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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. 



6. 

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. 



(q) aoj SB san[BA 

Z 

o o e 
TO CO to 

I'-

(q) j o j SB ssniBA 

2 ^ ^ 

s: 

4 2 S i S 

o 

V 

•0 0 

an
 

a 
c u <H 

a> +» 4J 
0) 
6 a 0 +> 
a 3 al 0 > rH 
cd 4) 

O •H 
iH 0) 

III a -0 III •H 0 •P e rH >> 
3 •d • 

a 10 
0 •p •p *i n c 0 at x: iH a o. 0) 

a 0) 0 3 bO h en U <H 
eS « -P 

3 a • 
JO 

3 • 

0 Q 
•a 0 Vi u u 0) 4) 0) 
+j iH •rl •H 
u r-t iH rH 0) a 0. a iH •l-l •H •H 
0) 4-> +> +» 0) rH iH rH 
u> 3 3 3 e a a a •H o 0 0 m +j +j 
n 0 0 0 3 J3 A U a 0. a o <H rH V 0) 

iH bo bfi III h III a (d cd 
CO 

cd u •0 
h 
0 !H 
W 
c •H 
es 
ss •J 
a 



8 . 

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 
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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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L ..... J 

Figo 3o2 Seal® Aiagraa of larsa arsa oois&tes><, 

| ,Opop 
© .• • • @ 

H H H 
• c — c - c -
H H I 

— C 
I H 

Figo 3<i3 Cheaisal Ststmtures of Soliates ea& So2.voat< 



2 1 . 

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 . 



I 

0 

2 

for Qul^iple Tefleotioffis. 

off sdi, JH, 

WiQo )o5 Flea vloisr of tbis refleoted isssasQ of «h« pbotoml^iplies' 
aeon tvosi a point ca the oeBtro liioo of the ooimter. 



2 2 o 

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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v i o u s l y . The w i d t h of the d i s t r i b u t i o n gives the number of 
photoelectrons emitted from the photocathode as described 
i n chapter 2. 

^ = ^ Width = 60% N = (23j5)^ = 15 

This value of N can be checked by knowing the gain of the 

p h o t o m u l t i p l i e r and the most probable pulse height of the 

d i s t r i b u t i o n i n v o l t s . 
V = 0.6 v o l t s G = l.^• 10^ stray capacity about lOpf 

.•,N =25. 
Taking the value o f N t o be 25 and assuming the quantum 
e f f i c i e n c y of the p h o t o m u l t i p l i e r t o be 10^, the number of 
photons c o l l e c t e d isv250. Therefore the number of photons 
emitted at the centre of the counter isr250 x 200 or 50,000. 
Thus the e f f i c i e n c y of the phosphor iS'»^2-2Li2l = 600 eV/ 

5 X 10-̂  
photon. This gives an increase of 20 compared w i t h the 
r e l a t i v e pulse height increase of The methods of 
e v a l u a t i n g the absolute e f f i c i e n c y o f the phosphors are very 
crude and only a rough estimate can be obtained. I n the 
comparison o f phosphors i n chapter 6 the r e l a t i v e pulse 
heights from phosphors i n s i m i l a r counters w i l l be com­
pared. 
3.6 Comparison w i t h other types of counter 

Counters g i v i n g a b e t t e r l i n e a r i t y and l i g h t output 
than the above counter have been developed by various 
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authors. To increase the response w i t h the above geo­
m e t r i c a l arrangement more p h o t o m u l t i p l i e r s could be used; 
t h i s g r e a t l y increases the cost of the counter. For 
b e t t e r l i n e a r i t y of response the counter could be viewed 
from the broad side, as shown i n f i g . 3.ll+(a), which means 
t h a t the angles subtended by the p h o t o m u l t i p l i e r at a l l 
p o i n t s i n the phosphor would be roughly constant. However, 
t h i s method of viewing increases the bulk of the counter 
and i s inconvenient t o use i n beam experiments. 

Faissner et a l . (1963,b) have suggested wrapping 
aluminium f o i l around the perspex box so t h a t d i f f u s e 
r e f l e c t i o n i s also p o s s i b l e . This improves the l i n e a r i t y 
o f the counter. 

Meyer and Wolmarans (I963), have developed a counter 
from an idea o r i g i n a l l y suggested independently by 
S h u r c l i f f C1951) and Garwin (I96O). The counter i s shown 
i n figo 3.15* The basic idea i s t h a t the box containing 
the phosphor i s viewed along i t s whole l e n g t h t o increase 
the response and l i n e a r i t y . This i s done by means of a 
converter, which i t s e l f i s viewed by a p h o t o m u l t i p l i e r . 
The counter contains p a r a f f i n w i t h napthalene and para-
phenyloxazole (P.PoO.) and the converter p a r a f f i n and 
popop. The short wavelength l i g h t emitted by the PoP.O» 
and c o l l e c t e d by the converter w i l l be absorbed by the 
popop. I t w i l l then be emitted at a longer wavelength 
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and c o l l e c t e d by a p h o t o m u l t i p l i e r . The authors state 
t h a t the counter i s uniform t o 10^ over the area (100 x 
35 crns^) except f o r the corners near the p h o t o m u l t i p l i e r s . 

However one disadvantage i s t h a t the counter's 
breadth i s l i m i t e d because of the high absorption ( \= 
38 cms) of the P.P.O. emitted l i g h t i n p a r a f f i n . This can 
be overcome by i n s e r t i n g converters between two counters 
as shown i n f i g . 3.15> but the i n s e r t e d converter's area 
i s open t o the passage of p a r t i c l e s and t h i s w i l l lead t o 
an increase i n the n o n - l i n e a r i t y . 

0 

3.7 Conclusion 
For a counter o f design shown i n f i g . 3.2 the o p t i ­

mum u n i f o r m i t y i s obtained when the l i g h t i s c o l l e c t e d by 
d i f f u s e r e f l e c t i o n . This can be produced by i n i t i a l l y 
making a supersaturated s o l u t i o n o f the phosphor t o be 
used, the d i f f u s i n g surface being formed when the excess 
solu t e deposits out. This technique i s obviously not 
e n t i r e l y s a t i s f a c t o r y and i t i s suggested th a t an a r t i f i ­
c i a l d i f f u s i n g surface such as Darvic (manufactured by 
I . C . I . Ltd.) would be more s u i t a b l e . 

I t can be seen from f i g . 3.6 t h a t a considerable 
amount of the n o n l i n e a r i t y i s due t o the d i r e c t l i g h t 
c o l l e c t e d by the p h o t o m u l t i p l i e r . The l i n e a r i t y could be 
improved by decreasing the amount of d i r e c t l i g h t c o l l e c ­
t e d . (One way would be t o increase the l e n g t h o f the l i g h t 
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guides)'. 

When the l i g h t c o l l e c t i o n i s by t o t a l i n t e r n a l 
r e f l e c t i o n only^the u n i f o r m i t y of the counter w i t h the 
p a r a f f i n and p a r a f f i n 10% :?hellsol phosphors i s +8.3̂  and 
+12.5^ r e s p e c t i v e l y and the average a t t e n u a t i o n lengths 
5'0 metres and 1.5 metres r e s p e c t i v e l y . 
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CHAPTER h 
THEORY OF ENERGY LOSS 

kol I n t r o d u c t i o n 
A charged p a r t i c l e moving through matter loses energy 

by several mechanisms; c o l l i s i o n s w i t h the atomic elec­
trons o f the medium, d i r e c t p a i r production, bremsstrahlung, 
Cerenkov r a d i a t i o n and nuclear i n t e r a c t i o n s . 

The p a r t i c l e s selected by the h o r i z o n t a l spectrograph, 
described i n the next chapter are r e l a t i v i s t i c muons and 
the energy l o s s i s measured i n the r e l a t i v e l y t h i n l i q u i d 
s c i n t i l l a t i o n counter described previously. Such a t h i n 
absorber sets l i m i t a t i o n s on what can be measured. High 
energy losses, f o r example, d i r e c t p a i r production and 
knock-on e l e c t r o n s , cannot be measured because the electrons 
may have range greater than t h a t necessary t o traverse 
the thickness of the counter. This means that the mean 
energy loss cannot be measured by a t h i n counter. What i s 
measured i s the most probable energy loss which i s due t o 
the more frequent low energy t r a n s f e r c o l l i s i o n s o f the 
charged p a r t i c l e w i t h the atomic electrons of the medium, 
i . e . the e x c i t a t i o n and i o n i s a t i o n of the electrons of the 
medium. The process by which t h i s energy i s converted i n t o 
s c i n t i l l a t i o n l i g h t i s described i n chapter 6. Here i t i s 
s u f f i c i e n t t o say th a t the m a j o r i t y of the e x c i t a t i o n energy 
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i s degraded through v i b r a t i o n a l states of the molecular 

energy l e v e l s and converted i n t o heat. The s c i n t i l l a t i o n 
l i g h t , however, obeys a simple l i n e a r r e l a t i o n s h i p w i t h 

energy loss of r e l a t i v i s t i c muons as shown i n f i g . ^.1, 

\Birks (1951))J shows t h a t the l i g h t output per u n i t path 
l e n g t h , ^ i s r e l a t e d t o the.energy l o s s per u n i t path 

dx 
l e n g t h , bys-

dx 
^ dx 

(1 + B g ) 
For r e l a t i v i s t i c p a r t i c l e s B ̂  1 so tha t ^ i s expected 

t o be d i r e c t l y p r o p o r t i o n a l t o ^ . 

k,2 Eqergy lo s s curve 
The general slope of the average energy loss curve i s 

w e l l known, i . e . a decrease as the inverse square of the 
v e l o c i t y f o r low energies and then an increase f o r B -̂ 1 due 
t o the r e l a t i v i s t i c elongation o f the coulomb f i e l d o f the 
p a r t i c l e , and s c a t t e r i n g i s explained by the f o l l o w i n g simple 
theory. 

The coulomb force between the two p a r t i c l e s at the d i s -
ze2 

tance of cl o s e s t approach, b i s — ^ where ze i s the charge 
on the i n c i d e n t p a r t i v l e o f v e l o c i t y v. The time of i n t e r -

OH 
a c t i o n f o r the f o r e i s — and hence the r e c o i l momentum i s 2 ^ ze_ 2b ^ yjjg average energy loss per e l e c t r o n r e c o i l i s 
b2 V 
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1 /2ze^"\^ 2z2e*̂  
thus \~bv~ / ~ m b^v^ " '̂ ^̂  number o f electrons 
between b and b + db i n a l e n g t h dx 

= ZN 2Tib db dx 

energy loss 

_ 2z2e^ I Z 2TTb db dx 

. dE - hTTze m / db 

• • s - „ ,2 J T - ^ ' ^ 
"min 

The ele c t r o n s can be considered as f r e e i f the c o l l i s i o n 

time i s short compared w i t h t h e i r period o f r e v o l u t i o n . 

For r e l a t i v i s t i c v e l o c i t i e s the c o l l i s i o n time i s decreased 

by a f a c t o r ( l - ^ ^ ^ t o ^ (l-p2)and i f t h i s i s made equal t o 

the time f o r one r e v o l u t i o n T 

2 v ( l - p 2 ^ 

This i s the maximum value f o r b f o r f r e e electrons. 
Obviously equation (1) w i l l tend t o i n f i n i t y f o r b^j^- = 0, 

i n 
which/the c l a s s i c a l ! p i c t u r e i t i s allowed t o do. 

According t o th© u n c e r t a i n t y p r i n c i p l e the exact value 

of b ^ j ^ ( p o s i t i o n ) and the momentum o f p a r t i c l e cannot be 

known simultaneously afidpcomprisesatilietcondition 

^bp.o=:-h 
where p^ i s the value o f the momentum o f the p a r t i c l e and 
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e l e c t r o n i n centre o f mass system, and Ab i s the uncer­

t a i n t y i n the impact parameter. 
Dip 

Po " m P ^or m 

This value can be taken as the lower l i m i t o f b 

,^ dE - if-n-^eW 4n \^^]fn£etM L ^ e ^ V 
* dx jjj^^2 b ^ i n n,̂ 2̂ zfeV(i_^2) 

o.. (2) 
As can be seen from (2), f o r small p the well-known 

deerease o f energy loss w i t h v e l o c i t y (as v"^) i s obtained. 

As f "=̂1 the l o g a r i t h m term becomes dominant because of the 

(1-^2) term i n the denominator and the energy l o s s i n ­

creases. 

^.3 Theories o f average energy loss 
The theory was developed o r i g i n a l l y by Bohr (1915) 

who used a c l a s s i c a l theory t r e a t i n g the electrons as 
o s c i l l a t o r s . He gave an expression f o r the energy loss 
o f a s i n g l e charged p a r t i c l e f o r impact parameters b as 

^ ^ fCmgcf n / k 2 t ^ ^ f2 2 -J ^^^^^^ 
^b P ^ \ l^czj ,2 ̂ ^^^ ^ J 

/ ê ' f 
where C ="TrN | j and I ( Z ) = h ^ 

i s the mean i o n i s a t i o n p o t e n t i a l of the medium. Bethe (1932) 
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considered the system formed by the atom and the incident 
p a r t i c l e and canputed the p r o b a b i l i t i e s of various possible 
t r a n s i t i o n s leading t o e x c i t a t i o n and i o n i s a t i o n of the 
ele c t r o n s i n the atom. He considered energy loss as two 
processes, f i r s t l y f o r d i s t a n t c o l l i s i o n s (small energy 
t r a n s f e r s ) and secondly close c o l l i s i o n s ( l a r g e energy 
t r a n s f e r s ) where the electrons may be considered f r e e . 

For d i s t a n t c o l l i s i o n s he obtained:-
dE ^SOmgC^ r 2m^c^f^i 2: 1 rh.) 

d x < ^ - ^2 L-^" ( l - / ) l 2 ( Z ) 
"7 ^2 2 e 

where C = TTNj ^ ^ ^ chosen energy t r a n s f e r and 
m c 

f o r close c o l l i s i o n s s -
E^' 

where <)>CQ2(E,E') i s the p r o b a b i l i t y of a p a r t i c l e of energy 
E l o s i n g energy E'. 
Eni' i s the maximum trans f e r r a b l e energy 

2mQc| p2 c2 
+ „ 2 > . ' ^2, 2^2 . „2h.^ , c + m c + 2m-C vp c + m c e — e 

2 2 2 2 -i mg + m + Zm̂ Cp/̂  ̂  * ̂  ̂ ' c 
,2 

f o r m >ing and p > B ^ ; E . L ^ ^ = p., = B. 

For a p a r t i c l e of mass y^and spin i (5) becomes 
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Adding P and ̂  gives 
dx.<^ dx>i^ 

2Cm c^ r I 2m C^_B^ E'm 

t o t a l ^ ^^'^^ ''^^^ ^ 
... (6) 

h-oh The Density E f f e c t 
Swann (1938) pointed out t h a t the f i e l d due t o the 

i n c i d e n t p a r t i c l e would p o l a r i s e the electrons i n t h e i r 

o r b i t s around the n u c l e i of the medium and these would, 

t h e r e f o r e , reduce the i n t e r a c t i o n a t l a r g e distances so 

t h a t the increase due t o the r e l a t i v i s t i c e f f e c t ( i . e . the 

extension;: of the coulomb f i e l d perpendicular t o the 

motion o f the p a r t i c l e ) would be mainly cancelled out. 

The screening obviously depends on the number of atoms 

i n the m a t e r i a l , the e f f e c t being more prominant i n dense 

m a t e r i a l s . The e f f e c t was i n v e s t i g a t e d q u a n t i t a t i v e l y by 

Fermi (19lfO) who assumed, f o r d i s t a n t c o l l i s i o n s , t h a t the 

medium was uniform and r e l a t e d the microscopic properties 

of t he atom t o the macroscopic pr o p e r t i e s of a d i e l e c t r i c 

medium. He obtained a d i e l e c t r i c constants-

2 T " i «2 y " i 
"^e i ' i 
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where i s the number of electrons withdiisgersion 
frequency Fermi simp l i f i e d the problem by assuming 

only one dispersion frequency, calculated the Poynting 
vector f o r the radiation f i e l d of the excited macroscopic 
absorber, and equated i t to the energy loss, as followss-

2Cm^c^ r i / m^^c^ \ / r i \ o ? 1 
d^>b f 2 L i3.17Trn e2b2i [ol^)! ^ ̂  

f o r v < j = - ... (8) 

where ^ = 1 + — § — „ 
e o 

The correction, A to Bethe's formula (6) to account f o r the 
interdependence of atomic c o l l i s i o n s i s s -

P Bohr - P Fermi i.e. (3) - (8 or 9) 
^^>b ^ > b 

which gives 
2Cmpc2 J c 

f o r V > ^ 
With these corrections the energy loss of particles of mass 

energy , and spin i i s given bys-
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^ _mas £^ ... (10) 

2Cm "^"^ 
IKI _ e r _ mas . A - H * - $ 2 + dE _ ̂ ^"e 

i ( —max ) J v > ^ o . , ( l l > 
E+f.c2' ^ 

Sternheimer (1$56). evaluated the density correction for 
d i f f e r e n t absorbers taking int o account the true dispersion 
frequencies of the atomic electrons. His f i n a l result 
d i f f e r e d from the above by only a few per cent i n the 
region v = and^identical for v > 

S t a t i s t i c a l Fluctuations i n Energy Loss bv Collisions 
aqd tt^e Mo^t Probable Eqepgy Los p .. 
Particles of a given kind and a given incident energy 

do not lose the same amount of energy i n traversing a given 
thickness of material because the c o l l i s i o n s which are res­
ponsible f o r the energy loss are independent. Consider a 
beam p a r t i c l e of incident energy E^ traversing a thickness 
X, and at x having energy i n the range E to E + dE. After 
a f u r t h e r distance dx, some particles i n E, E + dE w i l l 
undergo a c o l l i s i o n and lose energy such that they w i l l be 
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removed from the energy band dE, Particles- at x with energy 
>(E + dE) w i l l undergo a c o l l i s i o n and emerge at x + dx i n 
the energy range E, E + dE . Thus i f w(E^,E,x)dE is the 
p r o b a b i l i t y of a p a r t i c l e of i n i t i a l energy E having energy 
(E, E + dE) a f t e r x gm cm"̂ ' of matter. ^ 
W(EQ,E,X + dx) - W(EQ,E,X) = - w(E^,Ex)dx J 4^^^(EE')dE' 

r 

+ dx J w(E ,E + E',x)4, ,(E + E', E')dE' g o col 
where <^^^^ are c o l l i s i o n p r o b a b i l i t i e s . 

So that ^ 

) ) w ( ^ & ) ^ r^(g^^g^E.^^j ^^^^ (E+E',E') - w(E^,E,xy 
<|col^^»^'^)^^' . . . - ( 1 2 ) 

Landau (19Mf) obtained a solution to the above equation by 
assuming a t h i n absorber so that the mean t o t a l energy loss 
was small compared with the i n i t i a l energy E and using a 

o 
ijaplace transformation. The probability of an energy loss 
l y i n g between E and E .+ dE i s given by:-

, /E-E \ / E-E \ 

where 5 = X " " - ^ ^ » ̂  Avogadro's number. and 
mv 

are the sums of the atomic numbers and weights of the 
molecules of the substance respectively, and \ i s the 
density of the substance. 

The function ̂  i s given i n f i g . ^ . 2 . 
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Symon ( 1 9 ^ ) has worked out a complete solution and 
his r e s u l t s are summarised by Rossi (1952). 

The most probable energy loss E i s given by 
2 ^ , 2 U P 2Cm c X r , iiCm c x « -r 

E = S In § - - fe + i 

Where 3 i s a special function given graphically by Rossi 
which tends to 0.33 f o r energy>1 GeV. 

The d i s t r i b u t i o n of energy loss (w(E^,E,x) against E^-E) 
f o r incident energy E^ and emergent energy E i s obtained 

AQW E -E 
from the d i s t r i b u t i o n given by Rossi of against — 

2Cm c2x -Ao 
where = b. 

The functions b and F, given graphically by Rossi, are 
l o ^ 5 and 0.66 respectively f o r enaggies >1 GeV. 

^-.6 Expected Energy Loss i n the large counter. Most 
Probable Energy Loss according to Symon 
The main constituent of the phosphor is p a r a f f i n o i l 

which i s a mixture of hydrocarbons of molecular formula 
C Ĥ - ̂ « with n i n the range 5- l5« The density i s 0,875 n 2n+2 
gm cc"^ and the thickness of the counter i s l 6 . 9 cms. 
C 0.150 f gm'̂ cm̂ , m̂ ĉ  = 0.51 MeV. At p^ = 1 GeV/c, 
G = 0.015 so that f o r the energy range studied experimen­
t a l l y Cp^ > 1 GeV/c) 3 = *0.33. and b = 1.5 giving!-
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p ^ 2 |_ (^_^2.) T J 

This has been evaluated f o r d i f f e r e n t values of f and 
the r e s u l t i s shown i n f i g . ( ^ o ^ ) . 

11): Fepml density CorrectiQq 
2Cm c^ ^ r b . _L 

f ^ 
2Cmec2f,, _ 1 ^ -, ^ ^ ^ J _ 

A =. 
n ' 2i 

where = 1 + A wi t h I ( Z ) - h^o = 5^,5 eV 
e o 

">̂o ~ 1 » 3 2 10^^^ sec"^, n = 3 lO^Vccs and hence €^ = l.lk. . e 
For r e l a t l v i s t i c muons (p^^. > 5 0 0 MeV)^ ~ P - ^ l , A = 1 . 2 9 X 

In - 1 MeV/gm cm"̂ '. This has been evaluated f o r ^ l . G 2 J 
d i f f e r e n t values of ]5 and subtracted from the Symon result 
to give the plateau shown i n f i g . hok. 

i l l ) Sternheimer density correction 
As stated e a r l i e r Sternheimer has evaluated the 

density correction numerically and presented results for 
several materials. He finds that i t i s possible to f i t the 
numerical curves by expressions of the forms-

^ = A i 5 = I f , 6 0 6 X C + aCxi-xf for x< x<x, 
E 2 1 0 1 

5 = ^-,606 X + C f o r X >x^ 

where x = logio.f"^)' ^ ~ 1^ ̂ hv") " ̂ ' ^' " ^ 
are numerical constants. 
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No calculations have been performed for paraf f i n o i l 
so the numerical procedure given by Sternheimer has been 
followed through with the re s u l t shown. 

I A -C a m X, x 
1 o 

h.Qh rydberg .O876 2..9^ 0o393 2o86 2: 0.12 

u n i t s MeV/gm cm~2 
The res u l t of subtracting t h i s density correction from the 
Symon r e s u l t i s shown i n f i g . k^k. 
i v ) Difference between Fermi and Stemheimer corrections 

Writing the Fermi density correction as A = ̂  for 
^ > j i ( i . e . ^ > 0.85 GeV/c) gives S = l i i ( f f ^ 2 + ̂ §f-

2 
where <f̂  = 1 + — ^ . Substituting t h i s relationship i n 

TTm V 

the correction and using the fact that the plasma frequency 

^ p = ( n # ) gives 

° 0 T V 2 

^ hi?^/ \ fe*^ /AC > h9o' " " ^ T A 

-2! In + 2 ln(£^) - 1 

= -̂,606 X +' C where C = - 2 l r ( ^ ^ - 1 

and X = logiQ,(^ ) * ^^^s i s i d e n t i c a l with the expres­
sion given by Sternheimer for x ̂  x̂ .̂ For p a r a f f i n o i l 
x^ = 2, so for muons of momenta ^10.6 GeV/c there i s no 
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difference between the Fermi and Sternheimer calculations. 
For momenta i n the range 1-10,6 GeV/c the difference i s 
aCx^-x)"' which i s 1,5^ f o r 1 GeV/c muons and 0.7% f o r 
h GeV/c muons as shown i n f i g . hok. 

ho7 Width of the Landau d i s t r i b u t i o n according to Symon 
Symon (19^8) has worked out a complete solution of 

the p r o b a b i l i t y of energy loss i n both t h i n and thick 
absorbers separately. Rossi (1952) plots Symon's result 

4 W 2Cm c^xb 
as against —^ where A = and F i s given 

p A Q 0 ^ 2 -
i n graphic form. The pro b a b i l i t y of energy loss, W i s 
pl o t t e d against energy loss, (E^-E) i n f i g . ^ . 3 , f o r 
E^ = 1 GeV assuming Ep = 28.5 MeV. The width at half 
height i s 5*1 GeV giving a percentage width of l8^ which 
i s i d e n t i c a l with Landau's r e s u l t . Symon does not give 
the value of the constants b, F and 3 for energies 1 GeV 
but a l l of them tend to a constant value f o r energies 

<1 GeV. I f these constants are taken the d i s t r i b u t i o n f o r 
incident energies of 100 GeV d i f f e r s from the former by 
only 2jg. 

^.8 Radiative Corrections 
For calculating the energy loss of charged par t i c l e s 

i n a mediAiwTsytovich (1962) used a method of macroscopic 
mass renormalisation. I n f i r s t order perturbation theory 
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t h i s effect i s the result of emission and absorption of a 
v i r t u a l photon corresponding to the Feynman diagram i n f i g . 
^ . 5 ( a ) . When radiative corrections are taken into account 
i n second order perturbations (Feynman diagram i n f i g . 
^-.^Cb), a considerable reduction i n energy loss i s predic­
ted at high energies. 

The r e l a t i v e correction can be wr i t t e n i n the form, 

Zhdanov et a l . (1963):-

where Ŵ  i s the energy loss i n the f i r s t approximation of 
the theory. & and m the energy and mass of the incident 
p a r t i c l e . The function ^ --̂ ^̂ as and 

mc 
2 ln2 5 

©2 WQ e 6- _L 

5 =- fe<iJ^>^<-f->f° ' ^ 2 » 5 

Wg> i s the effe c t i v e natural frequency of the atomic 
electrons, < v > i s t h e i r mean velocity, Ŵ  = ̂"̂ mM"* 
Calculation of correction factor f o r the liaiaid s c i n t i l l a t o r 

Jn e^WaJUng i = i 2 l„2 [ | ! ^-^^ In ^ ] ^ 

has been calculated assuming the electrons of the 
atoms move i n simple o r b i t s according to Bohr's theory. 
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2 
i.e. J f o r an electron i n an hydrogen atom = ̂  = 

fo r carbon J f o r inner electrons (2) = -r^. 
J f o r outer electrons (^) = 

<Wg ) = and I i s the mean lonlsatlon potential 
= 81.0 eV. 
... j ; a - - £ z : i = l ^ = m 

<«s> 2 n i I ^ n 
hence r|̂ - = 0,88^ a reduction of 11.6^. 

o X- _[_ 
The calculation i s for = — i — , \> ? 

mc2 ( l . p 2 3 i 3 

i.e . 5 = ̂ '^ ̂ ^'^ P 10 GeV/c. 
Zhdanov et a l . (1963) stipulate that the radiative 

corrections are f o r small energy transfers and the l i m i t s 
of the theory are not known f o r p a r a f f i n although they 
state that the energy transfers i n emulsion are'<10 KeV. 
From the Bethe formula (h), including the density correc­
t i o n , the d i s t r i b u t i o n of energy transfers contributing to 
the most probable energy loss can be calculated. The result 
i s that energy transfers-^ 55 eV (the ionisation potential) 
are responsible for 50% of the most probable energy loss and 
the maximum energy transfer contributing to i t i s 1.5 MeV, 
Thus i f the correction applies to a l l energy transfers the 
reduction w i l l be 11,6^5 i f only the energy transfers < I 
are effected the reduction w i l l be 5«8^, 
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The two reductions are shown i n f i g . kok-. Unfor­
tunately with the simple expressions given by Zhdanov et a l . 
i t i s not possible to give the expected shape of the curve 
or the point where the reduction begins. However i f the 
e f f e c t i s real i t i s expected to be detected over the 
energy range 10-100 GeV. 
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CHAPTER 5 

THE ENERGY LOSS EXPERIMENT 

5.1 Review of previous experiments on energy loss 
I n machine experiments workers have measured the 

range of pa r t i c l e s of a particular energy i n various sub­
stances and have compared the value with the theoretical 
value from Bethe's formula and so obtained the mean 
ion i s a t i o n p o t e n t i a l , I of the absorber. Bakker and 
Segre (1951) measured the range of 3̂ 0 MeV protons i n 
elements from L i to Ur and obtained values of ̂  of 11,3» 

11,5 and 9o5 eV f o r 3Li, and ggPb respectively. They 
also compared the number of ion pairs per cm produced i n a 
gas of an ionisation chamber with the calculated energy 
loss and obtained 35.3, 29.9, 33-6, 31.5 and 33.3 eV for 
the mean energy loss to produce one ion pair i n hydrogen, 
helium, nitrogen, oxygen, and a i r respectively. 

Sacks and Richardson (1951, 1953) measured the energy 
loss of l8 MeV protons i n t h i n f o i l s by measuring the^ 
energy of the protons before and af t e r the f o i l from mag­
netic curvature experiments. Using Bethe's formula they 
found I f o r the material of the f o i l . Caldwell (1955) 

collected the previous data together and found evidence 
f o r a decrease of I with increasing proton energy, e.g, 
fo r aluminium and protons of energy i n the range M-10 MeV, 
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I = 165 eV while f o r 200 MeV protons I = 150 eV suggesting 
that the theory overestimates the energy loss at higher 
energies. 

Barber (1955> 1956) measured th'e number of ion pairs, 
per centimetre produced i n an ionisation chamber over the 
energy range 3-150 MeV. Later Aggson and Fretter (1962) 

extended the measurements to an energy of 550 MeV. They 
found good agreement with theory f o r hydrogen over the 
whole range. 

Zhdanov et a l . (1963) measured the primary grain 
density due to the passage of 30 MeV - 1.5 GeV electrons 
through nuclear emulsion where the Bethe-Sternheimer 
theory predicted a ris e of 12^ from the minimum to a con­
stant value at E > 100 MeV. However, Zhdanov et a l . 
found that the grain density decreased by 8-10^ over the 
range 100 MeV - 1.5 GeV i n agreement with the independent 
t h e o r e t i c a l predictions of Tsytovich (I962 a and b). 
Results from further investigations by Alekseeva et a l . 
(1963) show a decrease of 5-6^. Their results are shown 
i n f i g , 5.1-

The techniques employed i n measuring energy loss of 
cosmic rays ares- (1) nuclear emulsions, (2) s c i n t i l l a t i o n , 
proportional and ionisation counters i n conjunction with a 
spectrograph, and (3) range measurements i n the earth. 
However t h i s l a s t method i s not capable of measuring a 
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v a r i a t i o n i n energy loss of the order 10^. 

S t i l l e r and Shapiro (1953) exposed nuclear emulsion 
at a height of 100,000 feet to primary cosmic rays (e, p 
andTT), They measured the primary grain density and 
estimated the momenta of each p a r t i c l e by multiple 
scattering and found agreement with the Bethe-Sternheimer 
theory f o r energies <^00 GeV. A small decrease ( 2%) would 
not be inconsistent with the results. 

Ghosh et a l , (195^) obtained an energy loss curve f o r 
oxygen using a cloud chamber and spectrograph. Over the 
energy range 300 MeV - 30 GeV^no evidence was found for a. 
radia t i v e correction decrease. Eyeions et a l . (1955)) 

using neon i n a proportional counter, found that the 
experimental points were below the theoretical curve by 
6% f o r momenta >20 GeV/c, 

Using a p l a s t i c s c i n t i l l a t o r Barnaby (I96I) found no 
evidence f o r a decrease i n the momentum range 200 MeV/c -
10 GeV/c and Crispin and Hayman (196^-) an increase above 
the Bethe-Sternheimer result of 3 + 1̂  for the momentum 
range 10-100 GeV/c, 

5.2 The horizontal spectrograph 
The present energy loss experiment was performed with 

a l i q u i d s c i n t i l l a t o r i n conjunction with a spectrograph. 
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The spectrograph, described by Pattison (1963), selected 
high energy p a r t i c l e s incident i n the horizontal direction. 
Because of the depth of the atmosphere i n t h i s direction 
a l l strongly i n t e r a c t i n g p a r t i c l e s are absorbed and the 
r e s u l t i n g p a r t i c l e s at sea l e v e l are muons. Thus the 
spectrograph i s a source of high energy singly charged 
particleso The momentum of the particles i s determined 
by t h e i r d e f l e c t i o n i n a sol i d iron magnet. 

A scale diagram of the spectrograph i s shown i n 
f i g . 5.2. Muons are detected by a coincidence pulse from 
the four trays of geiger counters, A, B, C & D, Each of 
the geiger counters has a sensitive length of 60 cms. An 
anticoincidence tray of 8 tubes placed above tray B cuts 
out a i r showers which tr i g g e r a l l four trays and simulate 
horizontal muons. The magnet i s placed between trays B 
and C and beside each tray i s a stack of neon flash tubes. 

The large area l i q u i d s c i n t i l l a t i o n counter i s placed 
i n a v e r t i c a l p o s i t i o n beyond tray D. The selection pulse 
ABODE i s used to t r i g g e r an oscilloscope on which the 
pulse from the s c i n t i l l a t i o n counter i s displayed and 
photographed a f t e r being delayed by 5y*̂ s using a delay l i n e . 
A block diagram of the spectrograph electronics i s shown i n 
f i g . 5.3. The pulse ABODE i s also delayed by lOj^s before 
i t t r i g g e r s the high voltage pulse generator which supplies 



"5 

IS -1 
... 1 ... 1 

+ 4 ^ 

^ OQ O Ck 



51. 

the H.T. to the flash tube electrodes. A photograph i s 
taken of a l l the flash tube arrays using a mirror system, 
thus recording the position of the p a r t i c l e r e l a t i v e to a 
fi x e d base l i n e , defined by f i d u c i a l marks. 

At the same time a cycling system i s triggered which, 
f i r s t l y , illuminates the f i d u c i a l marks on each f l a s h tube 
array, the clock /Under tray C, and a watch positioned i n 
the corner of the screen of the oscilloscope, and secondly 
moves on the f i l m of both cameras i n preparatioh f o r the 
next event. 

The delay o f the ABODE pulse by lOy^Asecs i s so arranged 
t h a t the photograph of the s c i n t i l l a t i o n pulse i s taken 
before the high voltage pulse g e n e r a t o r f l s t r i g g e r e d , thus 
e l i m i n a t i n g pickup. The e f f i c i e n c y o f the neon f l a s h tubes 
i s not ser i o u s l y a f f e c t e d by such a delay. 

The experiment was run for 60 nights over a period of 
3 months. The current i n the magnet was reversed a f t e r 
every run to eliminate any possible effect on the meq-sure-
ment of the charge r a t i o of muons necessary for another experi­
ment f o r which the spectrograph was used; i t could have had 
no e f f e c t on the measurements of the energy loss experiment. 
The current was kept at the same value throughout the period. 
The geiger tubes were checked every day to ensure that they 
were a l l counting at a normal rate and that the rate of the 
accepted muons (ABODE) was consistent with the expected value. 
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The B.H.T. voltage on the photomultipliers was 
checked before and a f t e r each run together with the H.T. 
and heater voltages on the cathode followers. For each 
run d i s t r i b u t i o n s of the pulse heights were plotted and the 
shape and most probable pulse height of each d i s t r i b u t i o n 
was compared and found to be consistent, thus ensuring that 
the s c i n t i l l a t o r and photomultipliers did not change during 
the experiment. 

5.3 Experimental data 
The flash tube photographs were projected onto a 

diagram showing the position of a l l the flash tubes and 
f i d u c i a l marks i n the trays. A cursor was used to simulate 
the track of a p a r t i c l e through the trays, passing through 
the flashed tubes and avoiding the tubes which had not 
flashed. Down the centre of the diagrams, between the 
f i d u c i a l marks, was a scale i n tube separations (one unit 
being the distance between the centres of two adjacent 
tubes, one tube separation = 1.905 cm)« A coordinate for 
the track i n each tray was obtained and labelled a, b, c and 
d. These were recorded together with the time of the event. 

Eor a and b, knowing the position of the f i d u c i a l marks 
i n the v e r t i c a l d i r e c t i o n , and the distance between them i n 
the horizontal d i r e c t i o n , 1, the incident angle of the 
p a r t i c l e can be found. Similarly the emergant angle and 
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thus the deflection i n the magnet can be calculated. 
The angular deflection, © i s given by where 

^ =- (a-b) - (c-d) i s obtained from the "projection" 
r e s u l t s , = - ( (a -b^) - (c -b^) ) i s a constant f o r the 

' 0 * 0 0 0 0 » 

spectrograph and i s determined by i t s geometrical values. 
The momentum, p of a p a r t i c l e i s given bys-

pO = 300J" Hds. 
For the magnet (of thickness 63,5 cms) H - 15.85 Kgauss and 
hence pO = 17.3 GeV/c deg. and p(fi^+A^) =23.6 GeV/c ( t . s . ) . 

The maximum detectable momentum (MDM) i s governed by 
the accuracy of measuring the small angular deflections of 
high energy p a r t i c l e s , and i s 22^ t!p 9 GeV/c. For higher 
momentaaiparticles (p !̂  100 GeV/c) a more accurate method 
of finding p i s used. On a scale diagram of the flash 
tube stack the flashed tubes f o r an event are marked and 
numbered. A cursor i s set at the angle that the track 
makes to the horizontal obtained from the projector. The 
cursor i s positioned to pass through the marked tubes and 
the maximum and minimum value of the coordinate found. The 
mean of these two values i s taken as the revised coordinate. 
This i s done f o r the four coordinates and a new value of A 
obtained. The MDM i s increased thereby to 3^9 ± I6 GeV/c. 

The oscilloscope f i l m of the s c i n t i l l a t o r pulse height 
was projected onto a drawing of the oscilloscope graticule 
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and the height of the pulse i n centimeters measured and 
recorded with the time of the event. A photograph of the 
grati c u l e of the oscilloscope was taken before and af t e r 
each run and compared with the drawing to ensure that thev 
projection system dimensions were constant throughout the 
measurementpjof the data. 

The two sets of data were correlated by the time of 
the event, which was easily achieved as the spectrograph 
acceptance rate (ABODE) was about l6 per hour of which 8 

per hour were acceptable.single events. The remainder 
were extensive a i r shower events which leaked through the 
anti-coincidence shield. 

From the experiment 3306 events were accepted and for 
each event the following data were obtained?-

( i i ) the emergent angle from the spectrograph (c-d) 
( i i i ) the v e r t i c a l position of the p a r t i c l e i n the 

s c i n t i l l a t i o n counter, ds. ( i n tube separations). 
The d i s t r i b u t i o n of ̂ +-^Q f o r a l l the results i s 

shown i n f i g . 5.^ on a logarithmic p l o t . For analysis the 
data i s grouped i n t o the momentum c e l l s shown SbniTable 5»1. 

I t i s important to know the d i s t r i b u t i o n of angle f o r 
each momentum c e l l to ensure the mean track length through 
the counter f o r each c e l l does not vary from c e l l to c e l l 



Table 5 .1 
55. 

Momentum Cells for Grouping of Data 
Cell Mean A+A 

0 
Mean Momentum 

0 < 3 1.3 185 

3 < A + A ^ < 5 if . O 59 

5 < A + A ^ < 8 6.3 3'8; 

8 < A + A Q < 12 9.8 2^ 

Ig: K A + A Q ^ 16. 13 .1 18 

16 < A + A Q ^ 2»+ I 8.if 12,8 

2k < A + AQ < 6k 37V0 6.3 

ek < A + A Q ^ 236: 120.0 2 .0 

as an increase i n track length would, of course, lead to 
an increase i n pulse height. These are shown i n f i g . 5 . 5 . 

The lowest momenta d i s t r i b u t i o n i s the only one which i s 
s i g n i f i c a n t l y d i f f e r e n t from the rest. The mean of the 
d i s t r i b u t i o n being shifted 10° which means a decrease i n 
track l e n g t h ^ 1.5^. 

5.^ D i s t r i b u t i o n of p a r t i c l e s alone the height of the 
counter and correction factors 
For the energy loss experiment the counter was 

i n i t i a l l y f i l l e d with p a r a f f i n , 0 .8 gm l " ' " ^ of paraterphenyl 
and 0 .008 gm l"''' of popop. As previously mentioned, a 
deposit had formed on the bottom of the counter while i n 
the horizontal position; the non-linearity along the centre 
l i n e f o r t h i s state was found to be ik% with a similar value 
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i n the transverse d i r e c t i o n . No reasonable amount of 
mechanical shock appeared to affect t h i s deposit when 
the counter was placed i n the v e r t i c a l position. Accord­
in g l y i t was decided to perform the experiment with the 
counter as i t existed. I t was realised that paraterphenyl 
f l a k i n g o f f the side wall of the counter would deposit on 
the bottom and produce a strongly non-linear response over 
the counter area. Thus d i s t r i b u t i o n s of pulse height f o r 
each run were compared to ensure that the response of the 
counter did not change with time. 

When a l l the basic measurements of momentum, pulse 
height, (c-d) and d^were available, i t was decided to check 
the l i n e a r i t y of the counter i n the v e r t i c a l position 
( i . e . v a r i a t i o n w i th ds). The position of the p a r t i c l e i n 
the v e r t i c a l d i r e c t i o n ds was calculated from a knowledge 
of d and (c-d) and the data divided into d i f f e r e n t momenta 
and "ds" c e l l s , as shown i n table 5.2. The pulse heights 
were plotted and the median of each d i s t r i b u t i o n was then 
found. The results are plotted i n f i g . 5.6. 

The d i s t r i b u t i o n of ds for d i f f e r e n t momenta c e l l s i s 
shown i n table 5«3j i t can be seen that they are comparable 
i n shape and the most probable value of ds. Therefore the 
di f f e r e n t momenta ce l l s i n the pulse height d i s t r i b u t i o n s 
f o r d i f f e r e n t "ds" can be combined. The random position of 
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TABLE 5.2 

Median of Pulse Height Distributions 

Type 0 ; 
d 
s 

^ 7 8.00 8.50 8,70 8o33 

N - 9^ N = 137̂  N = 102 N = 87 

8.70 80.25 8,29 8.57 

N = 199 N = 252 N = 205 N = 206 

l ' f < d 
s 

<̂  22 8.75 8.92 9.2^ 9a06 

N = 267 N = 198 N = 165 N = 198 

22 < dg < 28 8o96 9.50 9.00 9.25 

N = 168 N = 106 N = 82 N = 110 

28 < dg < 50 8,80 8,88 8,29 8,50 

N = 151 N = 9^ N = 52 N = 189 

the momenta c e l l s i n f i g i . 5.6 also shows that the medians of 
the d i s t r i b u t i o n s are independent of momenta. The 28<dg^50 

c e l l has been divided i n t o 3 cells?- 28<d 43I, 31<d-,<^6 and 
s ^ 

36<d <509 whose medians were 9.06, 8.79 and 8,^0 10"^ volts s 
respectively. The new medians of the combined di s t r i b u t i o n s 
are p l o t t e d i n f i g . 5 .7(a). 
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I n o r d e r t o c o r r e c t f o r t h e v a r i a t i o n o f p u l s e h e i g h t 

w i t h h e i g h t i n t h e c o u n t e r t h e r e s u l t s h o w n i n f i g . 5 o 7 ( a ) 

i s t r a n s f e r r e d t o a c o r r e c t i o n d i a g r a m . T h e p e a k i n t h e 

m i d d l e o f t h e c o u n t e r ( d g = 2 5 t . s . ) i s t a k e n a s t h e z e r o 

c o r r e c t i o n a n d t h e d i f f e r e n c e b e t w e e n t h e m e d i a n a t a 

p a r t i c u l a r d g a n d t h e m e d i a n a t d g = 2 5 t . s . i s t a k e n a s 

t h e c o r r e c t i o n f a c t o r . T h i s i s a d d e d t o t h e p u l s e h e i g h t 

f o r t h e p a r t i c u l a r d^. T h e c o r r e c t i o n d i a g r a m i s s h o w n i n 

f i g o 5 o 7 ( b ) . T h e s h a p e o f t h e l i n e f o r d g > ^ 0 t . s . i s 

d o u b t f u l b u t i s r e l a t i v e l y u n i m p o r t a n t b e c a u s e o f t h e s m a l l 

n u m b e r o f e v e n t s a t t h e t o p o f t h e c o u n t e r . T h i s c a n b e 

s e e n f r o m t h e f i g u r e s i n t a b l e 5 « 3 a n d t h e d i s t r i b u t i o n o f 

d g f o r a l l e v e n t s s h o w n i n f i g . 5 » 8 o S i x t e e n e v e n t s w i t h 

d g ^ 5 0 t . s . w e r e r e j e c t e d . 

T h e c o r r e c t e d p u l s e h e i g h t s a r e s h o w n i n t a b l e 5 - ^ a n d 

t h e d i s t r i b u t i o n o f t h e c o r r e c t e d p u l s e h e i g h t s f o r d i f f e r ­

e n t m o m e n t a c e l l s s h o w n i n f i g , 5 « 9 o 

5 , 5 M e t h o d s o f f i n d i n g t h e m o s t p r o b a b l e p u l s e h e i g h t a n d 

c o m p a r i s o n o f e x p e r i m e n t w i t h t h e o r y 

V a r i o u s m e t h o d s o f t r e a t i n g s k e w d i s t r i b u t i o n s t o 

o b t a i n t h e m o s t p r o b a b l e h e i g h t h a v e b e e n s u g g e s t e d . 

O n e m e t h o d i s t o t r a n s f o r m t h e s k e w d i s t r i b u t i o n i n t o 

a n o r m a l o n e , f o r e x a m p l e , b y p l o t t i n g t h e p u l s e h e i g h t 

r e c i p r o c a l l y , a s t h e s q u a r e r o o t , a n d l o g a r i t h m i c a l l y . I f 

t h e c u m u l a t i v e p e r c e n t a g e f r e q u e n c y i s p l o t t e d d i r e c t l y 
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against the pulse height on mathematical probability paper 
f o r a normal d i s t r i b u t i o n a straight l i n e i s obtained on 
which the mean of the d i s t r i b u t i o n occurs at a frequency 
of 5 0 ^ , Barnaby ( 1 9 6 l > finds that by p l o t t i n g the recip­
r o c a l pulse heights of a skew d i s t r i b u t i o n (obtained from 
a similar energy loss experiment using a p l a s t i c s c i n t i l ­
l a t o r ) a straight l i n e i s obtained}!? the height corres­
ponding to 50% agrees with the value obtained by a subjec­
t i v e method. This l a t t e r method consists of drawing the 
most probable l i n e through the points and estimating the 
posit i o n of the most probable height by eye. 

The present d i s t r i b u t i o n s have been plotted as the 
reciprocal, square root, and logarithm of the pulse height 
on mathematical p r o b a b i l i t y paper and a l l give reasonable 
s t r a i g h t l i n e s between 10% and $0% but deviate beyond 
these points. However the l i n e obtained i s s t i l l suitable 
f o r obtaining a value of the pulse height at 5 0 ^ « 

The l i n e s obtained by these three methods fo r a 
pa r t i c u l a r momentum c e l l are shown i n f i g , 5 o l O « These 
three methods cannot a l l , of course, transform a given 
d i s t r i b u t i o n i n t o a normal d i s t r i b u t i o n , but as can be 
seen from t:able^•5i5» where the methods are compared with 
subjective methods, the behaviour f o r a l l i s similar. As 
the f i n a l experimental result can only show a r e l a t i v e 
v a r i a t i o n , the most probable pulse heights being normalised 
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to the most probable energy loss, i t i s legitimate to 
combine the results of the f i v e methods and obtain a more 
precise estimate of the r e l a t i v e v a riation of the most 
probable pulse height. This has been done by taking the 
arithmetic mean of the f i v e results. The errors on the 
most probable pulse heights are obtained by assuming that 
they would not be basically d i f f e r e n t from the error on 
the mean of a normal d i s t r i b u t i o n . West (1962), gives the 

error on the mean = ̂ "11 width^at J ^ f height ̂ ^^^^ ̂  

number of events i n the d i s t r i b u t i o n . 
I n a preliminary analysis of the results, Ashton and 

Simpson (196^), the most probable pulse height was estimated 
by the subjective methods alone and normalised to the energy 
loss curve at the lowest momentum point. The track simulator 
measurements were not then completed f o r the high momenta 
p a r t i c l e s ( i . e . ^ + ^ 0 3 0 . The most probable pulse 
heights of the two high momentum c e l l s , ( 3 ̂  ^'*'^Q ^ 5 and 
^ + ̂ Q - ^ 3 ) , were low and high, respectively, r e l a t i v e to 

the normalisation point so i t was decided to combine them. 
The preliminary results are shown i n f i g . 5 o l l « This 
res u l t i s not inconsistent with a small decrease i n 
ionis a t i o n loss at high momenta but the magnitude of 
the decrease appears to be considerably less than would 
be expected from a straightforward substitution i n 
Tsytovich's formula. 
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After the more precise measurement of momenta had 
been obtained and the data regrouped accordingly, the 
di s t r i b u t i o n s of pulse height for the c e l l s , i 3» 

3'<^A+A^ ^ 5 and 5 ^ ^*^Q ^ ̂  were drawn and compared 
with the previous data as shown i n f i g . 5.9. From these 
diagrams i t can be seen that the most probable pulse 
height f o r the c e l l 3 <̂  A+A^ ^ 5 i s s t i l l low compared 
w i t h the neighbouring cells0 I n order to r e t a i n the 
highest momentum point the c e l l , (3 A+ ^ ig 
combined with the c e l l 5 ^ ^0 '^^^ probable 
pulse height of t h i s c e l l i s then found by the previously 
described methods. The results i n units of 10"3 v are:-
reciprocal method 82 + 2, square root method 86 + 2, 
logarithmic method 8 6 + 2 and subjective methods 7 8 + 3 
and 7 9 + 2 giving a mean of 82,^. 

A result of the "transformation" methods of obtaining 
the most probable pulse height i s that the most probable 
pulse height f o r the lowest momentum c e l l i s increased by 
k% above that obtained by the subjective methods. This 
discrepancy i s due to either the shape of the d i s t r i b u t i o n 
being affected by the broad d i s t r i b u t i o n of (c-d) f o r low 
momenta pa r t i c l e s or an error i n the correction factors f o r 
dg y ho t . s . In consequence of t h i s i t was decided to 
normalise on the next c e l l , 2h < ̂ + ^ 0 ^ f i n a l 
v a r i a t i o n of the most probable energy loss with momentum i s 
shown i n f i g . 5«ll-
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5.6 Conclusion 
I t i s concluded that no significant decrease i n the 

energy loss of muons i n the l i q u i d s c i n t i l l a t o r i s observed 
over the range from a few GeV/c to 200 GeV/c, I t i s to be 
noted that the decrease found by Zhdanov et a l . (I963) and 
Alekseeva et a l . CI963) i s f o r nuclear emulsions where 
there i s a difference between the minimum and the high 
energy plateau of the energy loss curve of 12^. For the 
phosphor used i n the present experiment t h i s difference i s 
2%o The increase i n emulsion i s due to absorption of short 
wavelength Cerenkov radiation.close to the path of the 
p a r t i c l e and t h i s effect certainly takes place i n the scin­
t i l l a t i o n phosphor. To t h i s extent a decrease i s certainly 
expected but the present results are inconsistent with the 
magnitude of i t calculated by a straightforward substitu­
t i o n i n Tsytovich's formula. 

I t i s suggested that i f a decrease exists at high 
energies i t would be best detected by a measurement of the 
y i e l d of Cerenkov l i g h t as a function of energy. In t h i s 
case the effect appears as a f i r s t order effect compared 
wit h a s c i n t i l l a t o r where a large contribution to the 
energy loss comes from r e l a t i v e l y large energy transfers 
(up to l o 5 MeV), No such measurements have yet been made. 
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CHAPTER 6 

DEVELOPMENT OF A MORE EFFICIENT LIQUID PHOSPHOR 

6 , 1 Introduction 
In the major experiment the phosphor developed by 

Barton et a l . ( 1 9 6 2 ) has been used, i. e . 0 . 8 gm 1"^ 

paraterphenyl and 0 . 0 0 8 gm l""'" popop i n medicinal p a r a f f i n . 
Although t h i s has the advantage of being cheap, easily 
prepared, and safe with regards to f i r e r i s k , the s o l u b i l i t y 
of the p a r a f f i n s t r i c t l y l i m i t s the maximum efficiency. In 
consequence, methods of increasing the efficiency have been 
investigated. 

The reasons f o r desiring increased efficiency are the 
following!-
( 1 ) When using photomultipliers the number of photons 
collected i s increased and the width of the d i s t r i b u t i o n 
of the pulse heights from the photomultiplier i s reduced 

Av 1 
according to the formula -7̂  -j^, where N i s the number 
of photoelectrons emitted by the photocathode. 
( 2 ) The tracks of the p a r t i c l e s can be photographed using 
image i n t e n s i f i e r s . The greater the efficiency of the 
phosphor the greater the area the image i n t e n s i f i e r can 
look at to give a reasonable number of photons collected 
per centimetre of track. Using image i n t e n s i f i e r s , photo-
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graphs have been taken of p a r t i c l e tracks i n plastic 
s c i n t i l l a t o r s by Binnie et a l . ( I 9 6 3 ) and i n caesium 
iodide crystals by Gildemeister et a l . C 1 9 6 3 ) f o r 
e f f i c i e n c i e s of the order 1 0 0 eV/photon. McCusker et a l . 
( 1 9 6 ^ ) have suggested using image i n t e n s i f i e r s with 
p l a s t i c s c i n t i l l a t o r s to study the nature of the core 
structure of extensive a i r showers. 

6 o 2 Summary of previous work using p a r a f f i n 
Kallmann and Purst ( 1 9 5 0 ) investigated the s u i t a b i l ­

i t y of many l i q u i d s f o r use as s c i n t i l l a t o r solvents. 
Among these was p a r a f f i n o i l and they found that of the 
solutes employed, paraterphenyl was the most e f f i c i e n t . 
A summary of the r e l a t i v e response of pa r a f f i n with various 
solutes i s given i n table 6 . 1 . 

TABLE 6 . 1 

Relative response of various solutes i n p a r a f f i n o i l 
Approximate Response rel a t i v e 

Solute maximum to anthracene crystal 
concentration g / 1 of the same mass 

None - OoOl^ 

Anthracene 1 . 5 0 . 0 2 9 

Carbazole 0 . 5 0 . 0 3 ^ 

Paraterphenyl O o 5 0 . 0 ^ 5 

Xylene 1 2 0 ̂  O.O3O 
volume) 
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ley also determined the effect of adding para f f i n 
to a saturated solution of carbazole i n xylene, and to a 
solution of paraterphenyl i n m-xylene; the results are 
shown i n f i g s . 6 o l and 6 . 2 respectively. In the former 
case the maximum observed i n the response curve i s 
similar to that found by the author when shellsol A i s 
added to a p a r a f f i n , paraterphenyl and popop phosphor 
(section 6 . 6 ) . However, the magnitude of the increase 
( 3 0 ^ ) i s much less. In contrast f i g . 6 . 2 shows the effect 
of adding p a r a f f i n o i l t o a xylene paraterphenyl solution 
where a continuous decrease i n response with d i l u t i o n i s 
observed. 

6 . 3 Fu^ctio^ Qf golutes 
Before f u r t h e r investigation of the phosphor i t i s 

necessary to understand the basic function of the solutes. 
Kallmannsarldi^Purst using ^-ray excitation, have found that 
the fluorescence of certain l i q u i d s was increased about 
3 . 0 times by the addition of a small amount of fluorescent 
material. The l i g h t output i s much greater than that for 
the material alone and must be due to the absorption of 
the energy by the solvent. The energy i s then transferred 
to the solute where i t i s trapped and l a t e r emitted as 
ei t h e r near-ultraviolet or v i s i b l e radiation. The f i n a l 
fluorescence i s associated with the spectral characteris­
t i c s of the solute. 
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Kallmann and Purst propose the following mechanism 
f o r the production of s c i n t i l l a t i o n l i g h t . Past charged 
p a r t i c l e s cause the electrons of the solvent molecules to 
be excited to the f i r s t and higher excitation energy levels 
or to be ionised. However the molecule i s quickly (about 
10" seconds) de-excited through v i b r a t i o n a l states to 
the f i r s t e x c i t a t i o n l e v e l , and i t i s t h i s energy alohe 
that migrates to the added solute molecules which then 
fluoresce producing the observed s c i n t i l l a t i o n l i g h t . 

The trapping of the energy by the solute i s most 
important, the e f f i c i e n c y of the solution depending on the 
p r o b a b i l i t y of the solute molecule trapping the excitation 
energy of the solvent molecules. Trapping i s possible 
only when the f i r s t excited state of the solute i s lower 
than that of the solvent. When a solute molecule absorbs 
the energy from the solvent, i t is excited above i t s f i r s t 

—1? 
e x c i t a t i o n l e v e l , but t h i s i s quickly (about 10 seconds) 
de-excited through v i b r a t i o n a l states to the f i r s t excita­
t i o n state. From t h i s state the energy can be transferred 
to another solute molecule or emitted as radiation but 
cannot excite a solvent molecule to the f i r s t excitation 
l e v e l because the energy available i s not s u f f i c i e n t . 

The trapping property of solutes can be further used 
by adding a secondary solute. This traps the energy from 
the primary solute by the same method as described before 
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f o r the solvent and the primary solute. The f i r s t excita­
t i o n l e v e l of the secondary solute i s lower than that of 
the primary and thus the fluorescent l i g h t i s emitted at 
a longer wavelength. The energy processes of excitation 
trapping, i n t e r n a l degradation through vibrational states, 
and fluorescence are shown i n f i g . 6.3. The advantage of 
the l i g h t being emitted at a longer wavelength i s that i t 
i s less readily absorbed i n the solvent; the secondary 
solute can be chosen such that i t s emission spectrum 
matches the quantum eff i c i e n c y of the photomultiplier at 
i t s maximum. 

Mixtures of p a r a f f i n , paraterphenyl and popop were 
o 

excited using u l t r a v i o l e t l i g h t (wavelength 3650 A and" 
2357 2) and the emission spectrum obtained using a spec­
trometer viewed by a photomultiplier. The l i g h t output 
of the phosphor at a pa r t i c u l a r wavelength was read as 
the anode current of the photomultiplier. The spectra 
of p a r a f f i n v/ith paraterphenyl, p a r a f f i n with popop and 
p a r a f f i n with paraterphenyl and popop were obtained and 
corrected for the dispersion of the spectrometer and the 
v a r i a t i o n of the efficiency of the photomultiplier with 
wavelength. The resultant spectra are shown i n f i g . 6.̂ -. 

The absorption of the phosphor was measured on an absorption 
spectrometer and the result compared with the quantum 
effi c i e n c y of the photomultiplier given by the manufacturer 
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and the emission spectrum of the phosphor as shown i n 
f i g . 6.5. These two figures show clearly that popop 
i s f u l f i l l i n g i t s function as a "wavelength s h i f t e r . " 

I f the p r o b a b i l i t y of trapping i s not high^the energy 
s f the solvent molecules has a greater chance of being 
i n t e r n a l l y degraded through v i b r a t i o n a l states. This 
" i n t e r n a l quenching" competes with the trapping and 
lowers the s c i n t i l l a t i o n e f ficiency of the solution. 
One way to increase the p r o b a b i l i t y of trapping i s 
obviously to increase the number of trapping centres, i.e. 
the concentration of the primary solute. However, when 
the concentration becomes appreciable (about a few gms 
per l i t r e ) the electron levels of the primary solvent 
become disturbed and t h i s increases the probability of 
non-radiative energy degradation. I t i s an effect depen­
dent on the concentration of the solute and i t i s termed 
self-quenching. The p r o b a b i l i t y of self-quenching, JT" i s 
proportional t o c, the concentration of the primary 
solute. 

The f i n a l fluorescent l i g h t i n t e n s i t y depends on the 

following f a c t o r s J -

i ) i n t e r n a l quenching i n the s o l v e n t ^ 
i i ) p r o b a b i l i t y of energising the solute;:£^ 

1 ^ 
i i i ) i n t e r n a l quenching of the solute -f-

1 i 
i v ) self-quenching of the solute 
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v) p r o b a b i l i t y of emission of radiation J* 
1 ^ where - i s the pr o b a b i l i t y of a process occurring per uni t 

time ("C-is the l i f e t i m e of the process). Thus i f an 
excited solvent molecule i s produced at time t = 0, the 
p r o b a b i l i t y of i t escaping in t e r n a l quenching i n time, t 
i s e-t/-^. 

Kallmann and Furst have formulated an expression f o r 
the v a r i a t i o n of int e n s i t y of l i g h t output with concentra­
t i o n of primary solute. 

I f ne i s the number of excited molecules i n the 
solvent per u n i t time, the number of excited solute 
molecules per u n i t time i s n. 3 -—- . 

®'^q"'^t 
The intensity of fluorescent l i g h t , I = n^ x 

and 1 + = k''. -Q , -C and "C. are constants f o r the 
T:^ q e 1 

solution independent of concentration. 
Hence, n c 

^ (c+k)(k'c+k") 
which predicts f o r c < k and k'c <,k", a linear increase 
of I w i t h c and for larger c a plateau followed by a 
decrease as c-1,. Kallmann and Purst f i n d t h i s substantiated 
by experiment. 
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6.>f Energy transfer processes 
After the solvent molecule has de-excited to the 

f i r s t excited energy l e v e l some of the energy i s trans­
ferred eventually to the solute. Various mechanisms for 
t h i s and the primary to secondary solute transfer have 
been suggested. Kallmann and Purst propose a process of 
exciton ( e x c i t a t i o n energy) exchange. The exciton jumps 
from solvent molecule to a neighbouring solvent molecule 
u n t i l i t reaches a solute molecule where i t i s trapped. 
The exciton can either be an excited electron or a state 
where the free electron and i t s positive hole can move 
together through the system. The l a t t e r i s transfer of 
energy alone, which can take place more easily for low 
energies than the transfer of energy^charge. The time 
taken f o r the energy to reach a solute molecule i s 

= w where N̂ . = number of solvent molecules i n u n i t 
c Vex ^ 

volume, = the number of solute molecules i n u n i t volume, 
i s the energy exchange and h i s Plank's constant. 
I f trapping occurs when the energy reaches the solute 

"Ĉ  and ^ «>< N̂ . = c. 
I f every c o l l i s i o n does not lead to trapping ~ i s reduced 

^ t 
by a factor ̂ , ( Y< l ) . 

FBrster (19^8) suggested a resonance process. The 
excited molecule acts as a dipole and induces a dipole 
moment i n another molecule. For t h i s process 
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1 2 - <<c which should predominate over the previous process ^ t 
where ̂  «< c f o r large c. However Kallmann and Purst 

^ t 
state that t h i s concentration i s about 5 to 10 times larger 
than experimental values. 

A t h i r d process i s the emission and absorption of 
photons by the molecules of the solvent u n t i l they are 
trapped by a solute molecule and emitted as fluorescent 
l i g h t proposed by Blrks et a l . (1958). 

Another possible process i s the movement of the 
excited molecules through the l i q u i d due to Brownian 
motion. The excited molecule eventually passes on i t s 
energy to another molecule by any of the three mechanisms 
described above. 
Solveqt-primary solute energy transfer 

In t h i s f i e l d there i s s t i l l a l o t of discussion on 
the mechanism which i s most important. Birks et a l . (1958) 

hold that the energy transfer i s attained by the emission 
and absorption of photons while Purst and Kallmann (195*̂ ") 

and other workers consider that such a radiative process i s 
inadequate to account for the magnitude of the energy 
transfer observed and suggest the non-radiative processes 
l i s t e d previously. Both mechanisms have been v e r i f i e d by 
experiment but no quantitative results have been presented. 
Ageno et a l . (1952) have performed an experiment where they 
f i n d a solution fluorescing which i s separated from the 
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0 
excited solvent alone by 0.18 mms of glass (opaque < 3000 A) 
confirming the existance of radiation transfer between 
solvent and solute. However the fluorescence was very 
weak, but Birks (1953b) suggests that t h i s i s due to 
absorption of the shorter wavelength radiation i n the glass 
and that the experiment should be repeated using quartz. 
Purst and Kallman (195^) by exciting paraterphenyl i n 
mixtures of cyclohexane and xylene by ligfcit of wavelength 

o o 
3130 A- and 2537 A and gamma rays demonstrated that the 
energy transfer takes place by c o l l i s i o n processes. They 
estimated that f o r paraterphenyl i n pure xylene the 
fluorescent i n t e n s i t y i s up by a factor 7 above that which 
would be expected f o r pure radiation processes. 
Primary solute-secondarv solute energy transfer 

Birks and Kuchela (I96O) have studied the re l a t i v e 
importance of radiative and non-radiative energy transfer 
from primary to secondary solute. Their results can be 
expressed simply as follows:- f o r the radiative process 
they give the efficiency of energy transfer, 

~ B + Be where c i s the r e l a t i v e concentration 
of the two solutes and A, B, D and k are constants depend­
ing on the quenching coefficients of the solutes. For the 
non-radiative process the efficiency f j ^ i s given by:-
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N̂R ~ B +°Dc' ̂'̂•'•̂'̂  tends to unity f o r large c. They have 
evaluated f^^ and f^^^^ f o r the mixture paraterphenyl with 

tetraphenyl butadiene (as wavelength s h i f t e r ) i n toluene. 
j i . 

The radiative process i s found to dominate up to c- = 10 

of which concentration f j ^ = 0.7 a f t e r which i t decreases 
and the non-radiative process dominates giving fjjg = 0«9 

at c = 10-2, 
By exciting the solution described f o r d i f f e r e n t 

concentrations of tetraphenyl butadiene with u l t r a - v i o l e t 
o o 

l i g h t over the wavelength range 2800 A. to 3700 A they hav^ 
been able to evaluate the solute-solute energy transfer 
e f f i c i e n c y and f i n d a good agreement with t h e i r theory. 
6.5 Experiments with p a r a f f i n as the solvent 

A l l the experiments i n t h i s and the following section 
were performed i n the "cube" counter previously described, 
the solutions being excited by cosmic rays accepted by 
the coincidence telescope which triggered the oscilloscope 
on which the pulses from the "cube" counter were displayed. 
The v a r i a t i o n of response with concentration of primary 

Pulse height d i s t r i b u t i o n s were obtained f o r d i f f e r e n t 
concentrations of paraterphenyl i n p a r a f f i n with 0.008 gm l " ^ 
of popop. The v a r i a t i o n of the most probable pulse height 
of these d i s t r i b u t i o n s with concentration should f i t the 
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n̂ a c 

curve I = i ) • However as mentioned previously 
p a r a f f i n i s not a good solvent and the solutionsbecomes 
saturated f o r c = 1 g 1""̂  where the curve i s s t i l l l inear. 
The measurements are shown i n f i g . 6.6 together with the 
result s of Barton et a l . (1962) f o r the same mixture. As 

n c 
the curve i s l i n e a r I = i.e. k > c and k'' )" k'c. 

k k " 
Thus the p r o b a b i l i t y of trapping i s less than the proba­
b i l i t y of i n t e r n a l quenching i n the solvent (~- < - i - ) 

^ ^ t ^q ^ 
and so a more e f f i c i e n t transfer of energy to the solute 
w i l l have to be found without increasing the probability 
of i n t e r n a l and self quenching of the soluta 
The va^rlatj,on of response with concentration of seco^dary 
solute 

Distributions were obtained as before for d i f f e r e n t 
concentrations of popop i n pa r a f f i n with 0.5 gm l " ^ of 
paraterphenyl. The response should be of the form given 
by Birks and Kuchela described e a r l i e r , i.e. a gradual 
increase from f = 0.7 at c = 10"^ to f = 0.9 at c = lO"^. 
The experiment was performed over the range c = 2 x 10"̂  

to 2 X 10"^ and the result i s shown i n f i g . 6.7. Also 
shown i s the response of popop i n shellsol A. with ^ cm l""*" 
of paraterphenyl and toluene with k- gm 1"-̂  of paraterphenyl. 

This s l i g h t increase i n response observed f o r high 
concentrations i s inadequate when the high cost of popop 
and the s o l u b i l i t y of the solvent i s considered. 
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6.6 Shellgol A as a secondary solvent 
As stated previously, at the concentrations of para­

terphenyl i n p a r a f f i n the transfer of energy to the 
solute i s very i n e f f i c i e n t . One reason for t h i s i s the 
short excitation l i f e t i m e of p a r a f f i n and because of the 
greater p r o b a b i l i t y of internal quenching before the 
energy can be transferred to another molecule. 

To trap the energy a secondary solvent i s added. 
This should be highly soluble so that large quantities 
can be dissolved and i t must also have a lower f i r s t 
excited energy state than the pa r a f f i n . Because of the 
high- concentration the energy has a much greater chance 
of being trapped. The solvent should also be chosen such 
that the transfer of energy from the secondary solvent to 
the primary solute i s an e f f i c i e n t process and quenching 
i s at a minimum. The secondary solvent need not be a 
fluorescent material. 

Shellsol A, fe mixture of a l k y l benzenes sold by the 
Shell Chemical Coi Ltd.) has been found to be an e f f i c i e n t 
solvent. I t has been used as a primary solvent by 
Faissner et a l . (1963X«')and Wilson et a l . (1963) who found 
i t has an efficiency closely approaching that of toluene. 
However i t strongly absorbs the fluorescent l i g h t iko5% 

of popop emission l i g h t transmitted through 1 metre). 
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I t was f i r s t suggested as a secondary solvent by 
Barton (private communication). Pulse height d i s t r i b u ­
tions were obtained f o r varying concentrations of shellsol 
A i n p a r a f f i n , the concentration of paraterphenyl and 
popop i n the mixture being constant at 0„5 gm 1'-̂  and 
Oi.005 gm l""*" respectively. 

The result i s shown i n f i g . 6.8 reaching a peak at 
10-20^ shellsol A i n p a r a f f i n having a response similar 
to p l a s t i c NE102. I t was shown previously (Chapter 3) 

that the absorption length of pa r a f f i n with 10^ shellsol A 
f o r popop emission l i g h t was 2.0 + 0.5 metres, which i s of 
the same order as for toluene and better than that of 
she l l s o l A alone, ( i . e . 1.0 metres). 

6.7 Decay time of s c i n t i l l a t i o n l i g h t s temperature 
c o e f f i c i e n t and the effect of nitrogen bubbling 
on Phosphors studied 

i ) One of the advantages of organic s c i n t i l l a t o r s i s the 
fas t decay time of the fluorescent l i g h t . Inorganic 
c r y s t a l s have decay times of the order 10"^ seconds com­
pared with a sfeilbene c r y s t a l , k 10"^ seconds and plastic 
NE102, 3 10"^ seconds. Liquid s c i n t i l l a t o r s also have 
decay times about 10"9 seconds. 

These values are the decay constants for the emitting 
molecule, (^Q). I f the emission and absorption spectra of 
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the s c i n t i l l a t o r overlap the radiation undergoes absorp­
t i o n and re-emission and the observed decay time for a 
thic k s c i n t i l l a t o r i s as given by Birks et a l . (1953) namely 

I^^(^_-^/Q^) where ̂  i s the area r a t i o of the emission 
spectra of thick to t h i n samples and q i s the efficiency 
of the re-emission of photons. 

The pulses from the anode of the photomultiplier of 
the "cube" counter have been viewed on an oscilloscope. 
The pulse height as a function of time ( t ) i s given by 
Swank (195*+) f o r the e:acitation of the phosphor by a high 
energy charged p a r t i c l e at t = 0, 

V ( t ) = ̂  ie-t/RC - e- t / ^ ) 

where N i s the number of photons emitted, g i s the f r a c t i o n 
collected by the photomultiplier, ^ i s the average quantum 
ef f i c i e n c y of the photocathode for the emitted spectrum 
and G i s the gain of the photomultiplier, ( i . e . Ng'ijGe i s 
the t o t a l charge collected at the anode due to the passage 
of the excited charged p a r t i c l e s ) C i s the stray capacity 
and R the resistance between anode and earth when the P.M. 
i s operated with negative high tension. R was lOOK and the 
cathode of the photoraultiplier was held at a negative 
E.H.T. of 2o6 KV. For RC ^ V(t) <̂  (1 - e"*/^). Thus, 
from the shape of the pulse can be obtained. Contribut­
ing to the measured value w i l l be the r i s e time associated 
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with the amplifier i n the oscilloscope and the t r a n s i t 
time spread of the photomultiplier. These two effects 
can be measured by looking at the noise pulses from the 
anode of the photoraultiplier and the value was found to 
be 15 nanoseconds. S c i n t i l l a t i o n pulses have been 
observed and the decay time found to be 50 nanoseconds. 
Typical pulse shapes observed are shown i n f i g . 6 .9 . The 
large value of the decay time i s explained by the over­
lapping of the emission and absorption spectra explained 
e a r l i e r and also by the fact that impurities i n the 
phosphor affect the decay time. The impurities fluoresce 
with t h e i r own l i f e t i m e or trap the energy and phosphoresce, 
( i . e . delayed fluorescence). 

i i ) S c i n t i l l a t i o n efficiency i s a function of temperature, 
i n most cases decreasing with increasing temperature. For 
normal use of counters the response of the counter (includ­
ing effects due to the phosphor and the photomultiplier) i s 
required over possible room temperature ranges. The varia­
t i o n of response of the p a r a f f i n and para f f i n +10% shellsol 
A phosphor i n the "cube" counter has been measured over 
the range ; f 5 to 15°C. The response of the p a r a f f i n +10% 

s h e l l s o l A phosphor has been normalised to the response of 
the p a r a f f i n phosphor and the result i s shown i n f i g . 6.10. 

The decrease f o r both phosphors i s 7% over the range 55 to 
150c, 
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i i i ) Organic l i q u i d s c i n t i l l a t o r s are very susceptible to 
impurities. As noted previously the decay time can be 
greatly increased. Another effect i s the decrease i n 
effic i e n c y due to the quenching effects of the impurity. 
Pringle et a l . (1953) found that dissolved oxygen i n the 
l i q u i d phosphor had a considerable quenching effect. They 
removed the oxygen by bubbling nitrogen through the phosphor 
and f o r toluene with 3 gm 1 paraterphenyl obtained a 50^ 
increase as shown i n f i g . 6.11. 

The experiment on the p a r a f f i n and pa r a f f i n +10^ s h e l l ­
sol A phosphors was performed i n the "cube" counter. The 
nitrogen was supplied by the B r i t i s h Oxygen Co. Ltd. and 
described by the suppliers as oxygen free. For paraff i n 
015 gra l""*" paraterphenyl and 0.005 gm l'^ popop, nitrogen 
was bubbled at a rate of 5«5 cc min"^ for 20 hours ^0 mins. 
and the increase i n response a f t e r bubbling had ceased was 
^-.0 + 1.7^. For pa r a f f i n 10% shellsol A 0.5 gm l'""'" para­
terphenyl and 0.005 gm l"*^ popop, nitrogen was bubbled at 
a rate of ̂ .3 cc min'"'" for 1^ hours 50 mins. and the 
increase i n response af t e r bubbling was 9*7 ±'-lo^%» 

Seliger et a l . (1956) have studied the role of oxygen 
i n the quenching process experimentally and found evidence 
that the p r i n c i p a l e f f e c t was one of primary solute quen­
ching. Thus the 50^ increase obtained by Pringle et a l . 
compared with the h.0% and 9»7^ f o r the present work i s 
assumed to be due to the high concentration of primary 
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Phosphor 

p l a s t i c NE 102 

Relative Abso2T)tion Hash Total 
Pulse Length i n points Cost 

metres 

toluene 0,1 gl*̂ "'' popop 
5 g l " paraterphenyl 

paraxylene 0,1 gl~''' popop 
5 g l " paraterphenyl 

decalin 0.1 g l popop 
1 g l " paraterphenyl 

s h e l l s o l A 0,2 g l ̂  popop 
4 gl~-^ paraterphenyl 

paraffin 0.005 gl""^ popop 
0.5 gl"-*- paraterphenyl 

paraffin 
90gnl" napthalene 
3 g l " PR) 0.2 g l " popop 

paraffin 
lOfo s h e l l s o l A 
0.5 g l " paraterphenyl 
0.005 g l popop 

Height 

100 

102 

106^ 

30 

95 

25 

85 

100 

2,0 

2,0 

2.6 

1.0 

2,0ko-z, 

1.3 

1-1 
210 s. 

Authors 

30 s, Faissner 
et a l , 

25 s. 

5 

17 

58 

47 la6cL. Wilson et a l , 

2s, 6d, Barton et a l , 

10 s, Meyer et a l , 

2s, 6d, present work 

Table 6,2 

Comparison of l i q u i d s c i n t i l l a t o r s 



solute (3 gm l""*") of the former workers compared with the 
l a t t e r of 0 .5 gm l " " ' " . 

6.8 Comparison with other l i q u i d s c i n t i l l a t o r s 
Recently several new l i q u i d s c i n t i l l a t o r s have been 

introduced by Faissner et a l . (I963%knd Meyer et a l . (1963)< 

I n table 6,.2 t h e i r r e l a t i v e e f f i c i e n c i e s , attenuation length 
of s c i n t i l l a t i o n l i g h t , and cost, are compared with the 
p a r a f f i n 10^ s h e l l s o l A phosphor previously described. 
Taking these factors into consideration the p a r a f f i n 10^ 

s h e l l s o l A phosphor i s as suitable as any known s c i n t i l l a t o r 
f o r counters of area up to 1 metre^. 

6.9 Conclusion 
The optimum concentrations of a l i q u i d s c i n t i l l a t o r 

employing p a r a f f i n , paraterphenyl, popop and shellsol A 
have been found. These are 0.5 gm I " - ' - paraterphenyl, 
.005 gm 1"-̂  popop and 10^ shellsol A. This mixture i s as 
e f f i c i e i i t y as any known s c i n t i l l a t o r suitable for the 
construction of a large area (1 m̂ ) or large volume (1 m̂ ) 
counter. The energy transfer efficiency of the l i q u i d i s 
600 eV/photon (section 3 . 5 ) . Comparing t h i s for the 
maximum efficiency predicted for anthracene (micro crys­
t a l s ) of 37 eV/photon by Birks (1953c) i t i s seen that 
there i s considerable scope for improvement of l i q u i d 
s c i n t i l l a t i o n counters.; 
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