i l l e d system v/ere f a i r l y constant; g i v i n g a value of 5 x lO"*"̂  olims/square. 
The measurement was repeated losing a p o t e n t i a l of about 10 v o l t s , -.: 
and the same value of r e s i s t i v i t y was obtained, showing t h a t Ohm's lav/-
i s obeyed. The same value was also obtained i f charge was sprayed onto 
the glass from a pointed electrode,instead of using a f o i l electrode 
i n d i r e c t contact vdth the glass. 

The low value of r e s i s t i v i t y of about 10 olims/square obtained i n 
f r e e a i r i s -bhought t o be due t o water deposited on the glass from the 
atmosphere. Since flas.h tubes are evacuated before f i l l i n g , and o f t e n 
heated, v/-hich v r i . l l remove some of the vater, i t seems reasonable t o 
talce the h i g h value of r e s i s t i v i t y as the one appropriate f o r the i n s i d e 
of a f l a s h tube. 

The volume r e s i s t ! t i v y w;as measured by p l a c i n g two electrodes, one 
i n s i d e ajid one on the outside of a len g t h of glass tube, f a r from the 
ends so t h a t the surface resistance was la r g e , and f i n d i n g the r e s i s t a n c e 
from the charging time Go.nstant as before. The volume r e s i s t i v i t y -was 

13 
found t o be about 5.3 x 10 ohms cm. 

The capacitance of the tubes was measured i n the fo l l o v / i n g way. 
Using an A.C.bridge the capacitance of d i f f e r e n t numbers of f l a s h tubes 
between a p a i r of plan.e metal electrodes was measured, and hence the 
capacitance of a s i n g l e tube and of the electrode system was found. 
The experiment vms repeated f o r f l a s h tubes broken open and f i l l e d w i t h 
(a) carbon t e t r a c h l o r i d e and (b) e t h y l a l c o h o l . Assuming t h a t the 
equivalent c i r c u i t i s given by fig-ure 3.11, and knowing the d i e l e c t r i c 
constants of the f i l l i n g s used, the e f f e c t i v e capacitai-ice of the i n s i d e 
of a neon f i l l e d f l a s h tube was found t o be 4.25 pF. 

Thus the c a l c u l a t e d RC decay constant f o r charge on the i n s i d e of 
of a f l a s h tube i s 2.7 s e c 

The magnitude of the clearin-g f i e l d s remaining i n the f l a s h tubes 
a f t e r an event -STIII be discussed more f u l l y i n chapter 5. 

5.9 ARTIFICIAL mMS OF REIi'IOglNG THE^CLSARIMG FIELDS. 

I n noimal circumstances the c l e a r i n g f i e l d s w i l l decay by coiiduction 
of e l e c t r o n s over the glass surface. Since the r e s i s t i v i t y of glass i s 
high , t h i s process talces place slov/ly. The e f f i c i e n c y of tubes made of 
a glass v/ith a lov/er c o n d u c t i v i t y was measured at 50 micro s e c delay 
and a r e p e t i t i o n r a t e of 1 / minute/ tube, using a 4KV/cm pulsed f i e l d 
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w i t h a 40 micro sec. decay constant. ' The value obtained was 31/'' which 
i s s i g n i f i c a n t l y lovver than the 51/^, shovm by normal tubes. Harapson 
(26) foimd t h a t the e f f i c i e n c y of Pyrex tubes ( w i t h higher r e s i s t i v i t y 
than soda glass) had a lower e f f i c i e n c y at high r e p e t i t i o n rates than 
soda glass tubes. I t was t h e r e f o r e decided t o i.nvestigato increased 
surface c o n d u c t i v i t y as a means of reducing the c l e a r i n g f i e l d e f f e c t . 

3.10 STAMIC- OXIDE COATED TUBES. 

Flash tubes 10 cm long, whose i m e i ^ surface was coated w i t h stannic 
oxide t o g i v e a surface r e s i s t i v i t y o f 10*̂  ohms /square were constructed, 
but these tubes e i t h e r d i d not f l a s h a t a l l , probably because the 
conducting siirface reduced the f i e l d across the gas t o a value too low 
t o support a discharge, or the r a t e of spurious flasxung was extremely 
h i g h ; approaching 100%-

3.11. TUj^s_mTHjgi:^j7Ara 
Since the resistance of glass had been found t o be markedly 

dependent on humidity, 4 sets of tubes, A,B, C and D were manufactured 
c o n t a i n i n g d i f f e r e n t amounts of water vapour. Measurement of e f f i c i e n c y 
as a f i i n c t i o n of delay f o r a r e p e t i t i o n r a t e of 1 /30 minutes / tube f o r 
groups A and B gave the graph shown i n f i g u r e 5.12 . The e f f i c i e n c y . ' 
f a l l s o f f v/ith i n c r e a s i n g delay much more r a p i d l y than f o r o r d i n a r y 
tubes because water molecules have a high a f f i n i t y "for f r e e electrons 
and thus the number of electrons l e f t i n the tube xihen the high voltage 
pulse i s a p p l i e d i s reduced. The attachnent c o e f f i c i e n t i s given by 
S.C.Bromi (37) as 4 x 10"'^ /' c o l l i s i o n a t 20'' C. From t h i s value and 
assuming a c o l l i s i o n r a t e of 1.3 x 10"/sec, at 1 atmosphere pressure, 
the amount of water vapour i n the two sets of tubes was c a l c u l a t e d from 
t h e : r e d u c t i o n i n e f f i c i e n c y . The values obtained were 0.05 mm Hg f o r 
•grovip A and 2.5 rm Hg f o r group B. The contents of group A were 
subsequently analysed, and a pressure of 0.04 mjn Hg measured. I t i s 
p o s s i b l e t h a t gi^oup B also contained oxj^-gen. The -water used i n these 
tubes had been l e f t exposed to the a i r f o r some time a f t e r d i s t i l l a t i o n , 
and may t h e r e f o r e contain dissolved oxygen. 

¥nen operated a t r a t e s up t o 1 / lOsec/ tube, group B showed no 
change i n e f f i c i e n c y , i . e . no c l e a r i n g f i e l d e f f e c t , although ordinary 
tubes operated under the same conditions showed a marked c l e a r i n g f i e l d 
e f f e c t . ?/hen group A were pulsed at t h i s r a t e they showed an increase 
i n e f f i c i e n c y , and a f t e r a period.of a few weeks thsy showed an e f f i c i e n c y 
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comparable with that of ordinary tubes even at very slovr rates. Group B 
did not shcv: t h i s effect m t h a^e. Groups C and D which were saturated 
and contained l i q u i d water showed efficiencies comparable to those of 
conventional f l a s l i tubes, and also a hi^jh spurious rate; about 10$-o. 
These atioaalous effects i n lii.5h water content flash tubes w i l l be 
discussed i n chapter 6. 

The recovery time of these tubes was also investigated. The tubes 
were pulsed twice on the passa^:e of a p a r t i c l e , by means of two speirk 
gaps with independent power supplies. The i n t e r v a l between the two 
pulses could be varied, and i t was found that for an i n t e i ^ a l of up to 
a second the tubes which flashed on the f i r s t pulse could reignite on 
the second. The recovery time could be reduced s l i g h t l y by reducing 
the applied f i e l d , but t h i s unfortunately had the added effect of 
decreasing the brightness of the.flash, which had already shown a 
considerable decrease with increasing concentration of water vapour. 

3.12 BIPOLAR RIKGING PULSES. 

A technique which reduces the clearing f i e l d effect without impairing 
the brightness of the flash i s the use of a bipolar ringing high voltage 
pulse, obtained by emplojang an inductive load i n place of the resistor 
Ji^ i n figure 3.1.. Since the applied f i e l d swings positive and negative 
the electrons and ions w i l l o s c i l l a t e instead of moving in.one direction, 
and hence the nujnber deposited on the flash tube walls w i l l be less, 
and i n any case, approxinately the same nmaber w i l l be deposited on 
both sides of the tube so that any effect due to them w i l l be cancelled, 
out. 

The e f f i c i e n c y against delay curves f o r a re p e t i t i o n rate of 
1/iO sec./tube are shown i n figure 5.13 for a bipolar ringing pulse and 
f o r a r i n g i n g pulse wiiich does not go negative, both with the same decay 
constant.' The two pulses are sho-»vn i n figure 3.14. I t can be seen that 
the e f f i c i e n c y f o r a bipolar pulse i s higher than f o r the monopolar pulse, 
and i n f a c t coincides with Lloyd's theoretical curve with PQ = 10, 
showing that no clearing f i e l d s are b u i l t up. 

The recovery time when a bipplar rinsp.ng pulse i s employed i s s t i l l 
of the order of 1 seccnd. 



EFFICIEVCY AS A FUNCTION OF DELAY 
FOR MONOPOLAR AMD BIPOLAR RINGING PULSES 

100 

100 200 

Delay (micro.sec.) 

300 

Monopolar r i n g i n g high voltage pulse 
B i p o l a r r i n g i n g high voltage pulse 
T h e o r e t i c a l curve f o r FQ =1 0 

f i g u r e 3 .13 



MONOPOLAR AND BIPOLAR RINGING PULSES 

-p 
•H 

a 

u 
(13 
U 
•P 
•H 
,Q 
U 

0) 
•H 

CO 
-P 
•H 

1̂ 
nS 
•p 
•H 

03 

H 
•H 

Time (micro.sec.) 
• (a) 

Time (micro.sec.) 
(b) 

f i g u r e 3.1lv 



I t has been mentioned that a second clearing f i e l d effect vdth time 
constants of the order of days has teen observed. . I n order to determine 
whether t l i i s effect i s due to the discharge, as i s the short term 
effe c t , or due simply to the application of the hi/jh voltag-e pulse, the 
s c i n t i l l a t o r telescope was placed at one side of the broad array, and 
the detector operated at a high repetitj.on rate, of about l/minute/tube, 
and minimum delay, f o r several days, so that large clearing f i e l d s were 
b u i l t up. The efficiency was then measured at 50 micro sec. delay i n 
the following conditions:-

(a) At the same- side of -the array. 
(b) At the other side of the ai'ray where few flashes had occurred. 
(c) As i n (a) 

I t was estimated that no cosmic ray wMch triggered the appeiratus 
i n the i n i t i a l high efficiency run v/ould cause to flash any tube wliich . 
could f l a s h i n run (b),assuming that cosmic rays travel i n straight 
l i n e s . Obviously some flashes did occur on the other side of the array, 
but these were r e l a t i v e l y few. 

Run (c) \ms cai'ried out to ensure that any difference betT/een rons 
(a) and'(b) was"not merely a function of time. 

I t was foujid that the efficiency i n run (b) v/as 44.4/^ -
which i s considerably higher than the value found i n the other two runs 
(35.5 - 1.6ji), showing that the long term clearing f i e l d effect also i s 
due to the actual discharge.. 

, I f the . i n e f f i c i e n t tubes were then operated with a high voltage 
pulse of the opposite p o l a r i t y , the efficiency at once rose to a higher 
value, which persisted even i f a pulse of the o r i g i n a l p o l a r i t y was used 
again. 

3.14. DEFBI'IDENCS OF LONG TEEM EFFECT ON APPLIED^FIELD. 

The dependence of the long terra clearing f i e l d effect on the applied 
f i e l d was investigated i n the follovang way. The flash tube array was 
operated at a rate of l/minute/tube at zero delay, using a high voltage 
pulse of 40 micro sec. RC constant and di f f e r e n t heights, f o r a period of 
two days.' The efficiency at 50 micro sec. delay, using a rei^etition rate 
of 1/30 minutes/tube, was then measured, for the same voltage pvilse 
height and length. The efficiency f o r t3ie 50 micro sec. delay r\xa was 
found to .be lov/, even though the rate vras such that no clearing f i e l d s 
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should have been b u i l t up during the' .run. I t was concluded therefore, 
that a f i e l d was b u i l t up during the 2 day Mgh efficiency run which did 
not decay ininiediately. A graph of efficiency as a function of applied 
f i e l d f o r these runs i s ,giv8n i n figure 3-15, and shov;s that the long 
term effect comes i n t o operation for applied pulse heights above about 
6v EV/cm., although i t may be that the effect was not observed f o r lower 
f i e l d s simply becaiise there vras not s u f f i c i e n t time f o r the f i e l d to 
b u i l d up to-a detectable l e v e l . 

Possible mechaiiisms for the long term clearing f i e l d effect are 
polarization of the glass by the high f i e l d s which appear across i t 
when the tube discharges, or electrons v/liich are trapped i n the glass 
surface and therefore not free to move to neutralise positive ions on 
on other parts of the tube. 

3.15. SUIySIABY. 

I n t h i s chapter experimental evidence has shown that f o r high 
r e p e t i t i o n rates and long high voltage pulses, a reduction i n efficiency 
r e s u l t s , vdiich can be explained i n terras of d e a l i n g f i e l d s caused by 
deposition of charge on the walls of the flash tube due to the discharge, 
the amount depending on the length of the liigh voltage pulse, aiid i t has 
been suggested that these f i e l d s decay v/ith time constants detei-mined 
by conduction of electrons over the glass surface. 

A long term clearing f i e l d effect- vd-th time constants of the order 
of days has also been detected, and t h i s could be due to polarization of 
the glass, or electrons trapped i n the glass. 

Various methods of reducing the clearing f i e l d effect have been t r i e d . 
Tubes coated with a conducting layer of stannic oxide v/ere not successful. 
Tubes m t h a high water vapour content, show no clearing f i e l d e.ffect f o r 
r e p e t i t i o n rates of l/lO sec/tube, and have the added advantage for 
machine experiments of short sensitive time. However, they have the 
disadvantage of low i n t e n s i t y , and the recovery time i s as long as f o r 
ordinary flash tubes, i . e . of the order of 1 second. I t appears that 
the amount of water vapour which should be used may be c r i t i c a l i f 
anomalous effects are to be avoided. 

A bipolar'.ringing pulse shov/s no clearing f i e l d effect with 
r e p e t i t i o n rates of up to l/lO sec/tube, vlthout the disadvantage of 
reduced brightness, but the recovery time i s s t i l l hi.gh. I f the tubes 
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were to be used f o r machi.ne experiments the sensitive time could be 
reduced by adding, for example, iodine, wMch has a high af f i . n i t y for 
free electrons. 

The factor which now l i m i t s the use of .flash tubes at liigh 
r e p e t i t i o n rates i s the long recovery time. 

The next chapter describes experiments designed to studj'' the 
nature of the discharge which tokes place i n flash tubes. 
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CHAPTER 4. 

THE DISCHARGE' mCilAWLSU I N FLASH TUBES. 

4.1. IHTRGDUCTIOII. 

The jprevious chapter dealt with investigations i n t o the 
clearing f i e l d s wMch are responsible f o r the deviation from the 
theory, based on a dif f u s i o n process only, of the efficiency 
against delay curves. I t \:\iS concluded that the clearing f i e l d s 
were caused by charge deposited on the v/alls of the flash tube 
during high voltage pulse. Light has been shed on the nature 
of the discharge producing t h i s charge, by experiments which v a i l 
be described i n t h i s chapter. 

4.2. APPAP̂ VTUS. . 

The l i g h t output from flash tubes has been observed using a 
Mullard 55 AVP. The photomultiplier vras shielded from 
electromagnetic radiation, d i r e c t l y coupled i n t o 50 ohms, and i t s 
power supply was f i l t e r e d . Only when the oscilloscope probe 
was connected to the flash tube electrodes f o r higrh voltage pulse 
measurements, e f f e c t i v e l y b3'-~passing the f i l t e r , V7as interference 
from the spark gaps observed on the oscilloscope, and even then 
i t was at a comparatively low l e v e l . The photcmultiplier v/as 
cal.i.brated using a point source.and employing the inverse square 
law, and was found to be linear f o r signals up to 2 v o l t s . ( 3 5 ) 

The output from the photomultiplier v/as i'ecorded by 
photographing the trace on a 551 Tektronix oscilloscope. 
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4.3. THE DISCNARQE j;[ECHAJII5r.L " 

Two basic brealvdown m.echanisms are kno'Tii i n gas discharge 
theory; streamer breaJcdown and the Townsend mechanism. I n the 
former, electrons accelerated by the e l o c t r i c f i e l d cause further 
i o n i s a t i o n ; an electron avalanche i s b u i l t up to the c r i t i c a l size 
and bre-al'CdoTTn results. I n tho Tov/nsend discharge, the electron 
i s accelerated and causes ionisation, but the avalanche so formed 
does not reach the c r i t i c a l size. Hovrever, positive ions d r i f t 
to the cathode and liberate further electrons from i t , and electrons 
are also produced by photoemission from the electrodes. These i n 
turn give more ionisation u n t i l eventually enough electrons are 
produced to cause breakdov/n. The f i r s t mechanism i s very fast; 
the electron avalanche t r a v e l l i n g at about 10 era/sec, and the 

8 
rate at which the discharge crosses the ,gap i s about 10 cm/sec. 
Fields of approximately 5KV/cm are reqxiired. The l a t t e r process 
i s much slower, taking times of the order of micro seconds, and 
can take place at much lov/er f i e l d s . 

The f i e l d s required to cause breakdown i n flash tubes were 
investigated by measuring the efficiency as a function of applied 
f i e l d . The results f o r d i f f e r e n t high voltage pulse lengths are 
shown i n figure 4.1. I t can be seen that f o r longer hj.gh voltage 
pulses breakdown occurs at f i e l d s as low as 1 ICV/ cm., thus 
favouring a Tomisend mechanism. For the shorter pulse, 
(.0.4 micro sec.P..C.) however, a much higher f i e l d , about 5 KV/cm, 
i s needed before breid<:down w i l l occur. This indicates that f o r 
short high voltage pulses when there i s - i n s u f f i c i e n t time f o r a 
To:>vnsend discharge to develop, streamer breakdown w i l l occur 
provided the f i e l d i s high enough. I n intermediate cases, fo r 
Mgh f i e l d s and long pulses, the discharge mechanism i s probably 
a mixture of the t-jvo. 

Figx\re 4.2. shows dravdngs of l i g h t pulses and the corresponding 
high voltage pulses taicen from the oscilloscope trace. The high 
voltage pulses have a r i s e time of about 70 n.sec. a) shows the 
l i g h t output f o r a 0.4 micro sec. RC high voltage pulse of 
height 7 KV/cm. The discharge appears to s t a r t within 100 
n.sec. of the high voltage.pulse, and reach i t s peak i n 200 to 
•300 n.sec., indicating a fast discharge process. The pulse i n 
b) obtained with a high voltage pulse of 40 micro sec. RC-and 
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height does not s t a r t u n t i l 0.5 micro sec. aft e r the high 
voltage pulse has reached i t s pealc, indicating a much slower build 
up of the discharge. 

4.4. PROBABILITY OF A DISCHiiRGE OCCURPJNG. 

The probability that a tube w i l l flash when an ionising 
p a r t i c l e has passed through i t v d l l depend on a number of factors, 
two of which are Mgh voltage pulse height and length. These 
have been discussed i n the' previous section, and provided they are 
above a c r i t i c a l value, should have no effect on the probability. 

The dependence of the probability on the delay betv/een the 
passage of a p a r t i c l e and the application of the high voltage 
pulse was discussed i n chapter 3. In.order to make experimental 
points f i t the d i f f u s i o n theory i t was found necessary to adjust 
a parameter F, the probability of a single electron i n i t i a t i n g a 
discharge. The value of F will be largely determined by the 
formative distance D̂, of the discharge, i . e . the average distance 
req'uired f o r an electron to avalanche to the c r i t i c a l size. I f 
an electron i s within a distance of the anode side of the tube 
when the high voltage pulse i s applied i t w i l l not st a r t a 
discharge. - D-^ w i l l be affected by the rise time and the height 
of the high voltage pulse. Figure 4.3. shows that the efficiency 
decreases with increasing high voltage pulse r i s e time. I f the 
applied f i e l d rises slowly to i t s peak value, some electrons w i l l 
reach the wall of the tube before t h e i r avalanches have reached 
the c r i t i c a l size. Pigure 4.4. shows l i g h t pulses obtained vith 

.high voltage rise times of 70 n.sec (a) and 1 micro sec. (b) 
and confirms that the discharge develops much more quickly f o r 
a fast r i s i n g Mgh voltage pulse. 

4.5. THE laGNITUDE 0I-' THE DISCHARGE. 

In chapter 3 i t v/as shown from studies of the duration of the 
l i g h t output, that the discharge i n flash tubes i s self quencMng 
when the f i e l d due to charge separation backs o f f the applied 
f i e l d to such .an extent that, brealidowji can no longer be sustained. 
The magnitude of the discharge must therefore be determined by the 
magMtude of the applied f i e l d . The size of the discharge as a 
function of applied f i e l d V7as investigated by measuring the l i g h t 
i n t e n s i t y , which i s assujaed to be proportional to the energy of 
the dischai'ge. The photomultiplier described i n section 4.2. was 
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used, but because of the direct coupling the output had to be 
integrated to obtain the l i g h t i n t e n s i t y . Tiiis i s plotted as a 
function of applied f i e l d i n figure 4.5. and shows a variation 
wliich can be expressed as:-

r = v/' . 
where i- I = i n t e n s i t y 

T = applied f i e l d (P:V/cm) 
fi = 2.1 - 0.6 

Treating the fla s h tube as a capacitor, the-energy of the 
f i e l d i s given by:-

E- =. . CV̂  . 

and i f one assumes that a constai-it f r a c t i o n of the energy go.es"->-
i n t o the discharge, the experimental results agree with the 
capacitor model of a flash tube. , - , 

Using the value of 4.25 pF'for the capacitance of the inside 
of a fla s h tube (see chapter 5) and a3sujnj.ng that the fra c t i o n of 
the energy of the f i e l d which goes into' the discharge i s 
approximately 1, the equation 

gives the number of elect.rons involved i n the discharge- as 
2.5 X. 10^ cra"^ lOT"̂  cm. 

4.6. PROPAGATION OF TIS DISCHAI'GB DOM THE TUBE.. 

The l i g h t output from f l a s h tubes of 4 lengths was measured, 
using a number of di f f e r e n t high voltage pulse lengths from 0.4 to 
40~micro sec RC. The duration of the l i g h t pulse \faG found to be 
independent of high voltage pulse length, but dependent on the 
length of the flash tube. 

The results of Coxell et a l (2S) who found that the l i g h t -
pulse was longer than the high voltage pulse '(a.-.s.quare.--pulse 3 
micro, sec. long) and had a s l i g h t increase when the high voltage 
pulse v;as removed,are thought to be due to the integrating 
effect of the electronics used i n conjunction i l t h the phctomultiplier. 
The increase when the high voltage pulse v;as removed was probably 
due to back discharges v/hich are seen to occur, (figure 4.6) 
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e s p e c i a l l y rfaen the hig'h voltage pulse i s removed, aiid are due t o 
l o c a l i o e d breeJcdOfm i n the l a r g e f i e l d regions caused by charge 
deposited on the glass d u r i n g the pulse. 

A graph of l i g h t pulse l e n g t h (?;idth at base) against f l a s h 
tube l e n g t h (digure 4.7.) shows t h a t the two are approximately 
p r o p o r t i o n a l , i n d i c a t i n g t h a t the l e n g t h of the l i g h t pulse i s 
governed mfunly by the time talcen f o r the discharge to spread 
dovm the tube. 

(The 50 cm tubes had a Mgh -water vapour content, and t h i s 
may so modify the discharge and propagation mechanism as to 
e x p l a i n the d e v i a t i o n of t h i s p o i n t from the l i n e . ) 

Further evidence f o r the dependence of l i g h t pulse l e n g t h on 
the time talcen f o r the discharge t o spread down the tube i s given 
by the l i g h t pulses from p a r t i c l e s t r a v e r s i n g the f r o n t and back 
o f the tube's, shovm i n f i g u r e 4.8, obtained by p l a c i n g the 
s c i n t i l l a t o r telescope i n d i f f e r e n t p o s i t i o n s along the length 
of the tubes. The pulse (a)' corresponding t o a p a r t i c l e t r a v e r s i n g 
the-.front of the tube shows a sharp r i s e as the discharge s t a r t s 
near t h e p h o t o m u l t i p l i e r , and a slow f a l l as i t spreads t o the 
f a r end o f the tube, having already been s^vitched o f f a t the end 
near the p h o t o m u l t i p l i e r , and the i n t e n s i t y decreases w i t h 
distance from the p h o t o m u l t i p l i e r . The pulse obtained from a 
p a i ' t i c l e t r a v e r s i n g the back of the tube (b) i s reversed. The 
r i s e i s slow as the discharge spreads towards the f r o n t of the . 
tube, and the f a l l . i s f a s t as i t switches i t s e l f o f f . 

Fi'ora the graph of l i g h t pulse length against f l a s h tube 
l e n g t h i t can be seen t h a t the speed of propagation i s about 0.24 
,cm. / n. s e c , and t h a t the time taken f o r the discharge t o cross 

+ 
the tube i s about 150 - 50 n.sec. 

From the v e l o c i t y of propagation i t seems u n l i k e l y t h a t the 
discharge i s spread by electrons or ions since the (if.^i|sft.-scby, of 
these p a r t i c l e s down the tube would be too slow. Using the 
d i f f u s i o n r e l a t i o n s h i p : -

the time talcen f o r an e l e c t r o n t o traverse the length of the tube 
would be of the order of seconds. 
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The probable method of propagation i s hy u l t r a v i o l e t photons 
from the discharge stri};;ing the f l a s h tube w a l l s a t d i f f e r e n t p o i n t s 
along the tube. These T r i l l knock out photoelectrons wMch i n t u r n 
T.dll i n i t i a t e other discharges. Supporting evidence f o r t h i s i s 
given by the i^hotographs i n f i g u r e 4.9 of the l i g h t output from 
the side of a f l a s h tube, where i t can be seen t h a t a number of 
i n d i v i d u a l discharges tal-:e place. I n the f i r s t p i c t u r e where a 
40 micro sec- RC. pulse vras used, the discharge has spread down the 
whole tube, and about 1 discharge / cm i s v i s i b l e . The second 
p i c t u r e shows a discharge f o r a 0.4 micro sec. RC high voltage pulse. 
This i s confined t o a small volume of the tube, showing t h a t the 
discharge had not time, to spread dov/n the tube before the high 
v o l t a g e pulse was removed. I n some cases f o r a high voltage pulse 
of t h i s l ength the whole tube d i d l i g h t up. The d i f f e r e n c e i s 
probably due t o the j i t t e r , t y p i c a l l y a few hundred n.sec., on 
the s t a r t of the discharge.' 

4.7. THE DIGITISATION FUL5B. 

Ayre and Thomipson (7) have reported t h a t a discharge i n a 
f l a s h tube i s accompanied by an e l e c t r i c a l s i g n a l which can be • 
detected by a metal probe placed i n f r o n t of the tube. This pulse 
i s used i n the M.A.R.S. experiment (Ayre et a l (8)) as a method of 
d i g i t i s i n g the f l a s h tubes and enabling them to be run on l i n e t o 
an I.B.M. 1150 computer. 

The " d i g i t i s a t i o n pulse" has been i n v e s t i g a t e d , and has shed 
some l i g h t on the f l a s h ' t u b e discharge mechanism.. Figure 4.10 
shov/s osc i l l o s c o p e traces of d i g i t i s a t i o n pulse, l i g h t pulse, 
and the corresponding high voltage pulse. The l i g h t pulse csn be 
seen t o s t a r t when the high voltage pulse i s api^roximately a t i t s 
pealc, and to r i s e i n about 200 n.sec. I t s l e n g t h , about 600 n.sec., 
i s independent of the high voltage pulse l e n g t h . The d i g i t i s a t i o n 
pulse on the other hand, does not reach i t s peak u n t i l the l i g h t 
p ulse, and hence the discharge, i s over. I t s r i s e time i s about 
1 micro se.c, ajid i t s decay comparable to t h a t of the l i i g h voltage 
pulse. 

I t i s l u i l i l c e l y t h a t the d i g i t i s a t i o n pulse i s due t o an 
e l e c t r i c f i e l d set up by the charge separation since t h i s would 
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give a pulse of the vn'oni; p o l a r i t y ; nor i c i t l i k e l y t o be an 
e l e c t r o a t a t i c e f f e c t due to excess charge of one sign being pushed 
out o f the discharge t o the end of the tube, as susjested by Ayre 
and Thompson (7} since, t h i s mechanism VT-ould give d i f f e r e n t r i s e 
times f o r p o s i t i v e and negative d i g i t i s a t i o n pulses, corresponding 
t o the d i f f e r e n t v e l o c i t i e s of p o s i t i v e ions and electrons dovm 
the tube, and t h i s i s not observed. 

I f the e f f e c t were due t o electromagnetic r a d i a t i o n from 
moving charges, i t would be expected to have a much f a s t e r r i s e 
time, comparaJ)le w i t h t h a t of the l i g h t pulse, and t o sho?/ a 
considerable decrease when the l i g h t pulse ends, i . e . when most of 
the e l e c t r o n s have stopped moving, instead of f o l l o w i n g the high 
v o l t a g e pulse. 

The d i g i t i s a t i o n pulse i s not l i k e l y t o be due t o a shock 
wave set up i n the tube by the discharge since tlois would be expected 
t o give much-: slower time constajits, and a pulse o f the same 
p o l a r i t y regardless of the d i r e c t i o n of the high voltage pulse. 

The most probable explanation i s simply capacitatlvei. coupling 
between the high voltage electrode eaid the probe. I f the 
equivalent c i r c u i t o f the f l a s h tube and pi'-obe i s assumed t o be 
o f the form given i n f i g u r e ' 4 . 1 1 , i t i s easy t o see t h a t i f the 
impedance of the gas, 

, Z. =• R/{R.U) C + 1) 

becomes very much smaller due t o brea]cdown, the impedance 
bet^yeen the high voltage electrode and the pulse becomes much 
smaller. The d i g i t i s a t i o n pulse w i l l be present, even when the 
tube does not f l a s h , but i t ̂ T i l l be very much attenuated owing t o 
the l a r g e impedance of the gas. I n f a c t smaller d i g i t i s a t i o n 
pulse i s observed when the tube does not f l a s h . 

A D.C. f i e l d o f 2.8 KV/cm was applied t o the tubes and the 
d i g i t i s a t i o n pulses due t o brealcdown caused, f o r example, by cosmic 
rays passing through the gas, were observed. I f i t Is.^assumed 
t h a t the' decay of the d i g i t i s a t i o n pulse i s an RC decay, the RC 
value was seen t o chan.ge w i t h time. Tiie R and C i n question are 
the: r esistance bet\7een the probe and ground, and the capacitance • 
betiveen the high voltage electrode and the probe. The l a t t e r 
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v a r i e s when a discharge occurs because Cg.j,̂ g i s e f f e c t i v e l y shoa'ted 
out when the gas becomes conducting. Reducing Rp-̂ Q̂ g' a. f a c t o r 2 
was shoT/n.to reduce the len g t h of the d i g i t i s a t i o n pulse by a f a c t o r 
of approximately 2. 

The pulse shape was p l o t t e d on a l o g H r i t l m i c ,scale (figure-4.12) 
and the slope of the curve and hence the KG value, was found-; as a 
f u n c t i o n of time. AssmLng R to be constant, the v a r i a t i o n o f C 
was p l o t t e d , (figxire 4.12). The value of C f o r long times tends t o 
about 500 pP which agrees q u i t e w e l l w i t h the value of capacitance 
of 450pF' between the electrodes and the. probe, measured v/ith an 
AC br i d g e . 

• 4.8. .BACK DISCIPu^GING. 

Vftien the DC f i e l d was removed ecponentially, d i g i t i s a t i o n 
pulses both of the sa:ae p o l a r i t y as the DC f i e l d , and of the 
opposite p o l a r i t y were observed, the back discharges f o r several 
minutes afterwards. This c l e a r l y sho!7s t h a t l o c a l i s e d f i e l d s 
s t i l l e x i s t i n the tube, l a r g e enough t o support breakdown. These 
must be due t o charge deposited on the walls of the f l a s h tube 
d u r i n g discharges. I f these f i e l d s are large enough t o produce 
brealcdown, i t seems reasonable t o suppose t h a t some f i e l d w i l l 
e x i s t i n the tube f o r a considerable time a f t e r a discharge, and 
give r i s e t o the c l e a r i n g f i e l d e f f e c t described i n chapter 5. 

Back discharges w i l l r e s u l t i n a quick reduction of the c l e a r i n g 
f i e l d t o a value where discharging can no longer occur. Figure 
4.6. shows a c l u s t e r of back discharges when the high voltage f i e l d 
reverses p o l a r i t y , i n d i c a t i n g t h a t a r e v e r s a l of applied f i e l d 
encourages back sparking. 

4.9. SUUMRY. . . . 

I t has been shown i n t h i s chapter t h a t both streamer and 
Townsend discharges can occur i n f l a s h tubes, depending on the 
h e i g h t , and len g t h of the applied high voltage pulse, and t h a t i n 
most cases the discharge mechanism i s probably a combination of 
both. The p r o b a b i l i t y of the discharge o c c u r r i n g has been shown t o 
depend t o some extent on the liigh voltage pulse parameters. An • 
estimate has been made of the amount of charge deposited on the 
w a l l s o f a f l a s h tube during a discharge, and one mechanism by 
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which t h i s charge may be n e u t r a l i s e d , namely back discharging, 

. has been studied. 

I n the next clxapter an attempt w i l l be made t o c a l c u l a t e 
q u a n t i t a t i v e l y the f i e l d s i n f l a s h tubes due to t h i s charge, 
as a f u n c t i o n of time a f t e r the discharge, and t o c o r r e l a t e t h i s 
w i t h the c l e a r i n g f i e l d e f f e c t described i n the previous chapter. 
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CEAPl'SR 5'-: 

THEOm^ICAI^Om 

5.1. INTRODUCTION. 

The e f f i c i e n c y o f f l a s h tubes i s determined by the number of 
ele c t r o n s present when the high voltage pulse i s applied, and a t 
long delays t h i s i s governed mainly by d i f f u s i o n of electrons t o 
the v/alls xfhere i t i s assumed t h a t they have a hi g h p r o b a b i l i t y 
of capture. I t has been shovm, however, t h a t when ] i i g h r e p e t i t i o n 
r a t e s and long h i g h voltage pulses are employed, another method 
f o r the removal of elec t r o n s becomes s i g n i f i c a i i t , namely t h a t 
c l e a r i n g f i e l d s are b u i l t up by charge deposited on the w a l l s of 
the tube during the discharge, and these f i e l d s sweep electrons 
t o the w a l l s of the tube. I n t h i s chapter a random wallc method i s 
employed to solve the d i f f u s i o n , equation, w i t h a d r i f t ; terra added, 
f o r e l e c t r o n s i n a f l a s h tube, e-nd from the s o l u t i o n an estimate 
i s made of the magnitude of the c l e a r i n g f i e l d s b u i l t up i n some 
of the experiments described i n chapter 5. The formative distance 
o f the discharge also a f f e c t s the e f f i c i e n c y of the f l a s h tubes, 
and t h i s has been c a l c u l a t e d using the random walk method, f o r the 
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f l a s h tubes and high voltage pulse par.mete-i.-3 used i n the 
experiments. 
5.2. .DIFFUSION. . . . 

I f the movement o f electrons i n a f l a s h tube i s assumed t o be 
simply a d i f f u s i o n process, the e l e c t r o n density at a given time can 
be expi-essed as the s o l u t i o n to the d i f f u s i o n equation i n 
c y l i n d r i c a l coordinates. 

(1) l ^ 
D bt S r ^ r & r ^ ~^ 

where '- D' = d i f f u s i o n c o e f f i c i e n t 
N = e l e c t r o n d e n s i t y , 
t = time 
r , ^ , z are the c y l i n d r i c a l coordinates. 

The s o l u t i o n of t h i s equation has been described by Lloyd (22) 
and the p r o b a b i l i t y of a:i e l e c t r o n w i t h i n i t i a l p o s i t i o n 
r e m a i i i i n g i n the volume o f the f l a s h tube a f t e r a time t. i s given by: 

(2), / 5 ( r ^ , t ) = 2 l e x p ( - ^ 2 D t / a 2 ) J ^ ( y 3 r y a ) ^ J ^ ( ^ ) 

wiiere p = p r o b a b i l i t y of s u r v i v a l 
a = radius of the f l a s h tube 
j3 = p o s i t i v e r oots of J^j^(y3)~ 0 

Electrons produced from metastable atoms have also been 
considered, a;ad found t o be few compared w i t h the number given by 
equation (.2) 

Assu!!iing t h a t other methods by which electrons may be removed 
from the tube, such as attachment by im.purity molecules, are 
• n e g l i g i b l e compared w i t h the d i f f u s i o n process, the number of 
e l e c t r o n s remaining i n the tube a f t e r a', time t , and hence the 
effici e n c y , w a s found. 

This was done by three methods, and a l l were found t o agree. 
The f i r s t method was t o i n t e g r a t e equation (2) over the whole f l a s h 
tube, thus f i n d i n g the suarvival p r o b a b i l i t y of the average e l e c t r o n . 
The e f f i c i e n c y was then c a l c u l a t e d from the equation:-

^ = 1 - exp ( - FO^) 
where .= e f f i c i e n c y 

Q - i n i t i a l number of electrons 
= s u r v i v a l p r o b a b i l i t y 

• F = p r o b a b i l i t y of one e l e c t r o n i n i t i a t i n g a 
discharge. 

The method assuiiies a Poissonian p r o b a b i l i t y d i s t r i b u t i o n . 
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, The second method v/as to consider a cosmic ray t r a c k through 
the f l a s h tube p a r a l l e l to the y axis (see f i g u r e 5-1-) and t o 
i n t e g r a t e 'yO n u m e r i c a l l y over t h i s t r a c k , thus f i n d i n g the 
e f f i c i e n c y f o r a p a r t i c l e passing through a given p o s i t i o n i n the 
tube. The e f f i c i e n c y was then i n t e g r a t e d over a l l possible tracks 
p a r a l l e l to the y a x i s . This i s v a l i d t o a f i r s t approximation since 
the angle of acceptance of the detector used i s small. 

The t h i r d method, which i s the model clo s e s t t o r e a l i t y , was to 
take a l a r g e nvimber of track's i n randomly selected p o s i t i o n s across 
the f l a s h tube, and f o r each of these tracks t o c a l c u l a t e the 
s u r v i v a l p r o b a b i l i t y of N electrons i n randomly selected p o s i t i o n s 
along the t r a c k . 

W = Q- a 
where Q. = i o n i s a t i o n / u n i t path l e n g t h 

a = path l e n g t h 

The e f f i c i e n c y f o r each t r a c k yias computedv and averaged over 
a l l t r a c k s . V M l e the l a s t method i s the-most r e a l i s t i c o f the three, 
i t s c h i e f drawback i s the amount of computer time required to obtain 
s u f f i c i e n t s t a t i s t i c s t o give consistent r e s u l t s . However, the second 
method i s the li;ni"-t of the t h i r d when the number of tracks and 
e l e c t r o n s i n each t r a c k becomes very l a r g e , and a comparison showed 
the two t o agree w i t h i n s t a t i s t i c a l e r r o r . A set of curves sho?/ing 
f l a s h tube e f f i c i e n c y as a f u n c t i o n of delay f o r d i f f e r e n t values 
o f FQ, obtained by the second method, v/hich i s the one employed 
by Lloyd, i s g-iven i n f i g u r e 5.2. 

The g e n e r a l l y accepted value of primary i o n i s a t i o n by muons 
in'neon a t 760 mm.Kg i s about 12 i o n p a i r s /cm., however, at the 
delays considered ( > 10 micro sec.) secondary electrons w i l l have 
been created and d i f f u s e d apart. According t o Lloyd the electrons 
thermalise m t h i n a micro., second, and other workers quote s i m i l a r 
values. The value of Q t h e r e f o r e should be the t o t a l i o n i s a t i o n , 
given by Eyeions (31) as 55.6 i o n p a i r s /cm./ atmosphere, and t h i s 
value i s used here. 

I t can be seen from f i g u r e 5-2. t h a t the experimental values of 
f l a s h tube e f f i c i e n c y f o r c o n d i t i o n s i n which no c l e a r i n g f i e l d s 
are b u i l t up, l i e on the curve corresponding t o a value of FQ = 10, 
Thus according t o Lloyd, the p r o b a b i l i t y of a s i n g l e e l e c t r o n 
i n i t i a t i n g a discharge i s about 0.5,, assiuning t h a t the value o'f 
Q. i s c o r r e c t . 



FLASH TUBE SHOWING TYPICAL PATH OF AN ELECTROi^ 

p a t h o f cosmic r a y 

^ X 

X^fY = i n i t i a l p o s i t i o n 
0'' 0 

X ,Y. =r p o s i t i o n a t t i m e t 

f i g u r e 5.1 
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I t has been shov^n i n chapter 3 t h a t when f l a s h tubes are operated 
a t Mgh r e p e t i t i o n r a t e s , c l e a r i n g f i e l d s are b u i l t up which sweep 
ele c t r o n s out of the tube and cause a reduction i n e f f i c i e n c y a t long 
delays. I f i t i s assumed that- these c l e a r i n g f i e l d s are uniform and 
act i n a d i r e c t i o n perpenrlixular t o the electrodes, an a n a l y t i c a l 
s o l u t i o n of the d i f f u s i o n equation co n t a i n i n g a d r i f t term becomes 
impossible. I t was t h e r e f o r e decided t o attempt a s o l u t i o n by a 
rcmdom walk method. 

V e r t i c a l tracks a t d i f f e r e n t p o s i t i o n s i n the f l a s h tube were 
considered, and using an I M 360>• computer, a large number 
(normally 1,000) random e l e c t r o n p o s i t i o n s on the tr a c k were selected. 

Using a time i n t e . i T a l of 0.1 micro sec. and assuming the 
three dimensional equation:-

i = , / T D t 
where S •= ^oot mean square distance t r a v e l l e d by 

the e l e c t r o n 
t • = time 
D. = d i f f u s i o n c o e f f i c i e n t = 1,800 cm / sec. 

the movement of each e l e c t r o n was p l o t t e d as a f m i c t i o n of time by 
. s e l e c t i n g a random d i r e c t i o n i n space f o r each time i n t e r v a l , , and 
moving the e l e c t r o n a distance s i n t h i s d i r e c t i o n . A f t e r each step 
i t was r e q u i r e d t h a t the e l e c t r o n be i n s i d e the volujae of the f l a s h 
tube, i e . t h a t i t s dj.stance r = (x y ) from the axis of the tube, 
(x = 0 , y = 0) was less than a, the tube ra d i u s . D i f f u s i o n out of 
the end of the tube v/as not considered. I f t i i i s c o n d i t i o n was not 

• s a t i s f i e d , the e l e c t r o n was considered l o s t from the tube. 

The d r i f t v e l o c i t y of the electrons \ms talcen i n t o account by 
adding a constant distai:ice, V d t , i n the y d i r e c t i o n a f t e r each step. 

V = d r i f t v e l o c i t y 
dt. = time i n t e r v a l = 0.1 micro sec. 

D i f f e r e n t values of time i n t e r v a l , dowia to 0.01 micro sec. were 
t r i e d , and no d i f f e r e n c e i n the r e s u l t s was observed, tai:ing 
s t a t i s t i c a l e r r o r i n t o accovn.t. 

I n order t o check t h a t the method gave the same r e s u l t s as the 
a n a l y t i c a l s o l u t i o n of t h e d i f f u s i o n equation, values of s u r v i v a l 
p r o b a b i l i t y were computed by the random walk method f o r 1,000 
el e c t r o n s vvith a given i n i t i a l p o s i t i o n , and f o r the same i n i t i a l 
p o s i t i o n the p r o b a b i l i t y was ca l c u l a t e d by the a n a l y t i c a l method. 



The p o s i t i o n s used and the corresponding p r o b a b i l i t e s a t d i f f e r e n t 
delays are given i n t a b l e 13.1. from wiiich i t can be seen t h a t the 
agreement between the two methods i s q u i t e good. 

DELAY:, (micro sec.) 10 .50 100 150 200 250 300 

= 0.0 cm. 
AITALYTICAL SOLUTION 1.0 0.70 0.32 0.14 0.06 0.03 0.01 
iihimoM WAur 1.0 0.69 0.30 0.13 .0.06 0.03 0.01 

r„ = 0.7 era. 
AIAI,YTICAL SOLUnOI 0.36 0.12 0.05 0.02. 0.01 0.005 0.002 
HAIWOM v7ALK" 0.38 0.14 0.06' 0.03. 0.01 0.003 0.002 

5.4. FOMATIVB DIoTAJICS. 

I t was slaown i n s e c t i o n 5.2 t h a t the experimental p o i n t s f o r 
zero c l e a r i n g f i e l d f i t t e d the curve predicted f o r a value of P, the 
p r o b a b i l i t y o f one e l e c t r o n i n i t i a t i n g a discharge, equal t o 0.3. 
The probable reason f o r F not being \mity i s t h a t an e l e c t r o n 
r e q u i r e s a f i n i t e distance i n wiiich t o avalanche t o the c r i t i c a l 
s i z e . This i s known as the formative distance D„, and i f an e l e c t r o n 
s t a r t s o f f w i t h i n a distance D_- of the anode i t m i l be unable to 
i n i t i a t e a discharge. The formative distance w i l l depend on the 
parameters of the applied high voltage pulse. For example, i f the 

, r i s e time i s slow, more electrons w i l l be swept t o the vrall of the 
f l a s h tube before they can avalanche t o the c r i t i c a l s i z e . The 
higher the f i e l d the f a s t e r the e l e c t r o n avalanche grows, and the 
s h o r t e r the f o i T i a t i v e distance. This of course i s cou,nteracted by 
the increased v e l o c i t y o f the elect.rons, vriiich tends to increase 

• the f o r m a t i v e distszice. Since the e f f i c i e n c y o f f l a s h tubes, f o r 
a f i x e d delay, i s constant above a c e r t a i n f i e l d , i t i s assumed 
t h a t the formative distance must also be constaait. 

The random walk method was employed t o estimate the formative 
distance f o r the f l a s h tubes and high voltage pulse parameters 
used i n the experiments. Electrons vdth zero d r i f t v e l o c i t y were 
considered, and the a d d i t i o n a l c o n d i t i o n was imposed t h a t a f t e r 
a time t ,' the e l e c t r o n should not be v / i t l i i n a distance D^ , on the 
y a x i s , from the anode w a l l of the x'lash tube. This gives r i s e to 
a s i t u a t i o n i n v/iiich the p r o b a b i l i t y o f an e l e c t r o n i n i t i a t i n g 
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a discharge may be l i i g h e r a f t e r a time . t than at- zero time, since 
i t may s t a r t o f f v/itMn the formative distance, and d i f f u s e out of i t . 

The e f f i c i e n c y as a f i m c t i o n of delay was computed f o r d i f f e r e n t 
values of .D̂  and the r e s u l t s are given i n f i g u r e 5-3. I t can be 
seen t h a t the experimental p o i n t s f i t q u i t e w e l l t o a curve 
corresponding t o D̂ . = 0.75 cm. The p o i n t at 10 micro sec. delay 
d i f f e r s s i g n i f i c a n t l y from the t h e o r e t i c a l curve. This may be due t o a 
d i f f e r e n c e i n formative distance at such short delays, when the 
i n i t i a l e l ectrons are cl o s e r together, and the formative distance f o r 
a dischai'ge i n i t i a t e d by two or more electrons may be s i g n i f i c a n t l y 
l e s s than f o r a discharge s t a r t e d by only one e l e c t r o n (42). I f t h i s i s 
so, i t can be seen t h a t the formative distcuice a t 10 micro.sec. i s 
n e g l i g i b l e . At longer delays however, the p o i n t s f i t the D̂ , = 0.75 
curve q u i t e c l o s e l y . 

From the data of Fischer and Zorn (32) f o r spark formative times, 
and the d r i f t v e l o c i t i e s of e l e c t r o n s , as a f u n c t i o n of f i e l d , i n neon'^ 
given by Von Engel (33) a f i e l d of 4 ICV/cm would be expected to give 
a f o r m a t i v e distance of 4.8 cm, aiid a f i e l d of 7KV/cm., 0.7 cm. 

The reason f o r the discrepancy i s probably t h a t the discharge i s 
not s t r i c t l y streamer breakdown. I f a discharge i s not i n i t i a t e d by 
the streamer method, the e l e c t r o n density may reach the c r i t i c a l value 
by p h o t o i o n i s a t i o n ajid photoemission from the w a l l s of the f l a s h tube, 
thus decreasing the e f f e c t i v e formative distance. 

5.5. SHIFT VELOCITY. 

The e f f i c i e n c y as a f u n c t i o n of delay was computed by the random 
v;a:lk method f o r d i f f e r e n t values of d r i f t v e l o c i t y both i n the same 
d i r e c t i o n as, and opposing the applied f i e l d , and w i t h D̂  = 0.75 cm. 
The r e s u l t s are given i n f i g u r e s 5-4 and 5.5. V e i o c i t i e s of up to 
about 10 cm/sec. maice very l i t t l e d i f f e r e n c e t o the e f f i c i e n c y . This 
v e l o c i t y corresponds t o a ' c l e a r i n g f i e l d of less than 10 ^V/cm 
according t o the data of Pack and Phelps (28). 

I t i s evident t h a t d r i f t v e l o c i t i e s wiiich oppose the applied 
f i e l d give r i s e t o higher efficienci-.es than d r i f t v e l o c i t i e s i n the 
same d i r e c t i o n as the a p p l i e d f i e l d . "This i s obviously due t o the 
f a c t t h a t i n the former case electrons are swept away from the anode, 
g i v i n g them a g r e a t e r distance over v/hich to avalanche, v/hile i n the 
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l a t t e r case they are swept toT.Qrds the anode. For small d r i f t 
v e l o c i t i e s i n opposition'to the applied f i e l d there i s a s i t u a t i o n 
i n \7jiich the. e i T i c i o n c y a t short delays can be s l i g h t l y higher than 
the e f f i c i e n c y f o r aero c l e a r i n g f i e l d because some electrons are 
swept i n t o a more adyantageous p o s i t i o n by the c l e a r i n g f i e l d . 
This e f f e c t can be seen i n f i g u r e 5.4. 

5.S. POSITIOII OF THE TMCK IN THE FLASH TUBES. 

The e f f i c i e n c y w i l l depend on the p o s i t i o n of the p a r t i c l e t r a c k 
i n - the f l a s h tube. A p a r t i c l e passing through the centre of the 
tube w i l l have a longer path i n ther" gas i n wMch to create i o n p a i r s , 
and the electrons^ on the average^ m i l s t a r t o f f f u r t h e r from the 
w a l l s and m i l t h e r e f o r e have a b e t t e r chance of s u n d v a l than 
e l e c t r o n s - s t a r t i n g on. a tra c k nearer the w a l l . 

Tlie random v/all<: method was used t o obt a i n the e f f i c i e n c y as 
a f u n c t i o n of the p o s i t i o n of the t r a c k i n the f l a s h tube, f o r zero-
. d r i f t v e l o c i t y and. f o r d i f f e r e n t delays. Tins i s coiapared'-kith 
experimental p o i n t s obtained by drawing the best s t r a i g h t l i n e 
through the muon t r a c k s i n f l a s h tubes, and c a l c u l a t i n g the e f f i c i e n c y 

• as a f i m c t i o n of the distance of t l i i s l i n e from the centre of the 
tube. The t h e o r e t i c a l - curves and the experimental p o i n t s are shown 
i n f i g u r e 5.6, and the agreement i s seen t o be q u i t e good; 

5.7. DETEPiilNATION'OF DBIFH FEL0GITI5S BUILT U? IN THE EJIPEHILIENTS. 

I n chapter 3 graphs were given of the experimental v a r i a t i o n 
o f e f f i c i e n c y m t h delay f o r d i f f e r e n t high voltage.pulse lengths, 
at. a f a s t r e p e t i t i o n r a t e , and i t was shovm t h a t c l e a r i n g f i e l d s 
e x i s t e d . Comparison of these graphs w i t h the t h e o r e t i c a l curves 
( f i g u r e 5-7) of e f f i c i e n c y as a f u n c t i o n of delay f o r d i f f e r e n t 
d r i f t v e l o c i t i e s shov/s t h a t the experimental curves correspond t o 
c l e a r i n g f i e l d s which decrease v d t h i n c r e a s i n g delay. This i s to 
be expected since the e f f i c i e n c y , and th e r e f o r e the ra t e of f l a s h i n g 
decreases m t h i n c r e a s i n g delay and hence a smaller c l e a r i n g f i e l d 
i s b u i l t up. 

The d r i f t v e l o c i t i e s vieve found by comparing the experimental 
e f f i c i e n c j ' ' a t a given delay w i t h the graph of e f f i c i e n c y against 
d r i f t v e l o c i t y f o r t h a t delay, ( f i g u r e 5.8). The c l e a r i n g f i e l d 
,was then found from the data of Pack and Phelps (28) assuming t h a t 
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the r e l a t i o n s h i p between f i e l d and d r i f t i ^ e l o c i t y f o r the neon/helium 
mixture does not d i f f e r s i g n i f i c a n t l y from t h a t f o r pure neon. 
Jlgure 5-9 vShovra the v a r i a t i o n of cle-?a'ing f i e l d m t h effi c i e n c j ' ' f o r 
d i f f e r e n t l i i g h voltage pulse lengths. 

I n the experiment described i n c h a p t e r s where an ex t e r n a l f i e l d 
of 8.5 V/cra was a^Dplied t o the f l a s h tubes, a reduction i n e f f i c i e n c y 
a t 50 micro sec. delay from 76>i to 67% v/as observed. Comparison m t h 
the theorj'- gives an e f f e c t i v e c l e a r i n g f i e l d of 0.1 V/cm compared 
w i t h the value of 0.5 V/cm found by a very approximate method i n 
chapter 6. 

5.8. DECAY OF THE CLEARIMG FIELDS 

.. I t has been shown i n a previous chapter t h a t the dischai-ge i n a 
f l a s h tube i s s e l f quencliing vrhen the f i e l d created by charge 
separa t i o n backs o f f the applied f i e l d t o such an extent t h a t the 
discharge can.no longer be sustained. ' V/lien the high volta.ge pulse i s 
removed the back f i e l d m i l ' d e c a y according t o the equation:-

V =. Vo exp ( - t / n ) 

where l- V = f i e l d a t time t 
Vo . = f i e l d a t t = 0 
X = decay.constant. 

Assumng t h a t the i n i t i a l back f i e l d i s equal and opposite to the 
ap p l i e d f i e l d of 4 Kl^cm, and considering a r e p e t i t i o n r a t e of 1 f l a s h / ' 
minute/tube, a decay constant of 6.0. s e c i s required f o r the f i e l d to 
decay t o 0.2 V/cm, a t y p i c a l c l e a r i n g f i e l d obtained vdth the r e p e b i t i o j i 
r a t e o f 1 i n 60 seconds. The value of x obtained i n chapter 3, from 
the r e s i s t a n c e and capacitance of a f l a s h tube was 2.7 .sec. The 
d i f f e r e n c e can be explained i n terms of v a r a t i a t i o n s i n the surface 
r e s i s t a i i c e of glass which could vary by as much as a f a c t o r 2 from 
tube t o tube. 

The magnitude of the c l e a r i n g f i e l d i s p r o p o r t i o i i a l t o the amount 
of charge deposited on the f l a s h tube vr a l l s . This i s given by: 

= S - n 
dt 

where l- n = mmber of electrons 
S = r a t e of depos i t i o n charge 
T = decay constant 
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I n t e g r a t i n g g i ves:-

n = S t ; ( l - e x p ( - t / c ; ) ) ' 

Thus V = K S r ( l ~ e x p ( - t / T ) ) 

•(There V = clearing- f i e l d 
K. i s a constant 

For a r a t e of f l a s h i n g of 1/60 seconds, exp ( - t- / ' X ) tends 
t o zQT.o, so 

V KST 
Now S, the r a t e of depos i t i o n of charge on the wa l l s of the 

f l a s h tube i s p r o p o r t i o n a l t o the r a t e of f l a s h i n g , and to the 
amount of charge deposited per fla^^h, which depends on the high , 
vo l t a g e pulse l e n g t h . 

dn 
• d ^ . • V 

since the d r i f t v e l o c i t y of p o s i t i v e ions i s approximately p r o p o r t i o n a l 
t o the f i e l d . (Von Engel.C55)) 

^ Vo exp' ( - t /' EC) 
dt 

where RC = decay constant of the hJ.gh voltage pulse, 
dn •ot V exp(-t/RC) d t 

N _V (exp(-t/RC) Rc/ 

N oc V RC 
0 

Thus the amount of.charge deposited, and hence the c l e a r i n g 
f i e l d , i s p r o p o r t i o n a l t o ' t h e RC constant of the high voltage pulse. 

•vriiere 

V ^ RC VQ r] ( T ; / t ) ( l - e x p ( - t / - i : ) ) 

V c l e a r i n g f i e l d 
RC = decay cons.tant of the high voltage pulse 
Vo f i e l d immediately a f t e r a f l a s h 

"1 e f f i c i e n c y 
X = decay constant of the charge 
t — intem'-al bet~\7een f l a s h e s . 



- 55 

A gTaph of c l e a r i n g f i e l d d i v i d e d 'by e f f i c i . s n c y against RC i s 
shown i n f i g u r e 5.10. The reason why thds i s not a s t r a i g h t l i n e 

' i s t h a t there i s not an i n f i n i t e supply of p o s i t i v e ions t o deposit; 
on the f l a s h tube w a l l s , and a l l the a v a i l a b l e charge i s swept out 
of the g'as by a l i i g h v o l tage pulse a fev/ tens of micro, seconds long. 

Figure 5.9 shows the v a l u a t i o n of c l e a r i n g f i e l d w i t h e f f i c i e n c y 
and i t can be seen t h a t f o r a f i x e d l i i g h voltage pulse l e n g t h a 
s t r a i g h t ' l i n e graph i s obtained. 

5.9. CONCLUSION. 

The d i f f u s i o n equation f o r electrons i n a f l a s h tube can be 
solved a n a l y t i c a l l y only i f no d r i f t term i s present. The random 
walk method of s o l u t i o n i s a very powerful one. I n the l i m i t where the 
number of electrons considered tends t o i n f i n i t y , the s o l u t i o n 
tends t o the a n a l y t i c a l s o l u t i o n . The method has the great, 
advantage of s i m p l i c i t y , and any process which the e l e c t r o n s : 
undergo can be put i n t o i t . The formative distance of the discharge, 
and d r i f t v e l o c i t i e s of elec t r o n s have been included i n the theory 
i n t h i s chapter, and attachment of electrons t o i m p u r i t y molecules, 
c r e a t i o n of electrons. f.rom metastable atoms^ and other processes 

' f o r c r e a t i o n or removal of electrons could j u s t as e a s i l y be 
incl u d e d provided the p r o b a b i l i t y o f tYiese processes oc c u r r i n g 
was Imown. The accuracy of the s o l u t i o n i s l i m i t e d by the number 
of e l e c t r o n s considered, and i n the present work t rds was severely 
l i m i t e d by the amount of time a v a i l a b l e . However, s u f f i c i e n t 
s t a t i s t i c s were obtained to show t h a t experimental r e s u l t s can be 

..explained on the basis o f the d i f f u s i o n and d r i f t theorj'-, and to 
i n d i c a t e t h a t a more d e t a i l e d and accurate model of the f l a s h tube 
could be evolved by t h i s method. 

The decay constant of the c l e a r i n g f i e l d s has been ca l c u l a t e d 
from the values t o which they have decayed i n the i n t e r v a l between 
f l a s h e s , and the value found to agree reasonably w e l l vdth t h a t foiuid 
i n chapter 5 from measurements of r e s i s t i v i t y and capacitai:ice of 
f l a s h tubes. Relationships between c l e a r i n g f i e l d s and e f f i c i e n c y , 
r e p e t i t i o n r a t e , and l e n g t h of the Mgh voltage pulse, have been 
f oimd. 
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CHAPTER 6. 

DISCU3SI0IJ. 

The main object of t h i s ffork has been to investigate the clearing 
f i e l d s Y/hich have been fomid to reduce the efficiency of flash tubes 
t7hen they are operated at high r e p e t i t i o n rates, and a study has also 
been made of the discharge raechanism and i t s relationship to the 
clearing f i e l d s . I n t h i s chapter the experimental results are discussed 
together w i t h the processes wlrLch they suggest occur i n flash tubes, 
and an attempt i s made to explain soice of the anomalous experimental 
resu l t s . Some suggestions are made for future work, on flash tubes. 

6.2. PRODUCTION OF 5LSCTR0IS IN FMSE TUBES.' 

When an ioni s i n g p a r t i c l e passes through a flash tube i t produces 
a primary, ionisation of 12 ion pairs/cm/atmosphere.pressure. I n the 
process of thermal!sation a t o t a l ionisation of 33.6 ion pairs/cm/ 
atmosphere i s achieved. According to Heyn (33) the.thenaalisation 
process i s complete i n 500 n.sec, and Lloyd (22) quotes a time of 
1 micro, sec. Since the minimiuii delay used i n the experiments i n 
chapter 3 was 400 n.sec., a value of ionisation of 33.6 may not be 
v a l i d i n t h i s case, but a, value betv/een. 12 and 33.6 should be used. 
A primary electron will' produce secondary electrons f a i r l y close 
together i n i t s v i c i n i t y , and i f the high voltage ..pulse i s applied 
before these have had time to diffuse apart a single avalanche may be 
started by a cluster of electrons instead of by a single electron. 
I t -was sho\vn i n chapter 5 by comparison of experimental values of 
efficiency vrith theoretical predictions, that the effective formative 
distcince, i . e . the distance needed for an electron to avalaiiche to the 
c r i t i c a l size, appeared to be much less for short delays (about'10 
micro sec.) than the value of 0.75 cm. obtained f o r longer delays. 
This could be explained by postulating that a cluster of electrons 
•will avalanche to the c r i t i c a l size i n a shorter distance than a 
si.ngle electron. 

JXiring the delay bet\7een the passage of the pa r t i c l e through the 
gas and the application of the liigh volta.ge pulse, the electrons YTLII 
unde?:go a d i f f u s i o n process. Some of them vrill reach the walls of the 
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flash tube, and i t has been as3iirc.sd that these V7il.l s t i c k to the glass 
and be l o s t from the gas. Lloyd quotes Maasey and Burhop (59), but 
these authors do -not- mention s p e c i f i c a l l y the attaciainent of electrons 
to glass. Von Eippel, (40) i v r i t i n g about electrons i n insulators, 
states that electrons which are t r a v e l l i n g slowly enou/ih to transfer 
t h e i r energy to a heavy p a r t i c l e i n the insulator m i l become trapped. 
Glass has a very i r r e g u l a r surface on a molecular scale, emd there w i l l 
be many po t e n t i a l wells i n t o which an electron could " f a l l " . 

• Electrons may be l o s t from the gas by attachment to impurity 
molecules such r/ater and oxygen i f these are present. The cross 
sections f o r attacliment vaxy i-7ith electron enei-gy, and are of the order 

""18 2 
of 10 cm . at-electron energies of about 6 eV (Biichel 'iiikova (19))« 
In the ordinary.flash' tubes used, the concentrations of water and oxygen 
were ne g l i g i b l e , but i n tubes manufactured vath high water content' .'the 
effect was c l e a r l y seen from the graphs of efficiency as a function of 

- delay. The efficiency at a given delay was much lower than f o r ordinary 
tubes. Other substances, notably halogen compounds, have the same effect, 
and could be used to deliberately reduce the sensitive time i n tubes 
which were to be operated at high r e p e t i t i o n rates. Water i s not a 
good substejice to use i n t h i s connection since i t also has the effect 
of reducing the brightness of the f l a s h . 

Further electrons may be created by the decay of metastable atoms 
which r e s u l t from the i o n i s i n g p a r t i c l e . Lloyd (22) quotes from the work 
of Jesse and Sadauskis (.41) a number of metastables 0.46 times the 
number of ion pairs, and a rate of 1/180 micro sec. f o r the decay of 
metastables with the production of an electron. Using these figures, 
calculation shows that the number of electrons coiitributed i n this.-.way 
•during the delay time i s negligible. 

I f e l e c t r i c f i e l d s are present they v / i l l sweep electrons to the 
walls of the tube. This v / i l l be discussed i n a l a t e r section. 

6.3. THE SISCHARGg. 

?̂hen a high voltage pulse i s applied the p r o b a b i l i t y of a discharge 
depends on the number and position of the electrons i n the gas. An 
electron requires a f i n i t e distance, depending on the magnitude and 
r i s e time of the applied f i e l d , i n which to avalanche to the c r i t i c a l 
size, and i f i t i s vdthin t h i s distance of the anode when the high 
voltage pulse i s applied, i t v / i l l not s t a r t a discharge. The probability 
of a given electron i n i t i a t i n g a discharge may, f o r short delays, 
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increase s l i g h t l y with time, since i t may s t a r t o f f - w i t h i n the foiraative 
distance and diffuse or d r i f t - o u t of i t . This has been showia i n chapter 5-
Howeve.;', f o r long dolaj^s, loss .by di f f u s i o n to the walls of the tube 
w i l l dominate. 

I f the f i r s t avalanche dees not reach the c r i t i c a l size the 
electron density i n the tube may s t i l l become high enough f o r brealcdown 
to occur, by the Townsend mechanism. Electrons may be liberated from 

• the glass when positive ions or photons from the f i r s t avalanche str3.ke 
i t ; and photoionisation of neon atoms may occur. Electrons so produced 
w i l l also-;avalanche. The-Tov/nsend process takes longer than streamer 
brealtdovrn, and therefore requires a longer high voltage pulse, but i t 
w i l l take place at lovzer f i e l d s . This indicates that the prbbability 
of flashing by a Townsend mechanism mi-ght increase m t h pulse length, 
so that the I'decrease observed for fast r e p e t i t i o n rates i s opposed, by 
th i s mechani.sm. 

I n f a c t , except i n the plateau region, the efficiency does 
iricrease m t h pulse length, as sho™ i n figTare 4.1. The minimum voltage 
at which breakdown w i l l occur insreases with decreasing pulse length 
as the streamer mechanism takes over gradually from the Towisend. 

I t was seen i n chapter 4 that the discharge i s propagated dovm 
the tube with an approximately constant velocity of 0.24 cm/n.sec .and 
thati: the most probable method to f i t i n with tMs ve l o c i t y i s that 
breakdo?/n i n d i f f e r e n t positions along the tube results from emission 
of electrons by photons from the i n i t i a l and successive avalanches. 

From the lit^iht pulse measurements i n chapter 4, (figure 4.7) i t 
i s seen that the f l a s h i n 100 cm long tubes lasts f o r about 600 n.sec. 
and'..that t h i s i s independent of the length of -time f o r which the,high 
voltage f i e l d i s applied. This indicates that the discharge i s self 
quenching v-i'-hen the f i e l d due to charge separation backs o f f the applied 
f i e l d to such an extent that i t can no longer be sustained. Figi.ire 6.1. 
sho\7S the electron and ion concentrations i n the tube during the 
discharge, and the corresponding f i e l d , which at any time i s the sum of 
the applied f i e l d and the back f i e l d created by charge separation. The 
former i s approximately constant during the time considered, (600 n.sec). 
The l a t t e r i s a function of position i n the tube as well as of time. 
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6.4. CLSARI?fG FUNDS' 

I.t i s estimated from electron d r i f t v e l o c i t i e s ^ven by Pack and 
I^elps (28) that f o r a 4 KV/cm f i e l d electrons \ v i l l be removed from the 
tube i n about 200 n.sec, aiid hence most of the electrons i n the 
discharge v a i l be deposited on the glass. 

The positive ions however, move much more slov/ly, and the number 
of these deposited on the glass w i l l depend on the potential seen by 
them during and' a f t e r the discharge, and on the duration of the high 
voltage pulse, as well as on the number of ion pairs created which 
was shovm i n chapter 4 to be proportional to the square of the applied 

12 
f i e l d , and to be of the order of 10 . 

The-.:field seen by the positive ions w i l l decrease due to the decay 
of the high voltage pulse, and also due to the back f i e l d created by 
charge separation. Waen the applied f i e l d has decayed to a value 
equal aiid opposite to the back f i e l d , the positive ions \ 7 i l l stop 
d r i f t i n g to the anode wall of the flash tube, and as the;- high voltage 
pulse decays further, those which .have not already reached the wall 
w i l l d r i f t back towards the cathode side w^iere they w i l l neutralize some 
of the electrons wMch have been deposited there. 

•When;.the applied f i e l d has been removed altogether, the f i e l d i n 
the tube w i l l depend on the munber of positive ions which have been 
deposited on the walls, and i t i s tliis f i e l d which i s thought to be 
responsible f o r the reduction of efficiency at long delays-v/^ieR.-• 
r e p e t i t i o n rates are used. 

I t would be expected that t l i i s f i e l d w i l l decay by conduction 
of electrons over the glass, and th i s i s supported by the fact that • 
the ef f i c i e n c y of flash tubes operated at high repetition- rates 
increases with the conductivity of the glass used, and can be made 
independent of r e p e t i t i o n rate, xxp to l/lO sec/tube, by the addition 
of T/ater which increases the surface conductivity of the glass. I f the 
effect were due to polarization^ the surface conductivity would be 
expected to have no effect. I t i s possible that polarization does occur, 
and may be responsible f o r the long term clearing f i e l d s . 

P i c k e r s g i l l (23) suggested that the reduction i n efficiency might 
be due to f i e l d s , caused by charge separation or polarization of the 
glass, backing o f f the pulsed f i e l d next time i t i s applied. This i s 
disproved by the fact that the brightness of the flash does not decrease, 
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as i t does when lower applied f i e l d s are vjsed " ..and i n ajaj case, i f the 
clearing f i e l d s were s u f f i c i e n t to back o f f the applied f i e l d to such 
an extent as to reduce the e f f i c i e n c y , a l l the electrons would c e r t a i n l y 
be swept out of the tube during the delay time. 

The clearing f i e l d effect was sho^ffii i n chapter 3 to increase v/ith 
increasing length of the high voltage pinlse u n t i l a,maximum was reached 
at an RC coaistant of about 40 ;Hicro sec. This i s consistent with the 
charge separation model since a maximum effect would pb\a.ou3ly occur 
when a l l the positive ions were swept out of the gcis and calculations 
from d r i f t velocities"given by Pack and Phelps (28) show that f o r a 
4 K?/'cm pulse with a decaj' constcoit of 80 micro s e c , a l l ' t h e positive-, 
ions should be removed from the tube. 

However, this fact i s not inconsistent -^ith the polarization model. 
A certain length of time i s req^iired f o r an ion i n a substance to become 
polarised, and i t may be that once a c r i t i c a l length of time i s attained, 
the p r o b a b i l i t y of polarization shows no further increase. 

I t i s not clear why the clearing f i e l d effect i s independent.of 
applied voltage. The efficiency at delays from 400 n.sec to 300 micro ' 
sec. does not vary with increasing f i e l d above a c r i t i c a l voltage either 
with or vdthout clearing f i e l d s , although the brightness does increase., 
as shown i n chapter 4̂  indicating that more photons, and hence more 
electrons tal-ce part i n the discharge. The product of Q, the number of 
electrons present at the beginning of the iiigh voltage pulse, aiid F, the 
p r o b a b i l i t y of an electron i n i t i a t i n g a discharge must therefore be 
independent of the f i e l d . For no clearing f i e l d , Q i s obviously 
independent of the high voltage pulse, and i t must be assumed that F, 
which i s goveriied by the formative distance must also be independent of 
applied voltage, i n the plateau re.iion. 

According to Fischer and Zom (32) an electron should avalanche to 
the c r i t i c a l size faster the higher the f i e l d , but the velocitj'- also 
increases with increasing f i e l d . 

hJL =• f (E) 

where ^ t = rate of build up of charge 
E = f i e l d 

ajad - ^ = constant x ' E> approxiaately. 
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I f f (S) i s approximately linear over the range considered; about 
2 to 7 KV/cm, '•^'J'^x '^vill be ?.pxjroximately constant over t h i s range, 
i.e. the increase of avalanche size f o r a given distance, and hence the 
formative distance, w i l l be independent of f i e l d . 

When clearing f i e l d s are b u i l t up, t h e i r magtiitude ?/ould be expected 
to depend on the number of ions i n the discharge, and on the height ai:id 

length of the high voltage pulse. Considering the flash tube as a 
capacitance, C, the relationsiiip between the voltage V.. across i t , and 
and Q, the amoiuit of charge involved i s given by:-

= C.V 

so that the clearing f i e l d w i l l be proportional..to the amount of charge 
' deposited on the glass. Since the nu_-iber of ions i n the discharge 
incx^eases and the f i e l d seen by the positive ions a f t e r the discharge 
would be expected to increase,' or at least-not to decrease with increasing 
f i e l d , i t i s d i f f i c u l t to see why the cleeiring f i e l d effect i s independent 
of the applied voltage. However, th'e~iclearing f i e l d depends on the r a t e 
of flashing, and as the former increases the l a t t e r obviously decreases. 
Thus i t appears that an increased applied f i e l d causes an increased 
clearing .-field effect which i n turn reduces the efficiency and hence the 
clearing f i e l d , so that an equilibrium value of efficiency i s attained 
which i s independent of the applied f i e l d . 

When the pulsed f i e l d i s removed, back sparking may occur i f the 
f i e l d due to charge separation i s high enough to cause bretikdowu and 

electrons are present i n the tube, either remaining from the dj.scharge, 

or produced from the decay of a metastable atom or by a second cosmic 
ray._ Back discharging -wLll cause localised reductions of the clearing 
f i e l d s , and may help to explain the fact that these are independent of 

applied voltage. I f the f i e l d inside the tube i s reduced to a value 
where discharges can no longer occur, t h i s value should be coiiStaiatv -30 

that the resultant clearing f i e l d vrould be independent of the i n i t i a l 
f i e l d . According to t h i s model, however, the f i e l d should not depend 

on the duration of the -applied f i e l d either. 

\^.-5. THE LONG TERT.! CLEARING FIELDS. 

The long tei-m effect does stjoL depend on applied f i e l d , as shown i n 
chapter 3, and th i s indicates that i t i s dependent on a d i f f e r e n t process 
from the short term ef f e c t . 

I t would be expected that a minimum amount of energy would be 
necessary to cause pola.ri3ation i n glass, ajid i t may be that t h i s minim.um -

energy i s achieved v/ith the f i e l d s of about 6 ICV/cm at which the ' 
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long term clearing f i e l d effect becomes apparent. 

Alt e r n a t i v e l y , the long term effect could be due to electrons trapped 
i n the glass.as d i s t i n c t from charge on the surface which i s r e l a t i v e l y 
free to move. Surface conduction of electrons-by the glass of which 
flash tubes are made i s almost certainly due to the layer of water 
present on.the surface. The mobility of el3ctrons actually i n glass 

"-5 2 —1 —1 
(5 X 10 cm sec . v o l t s ) (43) gives a r e s i s t i v i t y much higher than 
the-.measured value, even i n a supposedly dry aitu a t i o n . I t i s well fciown 
that glass, especially i f not very clean, acquires a t h i n layer of water 
on i t s surface which requires temperatures of hundreds of degrees 
centigrade to remove completely. The more energetic electrons i n the 
discharge might be able to penetrate t h i s layer of water and become 
trapped i n the glass. Here they would have a lower mobility than those 
i n the water layer, and would consequently move much more slowly,, and 

might give r i s e to long'.term f i e l d s . This-.mechanism would be dependent 
on the applied voltage since electrons would require a minimum energy 
to penetrate the water layer, and also because the .nuiober of electrons 
involved increases with applied f i e l d . 

The f a c t mentioned i n chapter 3, that when tubes which show the 
long term clearing f i e l d effect are operated with a high voltage pulse 
of the opposite p o l a r i t y they give an increased ef.ficiency, shows that 
the effect i s cancelled out by a f i e l d (presumably short term) of the 
opposite p o l a r i t y . This means that the long term and short term effects 
are of the same p o l a r i t y , which argues against polarization, since.this 
would give a f i e l d of the opposite p o l a r i t y to one caused by chai-ge 
separation. 

•\7hether the effect i s due to trapping or polarization, i t should 
decrease with increasing temperature since thermal ^lotion vn.ll increase 
both the p r o b a b i l i t y of depolarization and of release of electrons from 
traps. I n the experiments, i n chapter 3 the temperature was monitored, 
and never varied by more thaj-: a few degrees centigrade, nor was i t 
possible, i n the present s i t u a t i o n , to varj-- the temperature by more than 
t h i s amount i n order to assess i t s effect. However, certain rather large 
fluctuations i n efficiency were encountered, f o r example i n figure 3.10, 
and i t may be that these could be explained i n terms of temperature 
variations. 
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6.6. EXTERNAL CIxSARING FIELDS. 

When external clearing f i e l d s were applied to the flash tube arrays, 
the reduction i n efficiency did not agree with the value calculated from 
the data of.Pack and Phelps (2S) f o r the relationship between f i e l d and 
d r i f t v e l o c i t y . The reason for-the disagreement could be either an 
incorrect assumption'about the d i u f t velocity, or an incorrect value of 
clearing f i e l d . 

The .v/ork of Pack and Phelps was done on pure neon,- and the gas . 
used,in the f l a s h tubes was a mixture of neon and helium. The d r i f t 
v e l o c i t y could therefore be i n error. 

I n calculating the clearing f i e l d across the gas, i t i s only an 
approximation to neglect the effect of the glass. I f one considers • 
the application of pulsed and-D.C. f i e l d s to a flash tube, the system 
can be reduced to 3 capacitors i n series, (figure 3.11) each with a 
lealcage resistance. 

For a pulsed f i e l d , assuming the capacitative impedance to be small 
compared m t h the r e s i s t i v e component, the f i e l d s across the gas a,ad 
glass w i l l be proportional to the reciprocal of t h e i r d i e l e c t r i c constants; 
1 and 7.5 respectively. For a pulsed f i e l d of 4 KV/'cn across the 
electrodes,.the fields-appearing across the glass, which i s 1 mm thick, 
and the gas, 1.6 cm. at the centre of the tube, T/ould be 0.59 KV/cra and 
4.4 KV/cm. Thus the f i e l d across the gas i s not very d i f f e r e n t from 
the value calculated on the assuicption -that the effect of the glass can 

• be ignored. 

For a D.C. f i e l d however, the f i e l d s appearing across the glass and 
gas-^sall be t o t a l l y dependent upon the r e s i s t i v e component of the 
impedance. The leakage resistance of the gas i s due to conduction 
round.the glass, and that of 'the glass, to volume conduction. Surface 
and volume r e s i s t i v i t y v;ere shown i n chapter 3 to be 5 x 10"''̂  ohms/square 
and 5.3 x lO''"'̂  ohm.s cm. respectively. Assuming that the area of contact 
between the glass and the electrodes i s small, say 0.1 wn times the tube 
length, the f i e l d s across the glass and gas are calculated to be 
72 V/cm and 0.5 V/cm for an 8.5 V/cm f i e l d across the electrodes. Thus 
fo r D.C. f i e l d s , the f i e l d i n the gas i s probably much less than the value 
calculated without talcing the glass in t o accoiint. In practice the area 
of contact between the glass and the elctrodes may be much smaller than 
the value used here, so that the effect described may be even more 
accentuated. 
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6-. 7 ATT.E];̂ ?TS TO OWAIOO:^?. TES. CI.EAiqNCr FIELD EFFECT 

Of the methods t r i e d to overcome the clearing f i e l d e f f e c t , the 
use of a bipolar ringing puJ.se seems to be the most satisfactcry. 
Attempts to reduce the effect by increasing the surface conductivity 
of the glass lead to anomalous and unreliable results. The tubes, 
coated .v/ith stannic oxide before forjnation did not flash at a l l , 
possibly because the conducting layer reduced the effective f i e l d , 
inside the tube to such an extent that discharge x/as not possible. 
Other tubes which had been coated a f t e r manufacture, showed a very high 
rate of spurious flashing. This could be explained i f the surface was 
made uneven by the layer of stannic oxide. The coating layer i n the 
tubes mentioned above would be smoothed out when the tubes were heated 
during manufacture. Spurious flasMng i s thought to be due to minute 
dust p a r t i c l e s or xinevennesses on the glass surface. Very high 
localised f i e l d s w i l l exist i n the.region of these pa r t i c l e s , and f i e l d 
emission could occur. Hampson (26), working- with tubes which had been 
chemically cleaned, found that the rate of spiai-ous flashing was 
negl i g i b l e , while i n the M.A.R.S. experiment where the tubes are not 
chemically cleaned, a very high spiu-ious rate i s encountered. Iilalter 
(34) reports a high rate of spurious counts i n Geiger tubes, wiiich.he 
associates with f i n e particles of insulating materials such as JJgO, 
Al^O^ and SiO^ on the.cathode. "When the tubes were mechanically 
or e l e c t r i c a l l y cleaned, the spurious coimts ceased. 

The tubes which contained l i q u i d water also showed a high spurious 
rate. Very high f i e l d s w i l l be developed across the.gas/water boimdary 
due to the large difference i n d i e l e c t r i c constant,.about 80 f o r water 
and 1- f o r neon, and f i e l d emission could occur. 

The very high e f f i c i e n c y of these tubes could also be explained 
by these high f i e l d s . Any electron accelerated i n such a f i e l d would 
have a high p r o b a b i l i t j ' of s t a r t i n g a discharge. 

.The tubes v/hich contained the least amoirnt of water vapour 
(0.04 mm.Hg pressure) exhibited an increased efficiency when operated 
at a high r e p e t i t i o n rate. This might be due to clearing f i e l d s too 
small to have a noticable effect on the efficiency, changing the mean 
energy of the electrons, and hence the attachment coe f f i c i e n t , 
Unfortimately no data seems to be available f o r electron energies below 
5 eV, which i s well above the estimated energy of thernial electrons 
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(0.025 eV). I t seems unli k e l y that the water molecules become 
\satux'atod'wi-bh electrons when high r e p e t i t i o n rates are employed, since 

18 
the nujnber of water molecules involved i s of the order of 10 , and 
the mtmber of electrons/discharge i s seven orders of magnitude less 
thcin t h i s . These tubes sho-?;ed aii increase i n efficiency, even at slow 
repeti-tion rates, as a fimction of age. I t i s possible that the water 
became absorbed oy ths glasn m t h time but t.hat i n the 'tubes which 
non'tained more water vapour, the effect was'•not noticable. 'iThen high 
repeition i-ates-were used, the glass surface .may have been so modified 
by the discharge that v/ater T/as temporarily absorbed by i t . 

The presence of vz-ater vapour caused a marked reduction i n 'bhe 
brightness of the discharge. This i s probably due pa r t l y to a 
reduction i n the effective f i e l d by the increased conductivity of the 
glass, (the stannic oxide coated tubes also showed th i s effect) and 
pa r t l y to the absorption of u l t r a v i o l e t photons by the water molecules, 
reducing the gro-wth of the discharge. I t was seen i n figure 4.7. that 
the duration of the discharge i n high water content tubes was short 
compai'ed with the diu-ation i n conventional tubes. I f the water 
molecules absorbed most of the u l t r a v i o l e t photons and prevented t h e i r 
' spreading the discharge down the tube, the duration of the l i g h t output 
would correspond simp-ly to the length of time taken f o r the i r J . t i a l 
discharge to. develop and die away. 

I t must be noted that no very accurate quantitative conclusions 
can be drawn from these special tubes because of the large: number.of 
uncertainties involved i n t h e i r manufacture. For example, the water 
used i n one set of tubes (B) was l e f t exposed to the a i r f o r some time, 
• and' so may have absorbed an unkiiovai quantity of oxygen, and the method 
of introducing water in t o the tubes was such that, due to absorption by the 
apparatus, the concentration of water vapour could not be controlled 
accurately, and was not even constant f o r a l l the tubes produced i n 
one batch. 

From the results i t appears that i f flash tubes can be maiaufactiu-ed • 
with s u f f i c i e n t vmter vapour i n them f o r any effects of high r e p e t i t i o n 
rates sxid of age to be negligible, and yet not to contain l i q u i d water , 
they may be able to be used f o r machine experiments where short sensitive 
time and absence of clearing f i e l d effects are required, but the faiutness 
of the discharge could be a serious disadvantage. 
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The use- of a bipolar ringing pulse does not impair the brightness 
of the fl a s h , and does not show clearing f i e l d effects f o r rates as high 
as l/lOsec./tube. The higher tlie ringing frequency the shoi'ter Avill 
be the distances travelled by the electrons and ions, and hence the 
fewer w i l l be deposited on the glass. I t may prove d i f f i c u l t to 
apply such a pulse to large flash tube array.s because of th e i r large 
capacitance, but the d i f f i c u l t y should not be insurmountable i f the 
arrays are operated i n transmission l i n e mode. 

6.8. RECOVERY THCS. 

The factor which now l i m i t s the use of flash tubes at high 
r e p e t i t i o n rates i s the long recovery time. The reason f o r t h i s 
phenomenon i s not f u l l y understood. • The same effect has been observed 
i n sealed spark chambers (35), but the i-ecovery time of conventional 
spark chambers i s of the order of only milliseconds. This indicates 
that the effe c t i s due to the presence of a layer of glass between 
the gas and the electrodes, and may be related to the tiain f i l m f i e l d 
emission reported by Kalter (36.). Certain substances, f o r example 
Al20^ and Si02 v/ere found to emit electrons f o r some time a f t e r 
bombardment by electrons. I t i s quite conceivable that these or 
similar substances present i n the glass w i l l show the same effe c t , 
producing electrons which vrill cause r e i g m t i o n of a tube i f i t i s 
pulsed again soon a f t e r a flash. 

Thsr-decay of metastable atoms produced dviring the discharge could 
also give electrons which would cause the tube to flash on the second 
pulse, but this meehanism would also cause r e i g n i t i o n i n conventional 
spark chambers. 

6.9. CONCLUSION. 

In t M s thesis the discharge mechanism i n flash tubes has been 
studied, and shown to be, i n most cases, a combination of streamer 
and Townsend breakdOT/n. The p r o b a b i l i t y of a discharge occuring 
depends on the characteristics of the applied liigh voltage pulse, 
and on the number and position of the electrons present i n the tube 
when t h i s pulse i s applied. The discharge i s propagated along the 
tube and yri.th an approximately constant velocity, probably hy a 

process of phol'oemission from the tube walls. I t has been shown 
that the discharge i s s e l f quenching when the back f i e l d caused by 
charge separation reduces the net f i e l d to a value such that the 
discharge can no longer be sust;ainsd, and may be quenched i n one part 
of the tube before another has i g i i i t e d . 
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Wlien flash tubes are operated at high r e p e t i t i o n rates, a • 
reduction i n efficiency i s encountered, vmch can. be explained i n tenns 
of back f i e l d s caused by charge separation. The effect has been shoiwi 
to depend on the duration of the high voltage p-olse and on the 
r e s i s t i v i t y of the glass, and i t i s therefore thought that the magnitude 
of the f i e l d s i s governed by the amount of positive cha.rge deposited on 
the glass during the high voltage pulse, and that the f i e l d s decay by 
conduction of electrons tlirough a layer of water on the glass surface 
to neutralise the positive ions deposited on the other side of the tube. 
A long-term clearing f i e l d effect has also been detected, and t h i s i s 
thought to be caused by electrons trapped i n the glass rather than 
simply deposited on the surface. 

A random walk method has been developed to compute the number, of 

electrons present in the flash tube, and hence the efficiency, as a 
fimction of time. The method takes i n t o account di f f u s i o n of electrons 
to the walls, d r i f t due to clearing f i e l d s , and the formative distance . 
Of the discharge. From the results, the values of the clearing f i e l d s 
b u i l t up during the experiments have been estimated. 

Reduction of the surface r e s i s t i v i t y by increasing the water 
content of fl a s h tubes has been shown to reduce the clearing f i e l d 
effect below a detectable l e v e l f o r r e p e t i t i o n rates of up to I/I-O sec. 
/tube, . ' 

A more satisfactory and. r e l i a b l e way of overcoming the clearing 
f i e l d e f f e c t i s the use of a bipolar ringing pulse, and t h i s method, 
•unlike the addition of water, does not reduce the brightness of the flash. 

I f f lash tubes are to be used at high r e p e t i t i o n z-ates, the' 
sensitive time must be short. TMs'is reduced by the addition of water, 
or some other substance, notably, halogen compomids, wxiich have a high 
a f f i n i t y f o r free electrons. 

The long recovery time, thought to be due to emission of electrons 
by the glass a f t e r bombardm.ent by electrons during the discharge, now 
l i m i t s the use of flash tubes at high r e p e t i t i o n rates. 
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6.10. FURTHER E.XPBRII,IBI]TS. 

Further experiments which are suggested by tMs work are a. closer 
examination of the long term clearing f i e l d effect, whose cause and 
characteristics are s t i l l not f u l l y imderstood, and an investigation 
i n t o methods of reducing the sensitive time and the recovery time of 
flas h tubes to enable them to be used at the very high repetition rates 
(about 1/millisec.) which are necessary f o r machine experiments i f 
several events per burst of particles are to be recorded. 

' The long'-tex-m effect should be measured i n high water content 
tubes, ( i f the effect i s due. to trapping, fewer.electrons should be 
able to penetrate the thicker layer of T/ater) and when a bipolar ringing 
pulse i s used. The effect of temperature on the long term clearing 
f i e l d ef.fect should be investigated. 

These two methods of reducing the clearing f i e l d effect should 
be tested f o r even higlier r e p e t i t i o n , rates than those which were 
possible i n the present experiments. 

Since a bipolar pulse may be d i f f i c u l t to. apply, and the addition 
of- water seems to be an unreliable method, other methods of reducing 
the clearing f i e l d effect should be t r i e d . For example, other 
-conducting substances could be used to coat the glass, or di f f e r e n t 
coating techniques employed. Different types of g-lass may be useful. 
To obtain a decay time: for the clearing f i e l d s of about lO"'^ sec, a 
surface r e s i s t i v i t y of the order of 10.?- 6hms/square i s indicated. 

Substances other than water, f o r example halogen corunpounds 
should be investigated as a means of reducing the sensitive time since 
water has the added effect of reducing the brightness of the discharge.-

The problem of the long Tecoveiy time must be overcome i f the 
tubes are to be used at rates higher than one every few seconds. I f 
the effect i s due to a property of the glass, i t may be necessary 
to use some other type of glass, or some other substance which does 
not show the effect, or i t might be possible to develop some way of 
tr e a t i n g the glass to prevent the emission of electrons. 

The application of external clearing f i e l d s should be investigated. 
This would enable a controlled reduction of sensitive time, and might 
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also x-educe the effect of electrons emitted from the glass, or 
electrons present i n the gas due to other causes, by removing them 
more quickly from the tube and thus reducing the probability of 
reigi-jition. 
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APPENDIX' 1. 
THE DESIGN OF TUB M-.A.R.S. LIAGJ-IBT. 

The M.A.R.S. s o l i d i r o n v e r t i c a l spectograph i s designed to measure 
the momentum spectmm of cosmic ray muoup up to 5,000 GeV/c, from 
t h e i r deflection i n a l-oiowi m.agTietic f i e l d , using flash tubes f o r 
track location. Since tracks i n flash tube arrays can be defined 
with an accuracy of about 1 rm (Ashton et a l (13)), values of 
magnetic f i e l d and path length were reqi-dred such that a 5,000 GeV/c. 
pa r t i c l e would luidergo a Iram deflection. 

Using the relationship:-" • • • 
m =- B e r 

where - M' = momentuia 
B3 = magnetic f i e l d strength 
e = charge 
r - - radius of curvature of path 

2 
i t was.calculated that a f i e l d of 1.6 Wb / M would deflect the path 
of a 5,000 GeV/c p a r t i c l e by 1 mm. over a 5 M path. A f i e l d of 
1.6 \7B/ M was chosen since i t was estimated from a plot of f i e l d 
against current that a furt h e r increase i n current would not 
s i g n i f i c a n t l y increase the f i e l d . 

- Because of the large scattering.of muons i n the i r o n which 
would introduce an uncertainty i n t o the path location, i t v/as decided 
to construct, the magnet i n 4 sections with flash tubes placed i n the 
gaps betv/een them, and to determine the curvature of the path from 

- the measured position at 5- levels, thus giving trajectory location 
of a greater accuracy than that given by the method used i n most 
previous spectographs f o r example Ashton et a l (30), namely measuring 
the position at t"v7o levels, one at each end of the path i n the 

magnetic f i e l d . 
Five banks comprising 8 layers of flash tubes 2M long, internal 

diejneter 5.5 mm, external diajneter 7.5 mm, and f i l l e d v/ith S&A neon 
and 2yl> helium at a pressure of 2.4 atmospheres, are used, and 
electronic readout i s employed based on the method of Ayre and 
Thompson (7). Ai:iother 3 banlcs of 4 layers of tubes, in t e r n a l 
diameter 1.6 cm, external diaiiieter 1.8 cm, 2. M long and f i l l e d with 
the same gas mixture at a pressure of 0.8 atmosphere are used to 
measure low momentum events. For high mo.-'ientum events the data;from 
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the small diaraeter tubes i s analy3ed by an I M II50 conputer. 

The spectO£:raph i s triggered by a coincidence pulse obtained 
from 5 s c i n t i l l a t i o n counters placed on top, below and i n the centi-e 
gap of the ma/,net. 

As the luaanet was of a design not previously used, i.e. b u i l t 
i n sections, tests T7ere performed on models of the magnet i n order 
to deterr;une the best shape to optimise f i e l d strength and uniformity 
over the area of the flash tube detector, and to ensure a high enough 
f i e l d to obtain the required 1 mm deflection ineasui-able by the flash 
tubes. 

Models were constructed out of -j" mild steel sheet, having a l l 
dimensions except thiclaiess 1/24- those of the proposed aagnet. 
ITigure A l . l shows the f i n a l dimensions of the model incorporating 
4 Y"' plates to give a 1/24 scale model of one complete nagnet 
section. 

A. current of 50 amps and 374 turns of v/ire, giving a f l u x of 
about 1.6 Wb/K̂  were chosen. I n i t i a l l y 8 S?/G -Rdre was to be used 
i n order to miixiaise the costs of wire and r e c t i f i c a t i o n , but i n 
view of the high temperature attained, i t was l a t e r decided to use 
4 SWG'wire, thus-reducing the heat dissipation. 568 turns of fin e 
wire (50 S¥G.) were wound on one of the models, and measurements 
•were made .of the f l u x i n the i r o n using a b a l l i s t i c galvemometer 
and'̂ a single turn of x-rire through holes'drilled apart at various 
positions i n the plate. The galvanometer was cal.ibrated by means 
of a staiidard mutual inductance. 

Measurements were made on models t»70 and four times the thic]aiess 
by placing several plates together a:ad winding the coils roimd a l l of 
them. The results showed that the uiiifor:;iity of the f i e l d increased 
as the thickness r e l a t i v e to the area was increased. Measurements 
were also made on plates v/ith the comers removed, and i^lates witii 
5/8" removed from each end i n an attempt to optimise the amount 
of s t e e l used and the f i e l d uniformity. Figure A 1.2 shovrs the 
va r i a t i o n of f l u x i n the f i n a l scale model. . 

The-area of the detectors to be used i s 177 x 75 cm. i . e . the 
area of the existing s c i n t i l l a t o r , and the fl a s h tubes to be used 
axe 2.M lon.g. I t was concluded that over t l i i s area, the f i e l d vrauld 
not vary more th;Ln 2fo. 
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The magnetic f l u x i n the actual K.A.R.S. magnet has been 
measured by similar methods since i t s construction ,.and the average 
value foimd to be 1.65 VTb/Li and that, as er!)ected, the x'alue does 
not vai-y by more than over the area of the fJash tube detector, 
lifuon events i n the spectog-raph have been studied, and i t has been 
concluded that the expected accuracy of track location by the flash 
tubes of 1 ram can be obtained. 
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