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i . 

ABSTRACT 

The characteristics of a large-area l i q u i d s c i n t i l l a 

t i o n counter are investigated and the uniformity of response 

of the counter over i t s area i s measured and compared with 

theory. Using a p a r a f f i n phosphor the uniformity i s + 8 ^ 

when the s c i n t i l l a t i o n l i g h t i s collected by t o t a l internal 

r e f l e c t i o n and +*f^ when the bottom face of the counter i s 

covered with a d i f f u s i n g surface. 

The response of the par a f f i n phosphor i s found to be 

increased by a factor of h by the addition of 1 0 ^ shellsol A, 

which makes the response comparable with that of plas t i c 

NE 1 0 2 . 

The large area s c i n t i l l a t i o n counter i s used i n an 

energy loss experiment with a horizontal cosmic ray spectro

graph as a "source" of r e l a t i v i s t i c muons. The results are 

consistent with conventionally accepted theory to the highest 

momenta investigated. No evidence i s found f o r a decrease 

i n ionisation loss of high energy muons (momenta > 1 0 GeV/c) 

as recently predicted by Tsytovich. 
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PREFACE 

This thesis describes the work done by the author i n 

the Cosmic Radiation Group of the Physics Department of 

Durham University, under the supervision of Dr. F. Ashton. 

A l l the work described i n t h i s thesis was done by the 

author w i t h the exception of the analysis of muon momenta 

i n the energy loss experiment which was supplied by 

Mr. P.K. McKeown. 



CHAPTER 1 

INTRODUCTION 

1 . 1 Previous investigations of ionisation loss 

The f i r s t t h e o retical treatment of the mechaniffln by 

which a fast charged p a r t i c l e loses energy i n traversing 

matter was due to Bohr ( 1 9 1 3 ? 1 9 1 5 ) who assumed that the 

p a r t i c l e interacted with bound atomic electrons which had 

various o s c i l l a t i o n frequencies. For energy transfers less 

than Bohr found the rate of energy loss, ^ , to be 

given by the expression, 

^^<x -f^ ^ ^(i-^)i2(z)'^o^2 ^2 ; r J 

where c i s the v e l o c i t y of the incident p a r t i c l e of charge 

ze; m̂ , the mass of the electron; I ( Z ) , the mean ionisation 

p o t e n t i a l of the absorber of atomic number Z;ĉ  , the f i n e 
^ Z/_e2_\2 

structure constant and c ='TN J 2 j ; the other symbols 

have t h e i r usual meaning. For n o n - r e l a t i v i s t i c particles 

of mass much greater than that of the electron, 

The predicted v a r i a t i o n of ̂  w i t h ^ was v e r i f i e d by 

Bragg ( 1 9 1 2 ) who measured i n a t h i n ionisation chamber the 

ionis a t i o n produced by polonium <̂  p a r t i c l e s as a function 

of the distance of the ̂c-hambe!̂ ,̂ from the . source. 
2 3 APR 1965 
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A precise quantitative check of equation ( 1 ) may be 

made by calculating the Bange, R of a pa r t i c l e using the 

relationsbip, ^ j L 
R = f - dE 

J dx 
E 

and comparing i t with the experimental value. 

o<particles are not the most suitable particles by 

which to test the equation since close to the end of t h e i r 

range they may pick up electrons and spend part of t h e i r 

time as neutral atoms or singly charged ions. Accordingly, 

i t i s better to compare the difference i n range of 

par t i c l e s of known i n i t i a l v e l o c i t y . Results of such a 

comparison have been given by Williams ( 1 9 ^ + 5 ) and are 

shown i n table 1 . 1 . I t i s seen that the Bohr theory i s 

Inadequate. 

P a r t i c l e 

. f 

I n i t i a l & Observed 
Gas Final distance Bohr Bethe 

Traversed vel o c i t y travelled theory theory 
cms. 

« 2 
2 , - 0 5 ^ - 1 . 7 0 9 1 9 . 0 1 6 . 3 1 8 . 9 

Ho 5 . 1 1 - 0 0 , 7 6 0 . 5 2 0 . 7 7 

Table 1 . 1 Comparison of Range Results 

The Introduction of quantum mechanics made i t clear 

that i t i s not possible to describe the c o l l i s i o n between 

an o< p a r t i c l e and the bound electrons i n terms of well 
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defined c l a s s i c a l o r b i t s unless the impact parameter, b 
and the momentum of the incident p a r t i c l e , p satisfy the 
inequality h/p «, b. Bethe ( 1 9 3 0 , 1 9 3 2 ) made a precise 
r e l a t i v i s t i c quantum mechanical calculation and obtained 
the equation ( 2 ) . 

' ^ - • . . . ( 2 ) dE . i V ! [ U ^ I \ f2 ' 

This expression gives good agreement with experiment as may 

be seen from table, 1 . 1 . 

The Bethe equation predicts a logarithmic Increase of 

with energy, E of the Incident p a r t i c l e , but Swann 

( 1 9 3 8 ) pointed out that the increase would be ^reduced by 

the p o l a r i z a t i o n of the medium. Fermi ( 1 9 ^ + 0 ) made a quan

t i t a t i v e calculation of the magnitude of the effect and 

found that the Increase w^s so reduced by the polarization 

at high energies as to produce a plateau i n the energy 

loss curve. Fermi assumed the electrons of the absorber had 

only one dispersion frequency. Sternheimer ( 1 9 5 6 ) found 

the error Introduced by t h i s assumption was only a few per 

cent i n the region of the minimum and zero i n the high 

energy l i m i t . 

For the infrequent large energy transfers that the 

incident p a r t i c l e makes with the electrons of the medium 

the spin of the incident p a r t i c l e i s Important (see Rossi 

1 9 5 2 ) ) . The average lonisation loss of a p a r t i c l e i s thus 



given by:-

. dE ̂  ^ 
dx,^ d x > ^ 

Experiments i n which the r ^ge of a pa r t i c l e i s 

measured relate to the average rate of ionisation loss as 

discussed above. However, experiments with a t h i n absorber 

rel a t e to the most probable energy loss of the p a r t i c l e . 

On traversing a t h i n absorber such as a s c i n t i l l a t i o n or 

proportional counter the major contribution to the energy 

loss i s due to energy transfers close to the ionisation 

p o t e n t i a l of the absorber. As these are f i n i t e i n number 

the energy loss i s subject to s t a t i s t i c a l fluctuations; 

the d i s t r i b u t i o n i n energy loss has been calculated by 

Landau (19^»f) and Symon ( 1 9 ^ + 8 ) . 

Most recent.experiments r e l a t i n g to the predicted 

average and most probable ionisation loss show no evidence 

f o r a s i g n i f i c a n t divergence from theory. However, Zhdanov 

et a l . (1963) and Alekseeva et a l . (I963) have recently 

found a s i g n i f i c a n t discrepancy with the accepted theory 

which takes^the form of a decrease i n the grain density i n 

emulsion f o r increasing momentum of electrons (values of 

^100). The eff e c t i v e energy loss i n such experiments 

refers to energy transfers <20 keV. The experimental work 

Is supported.by the theory of Tsytovich ( 1 9 6 2 ( a ) and (b)) 

who a t t r i b u t e s the decrease to radiative corrections which 



were not considered i n the e a r l i e r theories. 

One of the experiments described i n t h i s thesis has 

been undertaken to see i f a decrease i n the lonisation 

can be observed f o r muons ( Y > 1 0 0 ) " traversing a l i q u i d 

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

1 . 2 Liquid S c i n t i l l a t o r s 

S c i n t i l l a t i o n counters are now a :useful technique 

because of the a v a i l a b i l i t y of e f f i c i e n t photomultlpllers 

and the recent development of cheap l i q u i d phosphors. The 

s c i n t i l l a t o r adopted was of the type developed by Barton 

et- a l . ( 1 9 6 2 ) containing a phosphor with p a r a f f i n as solvent. 

This phosphor i s Rot as e f f i c i e n t as other standard l i q u i d 

phosphors and so methods of increasing i t s efficiency were 

investigated. 
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CHAPTER 2 
PHOTOMULTIPLIER CHARACTERISTICS 

2 . 1 Introduction 

Before embarking on the main experiment some character

i s t i c s of the photomultlpllers to be used were examined, the 

most important being the gain (and TiFs dependence on the 

voltage) and the response of the photomultlplier to d i f f e r 

ent amounts of incident l i g h t . The photomultipller was an 

E.M.I, number 9583B, a five-inch diameter tube with a glass 

window, caieslum-antimony-oxygen photocathode and Venetian 

bl i n d dynodes. 

The experiments carried out with t h i s phot omul t i p l i e r 

w i l l be divided i n t o three sections depending on the type 

of l i g h t used. 

2 . 2 Excitation bv s c i n t i l l a t i o n l i g h t 

The f i r s t source of l i g h t has the s c i n t i l l a t i o n of the 

l i q u i d phosphor excited using cosmic rays. The phosphor was 

that chosen fo r the main experiment described i n Chapter 3 . 

I t was contained i n a perspex box, (a cube of side 1 5 cms) 

wi t h the photomultiplier looking at one side and a mirror 

on the opposite side. Optical contact between the cube box 

and the photomultipller was achieved by using a transparent 

grease. The system was enclosed i n a l i g h t - t i g h t metal box 
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w i t h an inner casing of hardboard which was painted white. 
This counter w i l l be referred to as the cube counter. 

Cosmic rays were selected by the coincidence of two 

p l a s t i c s c i n t i l l a t i o n counters, one placed above and the other 

below the cube counter. The p l a s t i c phosphor (Nuclear 

Enterprises NE102) was viewed by a one inch diameter photo-

m u l t i p l i e r , E.M.I. type 952^B, The cube counter and the 

ray 

cosmic/acceptance system arje shown i n Fig. 2,1. 

The dynode resistor chain i s shown i n f i g . 2.2(a). 

The negative pulses from the anode were amplified, passed 

through a discriminator to cut out the noise, and then int o 

a coincidence u n i t . The head uni t i s shown i n f i g . 2.3. 

The rate of p a r t i c l e s i n the v e r t i c a l d i r e c t i o n at 
-1 -2 -1 

sea l e v e l i s approximately 0 . 5 sterad cm min . There

f o r the rate through the tfeiescope O counter, area 20 x 1 5 

cm^ and distance apart of counters "+0 cms, :ts approximately 

3 0 : min"^. 

The rate of counts obtained experimentally was 

l6.0 min"^, lower than expected because i n discriminating 

against the noise,pulses due to real particles were- also 

rejected. As a further check against spurious coincidences 

the counters were displaced i n the horizontal plane; at a 

distance apart of ^ 5 cms the rate was 1.2 min"^ and at 1 5 0 cms 

1 count was obtained i n 1 hour. 
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The output from the coincidence c i r c u i t could then 

either t r i g g e r a cathode ray oscilloscope so that the 

pulses from the cube counter could be viewed d i r e c t l y , 

photographed, or gate a multi-channel pulse height analyser 

and the. d i s t r i b u t i o n of the pulses recorded. The aim of 

the experiments was to obtain a pulse height d i s t r i b u t i o n 

f o r the counter and f i n d how the width and height depended 

oh the dynode voltages. 

( 1 ) The v a r i a t i o n of the most probable pulse height of the 

d i s t r i b u t i o n with high tension voltage 

The dynode resistor chain used i s shown i n f i g . 2.2(c). 

A higher resistance between the cathode and the focussing 

electrode was chosen f o r the e f f i c i e n t functioning of the 

co l l e c t i n g system,investigated i n a l a t e r experiment,and 

f o r the same reason the resistances at the top of the 

chain were Increased and decoupled to earth to reduce any 

feedback effects which could affect the performance of the 

photomultiplier. 

The d i s t r i b u t i o n s of 3 photomultlpllers (A, B & C) 

were obtained f o r d i f f e r e n t voltages. When the photomulti-

p l i e r s were changed care was taken to ensure that the 

pos i t i o n of the photomultiplier r e l a t i v e to the cube and 

the o p t i c a l contact remained the same. The telescope was 

kept.in the same position r e l a t i v e to the cube and the 



02. 

Pig, 2.3 a) Coincidence Unit. 

3K ^frSH 

Fig. 2.3 la) Telescope P.M. head unit consisting of amplifier, 
discriminator and cathode follower. 
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voltages on the photomultipliers and the rate of counting 
checked during each run. 

The results ^re shown i n f i g . 2.^. I t can be seen 

that: although the photoraultipliers are a l l of the same type 

the gains are considerably d i f f e r e n t , the gain of B being 

about 5 times those of A <£ C. A & C were chosen f o r the main 

experiment and the voltages adjusted such that t h e i r gains 

were the same i . e . A at 2.6 KV and C at 2.5 K7. The varia

t i o n of gain, G with voltage, V can be described by G i?<A 

where m i s 7o2 + 0.2, 7«6 + 0.2 and 6,8 + 0.2 f o r A, B and 

C respectively. This result was substantiated l a t e r by a 

D.C. gain experiment. Because of the. high poxver relationship 

the voltage supply to the photoraultiplier must be extremely 

stable. In the main experiment a var i a t i o n of 5% i n the 

most probable pulse heights has to be detected, which 

meant that the gain must be constant within 1%, Thus the 

voltage must be constant to wi t h i n 0.1^. 

C i i ) The v a r i a t i p n of width of t\\e d i s t r i b u t i o n witt; d.yqo4e 

voltage 

An extremely important factor of s c i n t i l l a t i o n counters 

i s the width of the d i s t r i b u t i o n expressed as the f u l l width 

at h a l f height of the d i s t r i b u t i o n over i t s most probable 

pulse height. The v a r i a t i o n of pulse height comes from 

several factors!-
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1) The Landau effect i n the energy loss of particles. 
The c o l l i s i o n process of energy loss i s a s t a t i s t i c a l 
process and Landau formulated a d i s t r i b u t i o n of energy loss 
f o r p a r t i c l e s of equal incident energy traversing a given 
thickness of material. This d i s t r i b u t i o n i s skew, the mean 
being at a higher pulse height than the most probable value 
of the d i s t r i b u t i o n ; i t i s the l a t t e r which i s measured i n 
a l l the experiments described here. 

2) The d i f f e r e n t energies and incident angles of the 

cosmic ray p a r t i c l e s . 

3) The d i f f e r e n t position of the track i n the counter 

leading to d i f f e r e n t amounts of absorption of the s c i n t i -

n a t i o n l i g h t . 

k-) The s t a t i s t i c a l nature of the production of photoelec-

trons at the photocathode and the electron m u l t i p l i c a t i o n 

process i n the photomultiplier. For small l i g h t output from 

a counter the l a s t factor contributes most, 

Morton (19^9) finds the width of the d i s t r i b u t i o n f o r N 

photoelectrons emitted at the photocathode i s 

2 ^ 
' N ^ 

where Z. i s the standard deviation of the d i s t r i b u t i o n of 

most probable height Z, and S i s the gain of the f i r s t 

dynode stage. As the gain depends on the voltage, the 

width w i l l increase asthe gain decreases and hence the 



I 

•3 

1 
s e ca I 



VolHog, p ^ h v i i n c^lli/.c/e. /ocyssiofl ^Isc^rotkl 

l'^ m 7:5 
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voltage decreases. The widths of the d i s t r i b u t i o n s , of 
which examples are shown i n f i g . 2.5, obtained i n measur
ing the v a r i a t i o n of most probable pulse height with voltage, 
were determined. The v a r i a t i o n of width at half height with 
voltage f o r photomultiplier C i s shown i n f i g . 2.6. Over the 
range 1.6 to 2.6 K7 there i s no v a r i a t i o n i n width. This 
corresponds to a voltage range of 205 to 360 v o l t s between 
the cathode and the focussing electrode. 

To investigate f u l l y the efficiency of the focussing 

e^tectrode the photoraultiplier was kept at 2.6 KV and the 

voltage between the cathode and the focussing electrode 

varied. Pulse height d i s t r i b u t i o n s were obtained and t h e i r 

widths measured. The r e s u l t i s shown i n f i g . 2.7. I t i s 

consistent with the previous experiment and shows that for 

lower voltages the increase i n width i s due to i n e f f i c i e n t 

photoelectron c o l l e c t i o n by the f i r s t dynode. 

For i n e f f i c i e n t focussing Morton includes another 

factor i n his relationship such thats-

^ Z A N \1 + S-l / 

where C ^1 and i s related to the efficiency of the focus

sing electrode. Optimum efficiency i s quoted by Curran 

(1953) to be Q0%, I f t h i s i s taken to be the efficiency 

at 200 v o l t s between the cathode, K and the focussing 

electrode, F the efficiency at 100 v o l t s K-F i s 20̂  and at . 
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90 v o l t s K-F i s lO^o As the width did not decrease after 
200 v o l t s K-F the re s i s t o r 330K was retained being equiva
l e n t t o a K-F voltage?, of 335 v o l t s when the E.H.T. voltage^ 
on the photomultiplier was 2,6 M, 

2.3 Excitation bv a continuous l i g h t source 

The source of l i g h t was a small l i g h t bulb. This was 

used to obtain D.C. measurements of the overall gain and 

the gain of the f i r s t stage of the photomultiplier. 

A scalamp galvanometer was used to measure the current 

at the required electrodes as shown i n f f i g . 2 .2(d). I f N 

electrons are emitted i n u n i t time from the cathode the 

current flowing to earth i s i ^ = Ne. I f G i s the gain of 

the.system GN electrons w i l l be emitted from the dynode and 

the current w i l l be = (N-l)Ge. At large values of N the 

r a t i o of the currents ^2^^l ^^^^ s^^" 

tem. 

( 1 ) Gain of the F i r s t Stage 

The cathode current was measured i n i t i a l l y and then 

the f i r s t dynode current at d i f f e r e n t applied voltages. 

The r e s u l t i s shown i n f i g . 2.8. This gain i s a combina

t i o n of the secondary emission at the f i r s t dynode and the 

e f f i c i e n c y of the focussing electrode and w i l l be a func

t i o n of both S and C'. However the gain obtained experimen

t a l l y i s too high to explain the increase i n width below 
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200 v o l t s on K-F by the expression given by Morton, 
( i i ) Overall GaiQ. 

This gain was measured! by a method described by 

Morton. The photoraultiplier, illuminated by a 6 . 3 v o l t 

tungsten filament bulb, was operated at a low E.H.T. vo l 

tage and the currents i n the cathode and anode measured. 

At a low E.H.T. voltage the gain was s u f f i c i e n t l y small so 

that when the anode current, I ^ was at the maximum permitted 

value (about 1 mA), the cathode current, IJQ was s u f f i 

c i e n t l y large to be measured by a galvanometer. To measure 

the gain at higher voltages the l i g h t intensity was decreased 

and the anode current, I ^ g measured at the i n i t i a l voltage. 

The cathode current was then Iv-i " f ^ . The E.H.T. voltage 
•'•Al 

was increased to the required voltage and the anode current 
Â3 ̂ Al 

I . ^ measured. The gain at t h i s voltage was - 7 ^ j— . 
-"-Kl ^A2 

The result f o r tube B i s shown i n f i g . 2 . 9 . The slope 

of the curve, m = 7 o 5 agrees with the previous measurement 

of the v a r i a t i o n of gain with voltage using s c i n t i l l a t i o n 

l i g h t to excite the photomultiplier. 

From the gain of one stage measured at d i f f e r e n t 

voltages ( f i g . 2 . 8 ) the overall gain of the photoraultiplier 

can be calculated assuming that no saturation effects occur 

at the higher dynodes. For example, at 1.2 KV the gain of 

the f i r s t stage i s 9 > the inferred gains per stage of the 

dynodes 2 - 9 i s 2 and f o r the dynodes 10 and 11 i s 6 . Hence 
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8 2 k 
the expected overall gain 9 x 2 x 6 = 8.3 x 1 0 . This 

figure i s to be compared with the measured value of the 
k 

o v e r a l l gain at 1 . 2 KV of 7 o O 1 0 obtained from f i g . 2.8. 

This method, of course, gives the gain proportional 

to V-̂-*-, as i t assumes that the dynodes have similar gains 

to the one measured and are a l l linear. Any non-linearity 

of the v a r i a t i o n of the co e f f i c i e n t of secondary electron 

emission with voltage i n the l a t e r dynodes would lead to a 

less steep increase with voltage than V̂-'-, which i s , i n 

f a c t , observed. 

I f N electrons are emitted from the photocathode the 

charge collected at the anode i s NGe coulombs where e i s 

the charge on the electron i n coulombs. This charge i s 

collected across the stray capacity between anode and 

earth, the value of which depends on the wiring and en

vironment of the system but i s generally about 1 0 pf. The 

pulse height i n v o l t s i s therefores-

c 

Taking the d i s t r i b u t i o n shown i n f i g . 2.5, the most 

probable pulse height i s 0 . 7 volts at 2.0 KV, the gain i s 

8 1 0 ^ , and hence N=|^ - 55-

This value of N can now be checked by substituting i n 

the expression f o r the width of the d i s t r i b u t i o n and com

paring the answer with the experimental r e s u l t . 
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Width at half height = 2p^fe -^-l = = 31.5^. 

To t h i s f i g u r e must be added the other contributions 

to the width mentioned e a r l i e r i n the chapter. 

Eandau effect 15Ĵ  

Variation i n angle 10% 
Non-linearity of counter lOJ^ , 

Total width = [(31.5)^+(15)2+(10)2+(10)2J= 38JS, 

which agrees w e l l with the experimental r e s u l t shown i n 

f i g . 2.5 f o r photomultiplier C. 

Knowing the number of photoelectrons, the quantmn 

e f f i c i e n c y of the photomultiplier and the l i g h t c o l l e c t i o n 

e f f i c i e n c y of the counter the number of primary s c i n t i l l a 

t i o n photons produced by the passage of one p a r t i c l e through 

the counter can be calculated. 

The expected properties of a similar counter have been 

investigated by B r i n i et a l . (1955) who state that 36^ of 

the l i g h t i s collected when one surface i s completely 

covered by a photoraultiplier and there i s no absorption of 

the s c i n t i l l a t i o n l i g h t . However, since only 60^ of one 

side i s covered i n the counter used i n these experiments, 

only 22^ of the l i g h t i s collected, "ignoring absorption 

and assuming the quantum efficiency of the photocathode to 

be 10^ the number of photons produced = 55 x 10 x = 2600. 
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The energy loss i n the s c i n t i l l a t o r i s roughly 2 MeV/cm 
i.e. about 30 MeV f o r a near v e r t i c a l r e l a t i v i s t i c p a r t i c l e . 

Thus the efficiency of the s c i n t i l l a t o r i s If^xlO^ - I o 2 x l 0 ^ 

eV/photon. ^ 

Barton et a l . (1962) found for t h i s l i q u i d an efficiency 

of 600 eV/photon. Considering the approximate nature of 

both estimates the agreement i s considered not unreasonable. 

2:.̂ - Excitation by pulsed l i g h t from a spark discharge 

A p e c u l i a r i t y of the longitudinal Venetian blind type 

dynode photomultipliers i s that they saturate at high charge 

densities, [ s i r k s (1953(a)) and Raffle and Robbins (1952)1, 

because the instantaneous c o l l e c t i o n of charge i n the f i e l d 

free spaces between the plates of the dynodes hinder the 

flow of further electrons to and from the dynode. 

The voltage differences between the las t dynodes are 

increased i n an attempt to keep t h i s effect to a minimum 

and i t i s seen from f i g , 2,h that pulse heights up to 

10 v o l t s (equivalent to about 10^ electrons at the anode) 

are obtained without any saturation e f f e c t . This i s for a 

constant number of photoelectrons emitted and varying 

voltage. The performance of the photomultiplier at constant 

voltage w i t h varying l i g h t input i s required to show when 
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t h i s effect takes place at a certain voltage, i.e. the 
range over which the photomultiplier i s linear anilcapable 
of being used. 

For t h i s experiment the l i g h t source had to be 

variable i n in t e n s i t y and of about the same length of time 

as the s c i n t i l l a t i o n l i g h t from the phosphor to be used, 

i.e. about 3 10"^ seconds. 

A mercury wetted relay switch was used as described 

by Kerns et a l . (1959). The source of l i g h t was the arc 

between two contacts which had a potential difference 

across them of 1,̂ 00 v o l t s , one of which could o s c i l l a t e 

and cause a make and break with the other contact. The 

os c i l l a t i o n s were generated by an electromagnet o s c i l l a t i n g 

at mains frequency. The o s c i l l a t i o n s of the moving contact 

were steadied by a small permanent magnet held at one side. 

The l i g h t pulse from the switch rose to a maximum i n 

5'KLO"''"̂  seconds and f e l l t o half height i n 1.5>̂ 10"̂  seconds. 

The switch i s shown i n f i g . 2.10, 

The v a r i a t i o n of in t e n s i t y was obtained by means of an 

o p t i c a l wedge, a glass s t r i p of varying transparency along 

i t s length, quoted by the manufacturers to be 0.13 density 

u n i t s cm"l where a density u n i t = 10 log-^o ^/^o* "̂ ^̂ ^ 

enabled the l i g h t intensity to be varied over a 250sl range. 

The apparatus was mounted i n a l i g h t t i g h t black box, a plan 

view being shown i n f i g . 2,11. The var i a t i o n of pulse height 
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against l i g h t input (position of op t i c a l wedge) for the 

three photoraultipliers was measured using the r e s i s t o r chain 

shown i n fig« 2 . 2 ( c ) . The experiment was repealed for A 

without the anode load and the increase i n the pulse height 

i s consistent w i t h the increase of gain resulting from the 

increased voltage on the anode of the photomultiplier. 

I t i s seen from f i g . 2 . 1 2 that when operated at 2 . 6 KV 

the photomultipliers give a pulse height proportional to the 

number of incident photons over a range of 0 , 3 - 1 0 volts 

inpulse height. I n the energy loss experiment to be des

cribed l a t e r the photomultipliers A and C were operated i n 

the region where they were known to have a linear response. 

2 . 5 Conclusion 

I t i s concluded that the type of photomultiplier used 

has a gain which varies with voltage as where m = 7 « 2 . 

I n d i v i d u a l tubes have di f f e r e n t gains at the same voltage 

so that they have to be operated at d i f f e r e n t E.H.T. v o l 

tages. The lower l i m i t of the E.H.T. voltage i s 1 . 5 KV 

because below t h i s voltage the width at half height of the 

d i s t r i b u t i o n begans to increase, the upper l i m i t depending 

on the amount of input l i g h t such that the anode current i s 

less than the saturation value. As stated i n section 3 ) 

when operated at 2 . 6 KV the photomultiplier saturates at a 

pulse height of about 2 0 v o l t s and t h i s i s equivalent to 

the c o l l e c t i o n of about 1 0 9 electrons by the anode. These 
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are produced by 1 0 3 photoelectrons leaving the photocathode 

or 1 0 incident photons. At 2 o 6 KV the photomultiplier 

gives a pulse height proportional to the incident number of 

photons over the range 1 - 1 0 , 0 0 0 . 
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CHAPTER ̂  
THE LARGE SCINTILLATION COUNTER 

3 . 1 Introduction 

The counter used i n the energy loss experiment was 

similar i n design to that developed by Barton et a l . ( 1 9 6 2 ) . 

A photograph of the counter i n the horizontal position i s 

shown i n f i g . 3 o l and the plan and side elevation are shown 

i n f i g . 3 o 2 . The l i q u i d phosphor was pure medicinal 

p a r a f f i n with 0 . 8 g/1 of paraterphenyl and 0 . 0 0 8 g / l of 

popop which acted as a wavelength s h i f t e r , and matched the 

quantum efficiency of the photomultiplier to the s c i n t i l l a 

t i o n l i g h t spectrum. The chemical structures of the solutes 

and solvent are shown i n f i g . 3 - 3 « 

The l i q u i d phosphor was contained i n a perspex box of 

in t e r n a l dimensions 1 3 0 x 9 0 x 1 6 . 9 cms^ with a perspex l i d 

which was screwed on the box sandwiching a rubber gasket so 

that i t was leak-proof i n the v e r t i c a l position. The system 

was contained i n a l i g h t t i g h t wooden box 2 2 ^ x 9 8 x 2 1 cms-̂ , 

the perspex box being mounted on 2 . 5 cm diameter wooden 

dowels so that the l i g h t collected was t o t a l internal 

r e f l e c t e d l i g h t and not scattered l i g h t . On the sides of 

the wooden box between the perspex box and the photomultipliers 

were f i x e d mirrors. This a i r space acted as a l i g h t guide 

whose purpose was to Increase the l i n e a r i t y of response of 
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the counter. The s c i n t i l l a t o r was viewed from two opposite 

ends by two photomultipliers of the type already described, 

the E.H.T. being such that t h e i r gains were equal ( i . e . A 

at 2 . 6 KV and C at 2 . 5 KV). The dynode. resistor chain was 
is 

as used previously and shown i n f i g . 2 . 2 ( b ) , the output from 
the l a s t dynode being fed immediately into a cathode follow
er • . •" 
er f i x e d on the outside of the photomultiplier.casing. 

3 . 2 Analysis of Light Collection 

As the l i g h t collected by the photomultipliers i s only 

d i r e c t and t o t a l i n t e r n a l l y reflected l i g h t a series of 

images of the photomultiplier w i l l be b u i l t up i n the plane 

of i t s face by the numerous reflections that occur at the 

air-perspex boundary and the mirrors on the sides of the 

wooden box as shown i n f i g . 3 « ^ « The view from a point on 

the centre l i n e wx looking i n the direction of the end of 

the counter w i l l be as shown i n f i g . 3 » 5 » 

However, because of the perspex-air boundary (AC, EG 

and BD, PH) only l i g h t incident at an angle less than ^ 2 ° 

to the normal to the boundary can escape from the perspex 

counter ( r e f r a c t i v e indices for p a r a f f i n to a i r and per

spex to a i r are 1 . ^ 8 and 1 . ^ 9 respectively). This l i m i t s 

the number of reflected images which are possible from a 

p a r t i c u l a r point, i . e . the image must subtend an angle of 

^ • 2 ° to the l i n e wx at a pa r t i c u l a r point on the l i n e . 
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For the counter i n question at the point 0 , at a distance 
of 9 0 cms from the end of the. box ( 1 3 5 c™s from the photo-
m u l t i p l i e r ) only one image i s allowed i n the plane EFGH 
and i n the plane ABCD. 

By considering the so l i d angle subtended by the allowed 

images the response of the counter along the centre l i n e wx 

can be calculated. The s o l i d angle due to direct l i g h t i s 

simply 

Sd = 2 

X 

where A i s the area of the photOTultiplier and x the dis

tance from i t . The solid angle for the f i r s t reflected 

image i s s -

where d and D are the depth and breadth external dimensions 

of the counter respectively. The t o t a l solid angle for the 

re f l e c t e d images i s the sum of the above expression over 

a l l the allowed images. 

^ t o t a l ^ n i 0^^+<'^ld)2+(n2D)2 "̂ l̂ {x2+(nid)2+(n2D)2 ji] 

where and n^. are the number of images allowed i n the 

ABCD and EFGH planes respectively. 

The above expression i s only approximate because parts 

of the images of higher reflections may be allowed. More-
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over, i t ignores the r e f r a c t i o n of the l i g h t through the 
paraffln-perspex-air boundary. Calculations have been 
performed for d i f f e r e n t positions along the centre l i n e wx 
and the result shown i n f i g . 3 - 6 for the direct l i g h t and 
re f l e c t e d l i g h t and t h e i r sum assuming refraction but no 
absorption. Summing the l i g h t collected by both photomul
t i p l i e r s the l i n e a r i t y of the counter is + 1 3 « 5 ^ and that, 
on the average, Oo7% of the l i g h t i s collected by each 

I 

photomultiplier i n t h i s approximation. 

Albs.orption lengths of. 1,5, 2.5 and 5.O metres have been- f i t t e d 

-vA 
into othe?; t h e o r e t i c a l ;estimate,,; 1. e. a\,faetpr-e, ' .. >diere y i s the path 

length i n the l i q u i d and "h i s the absorption length. The r e s u l t i s 

''• shown i n f i e . 3.7. I t should be.rioted that-,as, only rays making a single 

I passageB through the phosphor'have been'taken into account compari

son'of >>the r e s u l t s - o f ' f i g . 3.7.with experiment w i l l tend to overestimate A. 

3 . 3 Response of Counter f i l l e d with p a r a f f i n , paraterphenvl 

popop phQspt^or 

The experimental method of obtaining the variation of 

response over the area of the large counter was that of 

placing the coincidence telescope, described i n chapter 2 , 

i n the position required on the counter which was i n the 

horizontal position. Cosmic ray particles were accepted 

by the telescope and the output from the coincidence un i t 

triggered the oscilloscope and thus the response of the 

counter f o r a particular position was: obtained. The 
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r e s u l t s f o r the whole area are shown i n f i g . 3 o 8 > where 

the outputs from the photomultipliers was added. The 

resu l t s for each photomultiplier for points along the 

centre l i n e are shown i n f i g . 3 o 9 . I t can be seen that 

the r e s u l t gives a l i n e a r i t y of ^ % compared with a mini

mum from the theory of + 1 2 , 5 ^ . This difference i s explained 

by the d i f f u s i n g nature of one side of the counter. The 

phosphor was o r i g i n a l l y made up of p a r a f f i n containing 

0 . 8 g/1 of paraterphenyl and 0 . 0 0 8 g/1 of popop and then 

l e f t i n counter, i n the horizontal position, during a 

period of cold weather before the area response experiments 

were performed. During t h i s time a certain amount of solute 

c r y s t a l l i s e d out of the solution and settled on the bottom 

of the counter forming a di f f u s i n g surface. 

Because of t h i s good li n e a r response i t was decided 

to keep the counter i n t h i s condition for the main experi

ment. After t h i s was completed the counter was cleaned 

and r e f i l l e d w i t h p a r a f f i n containing 0 . 5 gl'*^^ paraterphenyl 

and . 0 0 5 g l " ^ popop. The response along the centre line^-jwas 

obtained and the results are shown i n f i g . 3 O 1 0 compared 

w i t h the t h e o r e t i c a l prediction. 

1, h Pulse height d i s t r i b u t i o n s for the large counter 

I t i s important to know the pulse height d i s t r i b u t i o n 

f o r the whole.. c.ount_er_for incident cosmic ray particles 
exact' analysis'of l i g h t c o l l e c t i o n i n the counter taking multiple | 

passages of rays through the phosphor and r e f r a c t i o n into account gives' 
"K = (2.0 ± 0.5)m. A r e f l e c t i o n coefficient of O.9 for the l i g h t guide 
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from a l l directions and i t s r e l a t i o n to the noise from 
r a d i o a c t i v i t y i n the laboratory and the photomultiplier. 
From t h i s d i s t r i b u t i o n the rate of background noise of a 
cert a i n pulse height can be found which determines the 
p o s s i b i l i t y of the counter detecting spurious events. 

Integral d i s t r i b u t i o n s were obtained for the counter 

i n the horizontal and v e r t i c a l positions. The outputs from 

the cathode followers were added and then viewed on an 

oscilloscope. The slow rates of pulses greater than a 

c e r t a i n height were counted d i r e c t l y . For the higher rates 

(lower pulse heights), the oscilloscope was externally 

triggered by a pulse generator. The frequency was set so 

that at a p a r t i c u l a r time base, the number of pulses 

greater than a p a r t i c u l a r height i n a given number of cms. 

of time base could be measured. 

The two.integral d i s t r i b u t i o n s are shown i n f i g . 3 « 1 1 » 

As expected, the rate of particles through the counter i n 

the horizontal position t o that i n the v e r t i c a l position 

i s greater by a factor approximatie|:y equal to the r a t i o 

of the areas of the two sides ( 1 . 5 x 1 0 . ^ min""'" and 

1 . 5 X lo3 min"^ respectively). 

The data of Green et a l . ( 1 9 5 9 ) on the response of a 
2 

single counter of area 7 » 3 m and depth 1 2 . 5 cms to large 

numbers of p a r t i c l e s was normalised to f i t the size of the 

counter used here. Their f i n a l curve was a combination of 
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nuclear i n t e r a c t i o n s and extensive a i r shower events. 
These were separated and the r a t e of nuclear i n t e r a c t i o n s 
reduced by the volume r a t i o of the two counters and the 
number of p a r t i c l e s i n extensive a i r shower events reduced 
by'the area r a t i o . The two separate components were then 
added. 

The curve up t o n = 50 compares favourably w i t h the 

i n t e g r a l d i s t r i b u t i o n obtained f o r the counter i n the 

h o r i z o n t a l p o s i t i o n . 

3.5 Response of the Large Counter f i l l e d w i t h p a r a f f i n . 

10^ s t ^ e l l p o l A, aqd 0^5 Rl"-*- paraterpheqyl and 

0.005 gl"-*- of popop 

The development of t h i s l i q u i d s c i n t i l l a t o r i s des

c r i b e d i n chapter 6. The response over the area f o r t h i s 

phosphor i n the l a r g e counter was c a r r i e d out as described 

p r e v i o u s l y along the centce l i n e , wx, and along the l i n e , 

y z f o r a s i n g l e p h o t o m u l t i p l i e r . The r e s u l t i s shown i n 

f i g l 3ol2, together w i t h the t h e o r e t i c a l response f o r 

A= 1.5 metres .which shows favourable agreement. 

The d i s t r i b u t i o n f o r p a r t i c l e s passing through the 

centre p o i n t of the counter i s shown i n f i g . 3«13» The 

pulses from the cathode f o l l o w e r of a s i n g l e photomulti

p l i e r were delayed by kj^secs before being fed i n t o the 

pulse height analyser which was gated as described pre-
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