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ABSTRACT 

THE IONIZATION LOSS OF FAST COSMIC RAY MU EESOHS AT GROMD LEVEL. 

A review l a made of the theo r e t i c a l and experimental methods r e l a t i n g t o 

the measurement of energy loss by ionization of fast charged particles on 

passing through a medium. A detailed account of the problems ar i s i n g uhen the 

medium i s a gas i s given together w i t h reasons f o r cpreferring the use of a 

proportional t o measure the energy loss. 

As a pro portional counter i s considered t o be best used t o 

measure the most probable energy loss a discussiosi of the relevant theory 

i s incliKled i n the revleve 

I n addition to the review, an experiment designed t o measure the 

ra t e of energy loss of f a s t cosmic ray mesons and the v a r i a t i o n of t h i s rate 

w i t h the t o t a l energy of the p a r t i c l e " i s reported. This experiment has two functions ; \ 

t o elucidate some of the problems a r i s i n g i n the theoretical discusslcnp and 

t o deteinine the optimum experimental oonditioms f o r a more extended experiment. 

Cosmic ray mesons are a convenient source of particles of the required 

energy ( 1-100 Gev ), and, w i t h i n t h i s energy range, r e l a t i v e l y uncontaminated. 

However as a res u l t of the wide energy spectrum of the mesons the energy of each 

p a r t i c l e used must be measured. This i s best done using a magnetic spectrograph, 

and such an Instrument and i t s use are described. 

The results of the experiment are given together with those of other 

work i n t h i s f i e l d and compared wi t h theory. They show that the general theory i s 

broadly correct but the experiments are not accurate enough ̂ o distinguish between 

the msre refined theories. 
F i n a l l y , suggestions are made conoeming an improved experiment 

of the type described. 
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PREFACE. 

This thesis describes the use of proportional counters i n 
conjunction with the Durham High Energy Cosmic Ray Spectrograph 
to measure the most probable ionization energy loss of r e l a t i o -
i s t i c u-mesons in a neon methane mixture. 

The experiment was i n i t i a t e d by D,G. Jones who constructed 
most of the equipment and obtained the i n i t i a l r esults. The 
authors task was to examine the theoretical work i n t h i s f i e l d and 
relate i t to the experiment and also to continue with the experi­
mental work with a view to determining the optimum conditions f o r 
such an experiment. 

I n the course of th i s investigation additional results were 
obtained, which together with those of Jones give an accurate measure­
ment of :the v a r i a t i o n of ionization energy loss with the t o t a l energy 
of the u meson i n the. range from below 1 Gev to above 10 Gev. 

This work was carried out at the Physics Department of the 
Durham Colleges i n the University of Durham under the supervision 
of Dr. A.vy, V/olfendale during the year 1959-60. 
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CHAPTER 1 

INTRODUCTION 

When a charged p a r t i c l e passes through matter i t 
loses energy by two processes, other than nuclear 
i n t e r a c t i o n , both due to c o l l i s i o n s with the fundamen­
t a l constituents of the material. One i s due to energy-
transfers t o the electrons of the material, causing 
i o n i z a t i o n or exc i t a t i o n of the atoms, and the other to 
radi a t i v e losses when the p a r t i c l e i s scattered. The 
l a t t e r i s often termed 'bremsstrahlung'. The work to 
be described concerns only ionization and excitation 
losses, radiation losses are of importance only at 
energies higher than those i n which we are interested. 

1 . 1 Average Energy Loss 
I t w i l l be convenient t o use the term 'ionization 

loss' t o cover both energy transfers causing ionization 
and those causing excitation. The simple classical 
theory of io n i z a t i o n loss i s due to Bohr ( 1 9 1 5 ) and i s 
based on the concept of a free electron experiencing an 
impulsive force due to the nearby passage of the charged 
p a r t i c l e and i t s associated f i e l d . This has been exten­
ded t o cover incident p a r t i c l e s having r e l a t i v i s t i c 

^6 



2. 

energies, where the pulse received by the electron i s 
sharpened and i n t e n s i f i e d by Lorentzian contraction of 
the f i e l d . The result i s an increase i n rate of energy 
loss at energies above about 3 « 5 times the rest energy. 

Such a treatment, using more accurate cross sec­
tions was made by Bethe ( 1 9 3 2 , 1 9 3 3 ) « I t was then 
pointed out by Swann ( 1 9 3 8 ) , and calculated f i r s t by 
Permi ( 1 9 3 9 , 1 9 ^ 0 ) , that polarization of the medium 
would reduce the eff e c t of the energetic particles' 
f i e l d . Thus the increase i n energy loss would not be 
as great as that predicted by the Bethe formula, Fermi, 
and l a t e r workers, then showed that a 'plateau' should 
be reached at an energy dependent on the material and 
the density of that material, 

A t y p i c a l curve of ionization loss against energy 
i s shown i n Fig, 1 . The curve may be divided into four 
regions! 

I Classical: velpcity-yS dependence 
I I Minimum 

I I I The 'log r i s e ' 
IV The Fermi plateau. 

The graph given i n Fig, 1 refers to ̂  , the average 
energy loss per u n i t path length, but i n fact the loss 
of energy i s not a continuous process, a discrete amount 
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being l o s t at each c o l l i s i o n . These c o l l i s i o n s may be 
divided i n t o two abit r a r y classest close and distant, 
depending on the closest distance of approach of the 
energetic p a r t i c l e (the impact parameter). The distant 
c o l l i s i o n s are frequent and the energy loss per c o l l i ­
sion r e l a t i v e l y small whereas the few close c o l l i s i o n s 
each involve a large energy transfer. Thus, f o r the 
energy l o s t i n a t h i n f i l m , we should not expect to 
f i n d a constant value but a d i s t r i b u t i o n about the mean 
predicted by the energy loss equation. The effect of 
d i f f e r e n t rates f o r close and distant c o l l i s i o n s leads 
t o a skew d i s t r i b u t i o n , of the form shown i n Fig, 2 
where the approximate contributions due to the two tjrpes 
are indicated, 

1.2 Primary and Secondary Ionization 
The ions produced by the i n i t i a l c o l l i s i o n of the 

traversing p a r t i c l e form the 'primary ionization'. Some 
of these ions may have s u f f i c i e n t energy to cause further 
i o n i z a t i o n themselves; t h i s i s the 'secondary ionization'. 

l o 3 Most Probable Energy Loss 
Pig, 2 introduces the concept of the most probable 

energy loss, defined as the loss f o r which the d i s t r i b u ­
t i o n has i t s maximum. This i s less than the average 



dE 

rac* 
P l g o 1. Typical Ionization Loss RelationBhip . 

D i s t a n t 

F i g o 2o Probability P(w) of an iiiergy Loss w 
i n a t h i n Absorber. 
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energy loss and w i l l not be f a r removed from the average 
energy loss f o r distant c o l l i s i o n s , 

1 . ^ Methods of Measurement of Energy Loss 
The formation of ions by a moving charged p a r t i c l e 

forms the basis of nearly a l l p a r t i c l e detectors. Con­
versely, nearly a l l of these detectors may be used to 
measure the amount of io n i z a t i o n produced by the p a r t i ­
cle and hence the energy loss. Two assumptions are 
inherent i n the method, f i r s t l y , that the ionization 
measured i s proportional to the ionization energy loss^ 
which includes excitation and, secondly, that the energy 
loss per ion pair i s dependent neither on the type of 
charged p a r t i c l e nor on i t s energy. The implications 
of these assumptions and where possible the j u s t i f i c a ­
tions f o r them w i l l be discussed i n Chapter 6. 

A l t e r n a t i v e l y , the energies of a p a r t i c l e before 
and a f t e r traversing an absorber of known thickness may 
be measured, from which the energy loss may be calcula­
ted. For accuracy the energy loss would not have to be 
small compared with the i n i t i a l energy. This would 
lead t o d i f f i c u l t i e s i n comparing results with theory, 
since we would expect the rate of energy loss to change 
i n such a t h i c k absorber. Nevertheless the method has 
been used by some workers. 
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Methods by which energy loss may be measured have 
been comprehensively reviewed by Price ( 1 9 5 5 ) and only 
b r i e f comment w i l l be made here. 

The methods may be c l a s s i f i e d as i n Fig, 3 . 

I n t h i s work interest i s centred on the 'log r i s e ' 
region. We may then disregard a l l methods using energy 
loss i n a condensed medium, since the onset of the 
density e f f e c t at lower energies than f o r gases w i l l 
shorten the 'log r i s e ' region. I t was t h i s fact which 
lead many e a r l i e r workers i n t h i s f i e l d , using s o l i d or 
l i q u i d detectors to report an absence of log r i s e . 

The gaseous detectors w i l l now be considered. 
The Cloud Chamber 
A cloud chamber may be used i n two ways, depending 

on the time between the passage of the p a r t i c l e and the 
expansion of the chamber. I f the expansion takes place 
immediately the secondary ions w i l l not have had time t o 
diffuse away from the v i c i n i t y of the primary ion, and 
the resultant drop count w i l l give a measure of the p r i ­
mary io n i z a t i o n . 

Delaying the expansion w i l l allow the secondary ions 
to d i f f u s e and each v ; i l l form a separate drop. Here again 
there are two courses open on analysis of the drop counts. 
Either the most probable number may be measured or the 



Cloud Chamber 
I o n i z a t i o n ChP-mber 

P a r t i c l e Gaseous Proportional Chambe 

Detectors Low Pressure Geii]:er 
Co'iinter 

(measurement of the 
r a t e of energy 
loss i n the 
detector) Emulsions 

S c i n t i l l a t o r s 
Condensed oeiiiiconductors 

f-^easurement '•Jlectron i n f-.'etfillic ?ilms 
of Iviagnet-cloud chamber w i t h 

m out- pi s t e s 

f o r a p a r t i c l e Cos'.Tiic :-;ays i n the ::.r:rth 

passing through 
1 an absorber 

Pip, 5 I/ethocls of I-'easurinf: Energy Loss. 



average number excluding large drop clusters. These 
two values, d i f f e r i n g i n concept, may not d i f f e r greatly 
i n magnitude, depending on the value of the cut-off. 
The theory f o r t h i s l a t t e r method i s quoted by Sternheimer 
( 1 9 5 3 ) . 

The apparent advantage of the cloud chamber method 
i s that both alternatives may be compared d i r e c t l y with 
theory, although the author feels that the theory f o r 
most probable energy loss cannot be regarded as basic 
(Chapter 7). 

Against t h i s are the considerable d i f f i c u l t i e s of 
operation, especially i n the precision required i n the 
conditions for condensation, affecting the f r a c t i o n of 
ions which w i l l act as nuclei. Cloud chambers are 
usually used with a clearing f i e l d t o diffuse the secon­
dary ions when i t i s possible to get conditions such 
that a l l of the positive ions w i l l act as condensation 
nuclei (Price 1 9 5 5 ) . 

I n his review Price concludes that the best v/ay of 
using the cloud chamber i s to measure the most probable 
i o n i z a t i o n . This quantity i s measured more easily using 
a proportional counter, however, and the advantage of 
using a cloud chamber i s l o s t . 
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Fi n a l l y , although, with the cloud chamber, ioniza­
t i o n measurements are quite capable of distinguishing 
between d i f f e r e n t p a r t i c l e s of comparable energy when 
t h e i r energy i s low (Fig, 1 Region I ) , 

fr^he resolution of r e l a t i v i s t i c particles i s very 
d i f f i c u l t since i n d i v i d u a l ionization estimates commonly 
have uncertainties of some tens of per cent. 

The Proportional Cpugtey 
The proportional counter may be used to determine 

the most probable ionization only for several reasons. 
F i r s t l y large energy transfers produce such large pulses 
that the associated amplifiers v r i l l be saturated, A 
more important point, however, i s that some of the large 
energy transfers w i l l be due to low energy electrons 
knocked out of the walls of the counter i,e , they w i l l 
not correspond to energy transfers w i t h i n the gas of the 
counter. Nevertheless the improvements i n l i n e a r i t y and 
s t a b i l i t y of modern amplifiers and associated equipment, 
and the f a c t that the s t a b i l i t y of the counter and i t s 
equipment may be calibrated by the use of suitable X-ray 
sources, are strong arguments i n favour of the use of 
proportional counters. 
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Low Pressure Geieer Counters 
I f the pressure inside a geiger counter i s reduced 

so that the chance of a p a r t i c l e producing an ion pair 
i s small, then the counter can be used to determine the 
number of ionizing c o l l i s i o n s . 

This requires that the counter be sensitive to one 
ion pair and also that there are no knock-on electrons 
emerging from the walls i n t o the gas. The f i r s t condi­
t i o n may be s a t i s f i e d using gases with low attachment 
c o e f f i c i e n t s and i t has been shown that the effect of 
knock-on electrons i s small enough not to be serious. 

Thus the primary io n i z a t i o n may be measured i n t h i s 
way. The measurements should not be subject to the 
large fluctuations of the results from the proportional 
counter, since there the variations are due not so much 
to the fluctuations i n number of primary events, but to 
the d i f f e r i n g amounts of secondary ionization that may 
be produced. 

Although an interesting method, i t i s again a d i f f i ­
c u l t one and ifyU-mesons, and hence cosmic rays, are to 
be used the rate of gathering information w i l l be very 
low. 



9. 

1.5 The use of cosmic rays as a source of charged 
part i c l e s 

The source of charged' par t i c l e s f o r the experiments 
to be described was the cosmic radiation and some dis­
cussion of these p a r t i c l e s i s required. The radiation 
f a l l i n g on top of the earth's atmosphere has been shovm 
to consist of approximately 90?S protons, the rest being 
heavier nuclei, mainly alpha p a r t i c l e s . As they enter 
the atmosphere these heavier nuclei disintegrate. The 
protons in t e r a c t with a i r nuclei t o produce charged and 
uncharged Tf and K-mesons predominate. Although these 
w i l l be produced throughout the atmosphere the produc­
t i o n spectrum f a l l s o f f steeply with depth and i t i s 
s u f f i c i e n t l y accurate for our purposes to assume that a l l 
thetr-mesons are produced i n the f i r s t 200 gm cm"^ of the 
atmosphere ( t o t a l thickness'>« 1000 gm cm" ) . Theff--

. mesons have a l i f e t i m e of 2.6 x 10"®sec and decay i n t o 
yU,-mesons. The-mesons have a much weaker interaction 
with matter and as t h e i r l i f e t i m e i s comparatively long 
(2o2 X 10"^sec) many survive to sea l e v e l , losing approx­
imately 2 GeV of energy through the atmosphere. ThelT^ 
mesons produced by the primary protons decay i n t o ^ - r a y s 
almost immediately ( l i f e t i m e 10"^^secs). These mat-
erealise i n t o high energy electron pairs which i n t u r n 
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emit ^-rays (bramsstrahlung), and give r i s e to the 
electron-photon cascade phenomenon. 

Thus, a r r i v i n g at sea l e v e l , there are two compo­
nents of cosmic rays usually referred to as the hard and 
soft components. The hard component consists of ///-mesons 

with about 1% protons, and the soft component i s composed 
of electrons and slow^-mesons. There i s also a small 
f l u x of neutrons and a very fewTf-mesons. We may easily 
f i l t e r o f f the soft component and since we are only inter­
ested i n charged par t i c l e s v/e w i l l then have ajji-meson. 

source with proton contamination. The proton spectrum, 
measured by Mylroi and Wilson (1950) shows that the 
protons have mainly an energy less than 1 GeV and v i r t u ­
a l l y a l l have energies below 10 GeV. Thus the majority 
of the protons w i l l f a l l i n the ^2 region of the ioniza­
t i o n curve and have a high energy loss which w i l l not 
a f f e c t the measurement of the most probable energy loss 
of the ̂ -mesons. 

1.6 Energy range ofyU-mesons required 
The minimum ionization loss occurs f o r -mesons 

wit h momenta about 0.̂ - GeV/c and the commencement of the 
t r a n s i t i o n from the log r i s e t o the plateau i s at momenta 
^15 GeV/c, the exact value depending on the density and 
nature of the gas i n which the ionization i s being 
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measured. To have a measurement well on the plateau, 
one at 100 GeV/c i s desirable. The only type of momentum 
measuring instrument that w i l l include t h i s value within 
i t s range of measurement i s a magnetic spectrograph. 

1.7 A Magnetic Spect;rograpt^ 
I n a magnetic spectrograph the charged p a r t i c l e i s 

deflected i n a magnetic f i e l d , H, acting over a distance 
1. I f i t s momentum i s p and the angle of deflection is© 

then p0= 300 Hdl l a . 
where p i s measured i n eV/c. 
a n d j n d l i s the l i n e i n t e g r a l of the magnetic f i e l d along 
the path of the p a r t i c l e i n gauss-cm. 

The Durham Cosmic Ray Spectrograph i s capable of 
measuring momenta up to 1000 + 200 GeV/c. and i s thus 
quite suitable f o r the type of measurement discussed. 
I t has been used i n conjunction with proportional counters 
to study the v a r i a t i o n of ionization loss of-mesons i n 
the log r i s e region. The present work examines the 
requirements f o r a successful experiment of t h i s nature 
and describes some preliminary results. 

There has been previous work using cosmic ray Ja­
mesons and i t has been established that a log ri s e of 
the order predicted by theory does occur, yet there are 
few experiments which include results both below the 



12. 

minimum and on the plateau. The t r a n s i t i o n region to 
the plateau i s p a r t i c u l a r l y lacking i n accuracy and no 
experiment has been able t o distinguish between the more 
refined theories for these momenta. 



13. 

CHAPTER 2 
THE DURHAM SPECTROGRAPH 

2.1 The Instrument 
The Durham Spectrograph i s shown diagrammatically 

i n Fig. h> The magnet i s of the type used i n the 
Manchester spectrograph (Hyams et a l 1950), and has a 
f i e l d volume, i n a i r , of ̂+0 cm x 30 cm x 15 cm. When 
operated at a current of 60 amps the l i n e i n t e g r a l of 
the magnetic f i e l d i s Hdl = 6.2 x 10^ gauss-cm. 

The p a r t i c l e s t o be measured are required to give 
a f i v e - f o l d coincidence between the geiger counters i n 
trays A, B, C, D and the gap counters, G. The three 
counters i n the gap, G, ensure that the p a r t i c l e selec­
ted does not pass through the i r o n of the magnet. 

I t i s simpler, experimentally, not to measure the 
angle of deflection of the p a r t i c l e i n the instrument 
but the horizontal deflection, A, f o r a known 'arm' d. 

We then have p = ̂ 00 d^Hdl. by substituting 0 = 
^/d i n equation 1. I n the equation A and d are expressed 
i n cm. and p i s i n eV/c. 
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The calculation of the deflection,A, i s performed 
e l e c t r o n i c a l l y with the aid of an analogue device, the 
momentum analyser. I n each tray, when a geiger counter 
i s discharged i t w i l l send a pulse t o the analyser, the 
height of t h i s pulse being l i n e a r l y dependent on the 
pos i t i o n of the geiger counter i n the tray. I f the 
pulse from tray A has a height a and heights are simi­
l a r l y denoted f o r B, C, D, the analyser performs the 
calc u l a t i o n 

Provided the condition of f i v e - f o l d coincidence i s 
s a t i s f i e d , and only one pulse i s received from^tray (so 
no knock-on p a r t i c l e s are accepted), the resultant A 
i s shown as a defl e c t i o n against a calibrated scale on 
an oscilloscope screen. This process i s shown diagram-
mat i c a l l y i n Fig. 5. 

Because of the size of the geiger counters, (dia­
meter - 3«»6 cm), the momentum spread f o r a given value 
o f A j ^ i s quite large and increases asA^^ decreases. 
Thus a p a r t i c l e having A = 0 and hence, the o r e t i c a l l y , 
of i n f i n i t e momentum may, even at the highest magnetic 
f i e l d possible, have a momentum as low as 7 GeV/c. 
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The value/\jj^/l.9 i s an integer and i s termed 
the Category number' of the p a r t i c l e . The factor of 
lo9f,from. the separation between centres of the adjacent 
counters i n the spectrograph. 

Then category n has a nominal deflection of 1«9 n 
cm. 

The deflection d i s t r i b u t i o n f o r any category i s 
shown i n Fig. 6. 

I f the instrument i s to be used to measure a momen­
tum spectrum of the cosmic rays incident upon i t account 
must be taken not only of the category acceptance func­
t i o n but also that f o r the spectrograph as a whole. The 
acceptance value for a given momentum, to the spectro­
graph, i s a function of the aperture width G and the 
angle 6 available f o r that momentum (see Fig. 8). The 
complete function/ i s shoxm i n Fig. 7 which shows three 
p a r t i c l e s with the same momenta. 

I f we are t o determine the mean momentum of a group 
of p a r t i c l e s with the same category number we must know 
the d i f f e r e n t i a l momentum spectrum f o r each category and 
hence f o r the instrument as a whole. I n the present 
experiment knowledge of these d i s t r i b u t i o n s i s essential 
i n order that we may assign the most probable ionisation 
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loss f o r a category t o the appropriate mean momentum. 

2.2 Measurement of the ground l e v e l d i f f e r e n t i a l 
momentum spectrum of cosmic ravyU.-mesons 

Experimentally, the t o t a l number of particles i n 
each category i s found, taking in t o account both positive 
and negative p a r t i c l e s and both directions of magnetic 
f i e l d . 

A t r i a l spectrum i s then selected, which should be 
as close to the correct result as possible. Originally 
at Durham a spectrum similar to those found by Owen and 
Wilson (1955) and Caro et a l (1951) was adopted. This 
was converted i n t o a d i f f e r e n t i a l deflection spectrum 
as followed: 

Denoting momentum by p, and deflection by A. 
From the t o t a l number of pa r t i c l e s 

j N ( p ) d p = jN(A)dA. 
we may take N(p)Sp = N(A)^A 

i.e N(^) = N ( p ) ^ 

but p = I 
. dp = -k = -£2 

dA ^2 k 
i.e . N(A)= N(p)k = -N(p)p2 
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The following procedure i s then follov;ed. 
a) Convert the momentum spectrum to a deflection spectrum 
b) Multiply the deflection spectrum by the spectrograph 

acceptance function 
c) Multiply by the category acceptance function centred 

on the appropriate nominal deflection f o r that 
category. 

This gives the individual category spectra. Some 
of these are shown i n Fig. 9, although these refer not 
to a t r i a l spectrum but to the true spectrum, (^to^. -^c) 

The areas of these category dis t r i b u t i o n s are found 
and the r e l a t i v e numbers i n these di s t r i b u t i o n s are com­
pared w i t h the r e l a t i v e numbers measured experimentally. 

A graph of experimental^numbers against category, 
suitably normalised, i s plotted and, i f the t r i a l spectrum 
i s correct the re s u l t should be a horizontal l i n e . Other­
wise the t r i a l spectrum i s m u l t i p l i e d by t h i s function 
and the whole procedure repeated u n t i l agreement i s 
obtained. 

I t was found that t h i s procedure was only necessary 
f o r the lower categories i n the region where the deflec­
t i o n spectrum i s rapidly varying ( n ^ 2 ) . For the higher 
categories i t i s s u f f i c i e n t to use the number of part i c l e s 
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found i n a category as the ordinate of the observed 
d e f l e c t i o n curve at the nominal deflection of the 
category. These ordinates are then divided by the 
spectrograph acceptance function to give the incident 
d e f l e c t i o n spectrum. 

When the geiger counters alone are used the maximum 
detectable momentum (m.d.m.) i s about 2 5 GeV/c (the 
m.d.m. i s defined as the most probable value of momentum 
fo r category zero). 

The m.d.m. may be extended by more precise location 
of the t r a j e c t o r y at the four levels A, B, C, D. This 
has been made possible by using banks of neon fla s h tubes 
(Ashton et a l , I96O). The f i r s t analysis using the f l a s h 
tubes y i e l d s an m.d.m. of 1 5 0 GeV/c and a more careful 
examination using a track simulator technique gives an 
m.d.m. of 1 0 0 0 + 2 0 0 GeV/c. 

2 . 3 The Momentum Selector 
When the flash-tubes are being used, almost i n ­

variably only high energy events with momenta>30 GeV. 
are of i n t e r e s t . To save analysis and recording f i l m , 
there i s an electronic 'momentum selector' which causes 
the high voltage pulse to be applied to the tubes only 
when a category 0 p a r t i c l e i s registered by the momentum 
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analyser. I n practice about 1% of category 1 particles 
are also accepted. 

2 . ^ Results obtained for the Spectrum 
The spectrum has been extended to the region of 

very high momentum wi t h the use of f l a s h tubes and the 
shape of the spectrum f a i r l y w e l l established. The 
s t a t i s t i c a l accuracy i n the region of overlap with the 
counter results i s not very high and the flash tube 
r e s u l t s have been normalised on to the counter spectrum 
by the method described e a r l i e r i n § 2 . 2 . 

2 . 5 Use of the Spectrograph as a P a r t i c l e Selector. 
The spectrograph may be used to select and i d e n t i f y 

the momenta of high energy cosmic rays. The overall 
rate of acceptance of p a r t i c l e s when the magnet i s 
operating on high f i e l d i s about 1 7 0 / h r . 

I n the experiments on ionizatioh loss to be described 
the io n i z a t i o n detectors - proportional counters - were 
placed i n pos i t i o n as shown i n Fig. 1 0 . I n t h i s case 
there i s the additional coincidence requirement of the 
geiger-counter telescope, associated with the proportional 
counters and the rate i s reduced to about 5 0/hr. This 
posi t i o n f o r the proportional counters was adopted as being 
the most convenient, both from the point of experimental 
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procedure concerned with the counters, and the need to 
leave the spectrograph unobstructed while the present 
experiment was not running. A considerable improvement 
i n rate would r e s u l t i f the pDportional counters and 
telescope were t o replace the gap counters both i n posi­
t i o n and function. 

I t i s not cer t a i n that the proportional counters 
would work s a t i s f a c t o r i l y i n t h i s position, however, 
although Alikhanov et a l ( 1 9 5 6 ) have reported experiments 
i n which proportional counters were operated i n a magnet 
gap. 

For the experiments to be described the flash-tubes 
were not operated, momentum measurements being afforded 
by the momentum analyser, which uses the geiger counters 
only. 

I t i s intended that the studies should be extended 
to higher momenta by the use of the flash-tubes i n asso­
c i a t i o n with the momentum selector, when the rates w i l l 
be ( f o r counters i n the magnet gap): 

3/hr above 3 0 GeV/c. 
O o 5/hr above 1 0 0 GeV/c. 

0 , 0 V h r above 5 0 0 GeV/c. 
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CHAPTER ^ 
PROPORTIONAL COUNTERS 

3 . 1 Basic Principles of the E l e c t r i c a l Counters. 
The proportional counter belongs to a large family 

of r a d i a t i o n detectors, which depend f o r th e i r operation 
on the production of ionisation i n a gas between two 
electrodes maintained at d i f f e r e n t potentials. The ions 
of one, or both, signs, depending on the type of detec­
t o r , are collected and produce a pulse at the electrodes. 
This pulse may be, i f necessary, amplified, and w i l l 
serve to indicate the presence of an ionizing mechanism 
w i t h i n the gas. 

I f the voltage across the electrodes i s not very 
high, some of the ions w i l l be lo s t primarily by recom­
bination. This i s the mode of operation of the ioniza­
t i o n chamber, where, unless the o r i g i n a l ionization i s 
very heavy, the device must be used as a collection 
chamber, otherwise the pulse w i l l be too small to be 
amplified. 

However, as the applied voltage i s increased, a 
stage may be reached at which the electrons w i l l be 
s u f f i c i e n t l y accelerated between col l i s i o n s that they 
cause secondary ions to be produced and the.number 
reaching the electrodes w i l l be greater than the number 
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o r i g i n a l l y produced. This effective amplification 
w i t h i n the device I t s e l f greatly increases the range and 
the usefulness of t h i s type of detector. 

I t i s easily shown that i f the electrodes are plane 
the size of the pulse I s dependent on the position of 
the o r i g i n a l ionization i n the chamber and, i f due tothe 
passage of a charged p a r t i c l e , on the orientation of the 
track. Also, i f i n t e r n a l m u l t i p l i c a t i o n i s used fo r 
amp l i f i c a t i o n then t h i s too w i l l depend on the location 
of the o r i g i n a l i o n i z a t i o n . 

To avoid t h i s d i f f i c u l t y i t i s customary with pro­
portional counters and geiger counters, the classes 
which do u t i l i s e gas m u l t i p l i c a t i o n , to adopt co-axial 
electrodes, the Inner one being i n the form of a f i n e 
wire. 

Then, i f the electrodes are c y l i n d r i c a l , the inner 
one having a radius a, and the outer a radius b, the 
voltage at any radius r, V^, i s given by 

It J 

Where V i s the applied voltage and b>r)»a. 
I f the r a t i o bja i s very large then a considerable 

f r a c t i o n of the t o t a l voltage drop w i l l occur very close 
to the central electrode. 
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Now l e t us define V̂ .̂̂ ^̂  as that voltage for which 
m u l t i p l i c a t i o n i s l i k e l y to begin. Then i f the applied 
voltage V i s so adjusted that r^j,^^ i s a few times a' 
we may obtain constant amplification for any pulse, 
regardless of the o r i g i n a l position of the ionization 
w i t h i n the chamber, excepting the very small proportion 
of i t that may occur at ^ r ^ r i t " 

This w i l l be seen more cle a r l y i n the next section 
when the question of gas m u l t i p l i c a t i o n and pulse form­
a t i o n w i l l be examined more closely. 

We may now, however, define the l i m i t s of the 
various types of counter we have been discussing, by 
means of the graph shown i n F i g l 1 1 , which shows the 
v a r i a t i o n of pulse height with applied voltage under the 
condition of constant o r i g i n a l ionization within a 
c y l i n d r i c a l counter of the form already described. The 
r e l a t i o n f o r two values of ionization are shovm. 

Region 1 : No gas m u l t i p l i c a t i o n i s occurring and 
t h i s i s the condition f o r an ionization chamber. 

Region 2s Here there i s moderate m u l t i p l i c a t i o n , 
which increases with voltage and since here the resultant 
pulse height i s very closely proportional to the amount 
of i o n i z a t i o n o r i g i n a l l y produced, i s the proportional 
counter region. 
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Region 3? Here secondary ionization i s implemented 
by photons and t h e i r resultant photoelectrons so that 
the presence of any ionization w i l l i n i t i a t e m u l t i p l i c a ­
t i o n along the whole length of the inner electrode, with 
the r e s u l t that a l l pulses produced i n t h i s region are 
of the same height. This i s how geiger counters are oper­
ated and here the pulse may be of the order of v o l t s , so 
that an amplifier i s not always necessary. 

3:o2 Gas m u l t i p l i c a t i o n i n the proportional counter 
We w i l l now confine attention t o Region 2 , where the 

gas m u l t i p l i c a t i o n i s moderate. The ions are generally 
separated quickly enough i n a proportional counter to 
make recombination between these ions an unimportant 
f a c t o r . Care i s taken to avoid the loss of electrons by 
the production of negative ions i . e . the attachment of 
electrons to neutral molecules. This i s achieved by 
strenuously excluding electronegative gases (e.g. Og, 
HgO). Thus the electrons, with t h e i r much greater mobil­
i t y , are drawn towards the anode which i s the central 
wire. 

Let us define ̂  as t h e i r mean free path between 
c o l l i s i o n s . Then at r^p^^ the f i e l d E i s such that 

E X = 
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where i s a voltage which we may take to a good 
approximation as the mean ionization potential of the 
gas i n the counter. A c o l l i s i o n may then create a 
secondary ion pair and the electron of t h i s together 
with the o r i g i n a l electron can go on to produce other 
secondary ionizing c o l l i s i o n s . 

I f the primary electron has m such c o l l i s i o n s i t 
i s easily shown that 2 " electrons v / i l l r e s u l t . Thus 

A = 2^° 

where A i s the Gas M u l t i p l i c a t i o n Factor. 
For proportional counters t h i s i s the major method 

k 
of m u l t i p l i c a t i o n , but f o r A > 1 0 the contributions 
from photoelectrons ejected from the cathode become 
important. I f ̂  i s the p r o b a b i l i t y that one photoelec-

become A 
1 - vA. 

tron-ion pair i s produced i n an avalanche then the gain 

r 
Thus i f ̂A- 1 the gain i s t h e o r e t i c a l l y i n f i n i t e 

and i n fa c t the 'geiger' region has been reached. But 
f o r values of y less than j a f i n i t e gain s t i l l r esults; 
and a proportional response may s t i l l be obtained. I t 
i s obviously advisable, though, to operate at moderate 
values of A i f an accurately proportional operation i s 
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required and t h i s condition i s emphasised by the fact 
that at large values of A avalanches may overlap to the 
extent that mutual i n t e r a c t i o n w i l l reduce the pulse 
height produced. 

Curran & Craggs have produced a theoretical t r e a t ­
ment of the dependence of m u l t i p l i c a t i o n upon the 
variables of the counter under the conditions of moderate 
A, low enough to avoid photoelectron effects, and high 
enough to avoid recombination, and the theory appears to 
be i n quite good agreement with experiment. We w i l l only 
concern ourselves with the dependence on applied voltage^V^j 
here, which takes the form 

Showing that the logarithm of amplification should 
Increase l i n e a r l y with the applied voltage. 

3 o 3 Pulse Formation 
The electrons i n a counter of normal dimensions 

(of a few cms.) w i l l be collected i n about Ijjs. But 
the +ve ions, the majority of which, indeed v i r t u a l l y a l l 
i f A>>>1, are concentrated close to the v/lre, have a much 
lov7er m o b i l i t y and these control the pulse, as they move 
out towards the cathode, and control i t s length. 



27. 

I t can be shown (Wilkinson 1950) that the signal 
at the wire S(t) a f t e r a time t from the ionization 
event i s given by 

where T = the c o l l e c t i o n time f o r positive ions and 
i s the capacity of the counter system. 

The form of t h i s i s shown i n Fig, i f t . We see that 
i t consists of a f a s t i n i t i a l r i s e , followed by a pro­
longed increase t o the maximum S(T). This may be 
q u a l i t a t i v e l y explained by the fast i n i t i a l d r i f t of 
the +ve ions i n the high f i e l d region followed by a 
slower approach to the cathode. More precisely we see 
that at t = r T b ^ ^ it 

but a ± iO"^ 
b 

and T ̂  1 ms, 
thus the signal h a l f height i s reached i n approximately 
1yA,s. 

I f we are able to neglect the effect of di f f e r e n t 
c o l l e c t i o n times f o r the electrons, i t i s possible to 
reject the slow development region without affecting the 
pr o p o r t i o n a l i t y of the signals ( i . e . we may use an 
amplifier with a short d i f f e r e n t i a t i n g time on the input 
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such that the pulse i s reduced to the form shown i n 
Fig. i f t ) . Thus, instead of a pulse of several m i l l i ­
seconds duration, we are able to ' c l i p ' i t to a few 
microseconds. This increases the s e n s i t i v i t y of the 
counter and enables i t t o be used i n coincidence systems, 
and at faster counting rates,than would otherwise be 
possible. Generally, f o r most counters, an integrating 
time constant which i s not greater than the d l f f e r e n t l a t -

-5 ^ 

ing time constant, and i s of the order 10 ^ - 10"° sec 
proves suitable. 

I t i s convenient here to consider b r i e f l y the 
benefits of gas amplification i n overcoming noise i n 
the amplifiers and associated electronics. 

I n the type of experiment considered here we are 
dealing with cases where the o r i g i n a l number of ion 
pairs may not be greater than about 25. The noise l e v e l 
of a good amplifier w i l l be 3.10"^ v o l t . I f we take 
the capacity of the counter electrodes t o be 10 p f 

t h i s i s quivalent to the c o l l e c t i o n of approximately 
2000 electrons by the wire. Thus i f we are to have a 
signal to noise r a t i o 10:1 the o r i g i n a l niunber of 
electrons i n the counter must be increased by a factor 
1000, This i s done by the m u l t i p l i c a t i o n process. 
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3 . ^ Spurious Effects i n Proportional Counters and Gas 
F i l l i n g 

I t i s true to say that a l l the spurious effects 
present i n a Geiger counter w i l l also be present to some 
degree i n a proportional counter. 

These are 
a) ejection of photoelectrons from the cathode by 

the positive ions 
b) metastable atoms, which give o f f photons. 

These may produce electrons 
, c) Paetow e f f e c t ; delayed ejection of electrons 
d) Negative ions formed by the attachment of elec­

trons t o electronegative impurities. These 
electrons may be stripped o f f i n the high f i e l d 
region. 

However the requirements f o r correct operation i n 
proportional counters are very much less severe. Whereas 
i n a geiger counter a single photoelectron w i l l i n i t i a t e 
a discharge, i n a proportional counter up to a l i m i t 
already defined, the photoelectrons w i l l not have any 
serious e f f e c t . 

Care i s taken, however, to avoid the loss of 
electrons by the production of negative ions. This i s 
achieved by strenuously excluding electronegative gases. 
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Otherwise very few gases are not suitable for propor­
t i o n a l counter operation i n some proportion even water 
vapour being tolerable up to 1 cm Hg pressure. 

The l i g h t i n e r t gases have the advantage that they 
require a lower p o t e n t i a l for a given counter, gas 
pressure and m u l t i p l i c a t i o n than most other gases, but 
the tendency to form metastable states makes i t advisable 
to add a proportion of a polyatomic organic vapour, these 
usually having a high cross-section f o r absorption of 
photons. 

Organic vapours may be used by themselves i n propor­
t i o n a l counters and i n many cases i t may be preferable 
to do so. Methane and propane have been widely used, 

3 .5 Defects due to Counter Geometry 
a) I r r e g u l a r i t y i n Electrodes 
I f the central electrode has a varying radius or 

protuberances on i t , the gas amplification w i l l be 
greatly affected due to the sharp,variation of voltage 
i n t h i s region. I r r e g u l a r i t i e s i n the cathode are not 
so serious. Also, Rossi and Staub (1950), have shovm 
that the extreme f r a c t i o n a l difference of the f i e l d 
fltE due t o the wire being displaced a distance 'd' from 
the central axis i s given by 
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-i = 'd where a and b are the anode and 
E 

cathode r a d i i and generally since E = Vp t h i s effect 
1 r l n b 

at high pressures (Appendix 1 ) . 

b) End Effects 
The junction of the wire with the end of the 

proportional counter w i l l d i s t o r t the f i e l d i n t h i s 
region and lead t o vai?iations i n amplification. The 
extent of t h i s v a r i a t i o n , and measures vrhich may be taken 
to overcome i t , are described by Curran (1959) where 
other defects are also described. 

3.6 Counters used i n the Present Experiment 
a) Special Requirements of Geometry 
Since we wish to measure the rate of ionization loss 

of a charged p a r t i c l e \'ie obviously cannot use a c y l i n d r i ­
cal counter since we would then be unable to define the 
track length. A rectangular counter has been chosen so 
that the beam of parti c l e s can have a constant track 
length by crossing the counter perpendicularly to the 
walls. The anode i s a c y l i n d r i c a l wira A graphical 
solution of the f i e l d has been made f o r t h i s type of counter 
and i s shown i n Appendix I 
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We see that the f i e l d i s radial up to a distance 
comparable with the cathode dimensions and much of the 
discussion of c y l i n d r i c a l counter theory w i l l s t i l l 
apply s u f f i c i e n t l y for our purpose. 

b) Construction of the Proportional Counters. 
The counters used i n t h i s experiment were made by 

D.G. Jones of t h i s department. They are basically 
lengths of rectangular copper wave guide with a cross-
section^Mcfi a. length of /6cm, and a thickness of metal 
of0-2on^ The anode i s of 0-oi<:<ndiameter tungsten wire 
sealed i n t o glass insulators, at the junctions with the 
ends of the counter. There are two mica windows i n the 
top of the counter f o r c a l i b r a t i o n by X-ray sources. A 
counter i s shown i n Fig. ] 3 . 

c) Counter f i l l i n g 
The counters are f i l l e d with neon to ̂ 0.5 cm Hg 

pressure and have an additional 2.9 cm Hg of methane as 
a s t a b i l i s i n g agent. 

d) Operating Conditions 
The counters are operated at a potential difference 

of about 1000 v o l t s when the loss of 10 keV energy i n 
the counter w i l l cause a pulse O.lmv to be sent to the 
head amplifier. The E.H.T. i s provided by a stabilized 
pack giving a voltage steady w i t h i n 0.1%. 



Pig. )3 Proportional Counter 

P i c . T y p i c a l Pulse ( a f t e r a i r ^ t i l i f i c a t i o n ) 



33. 

The head- arid main-amplifiers are commercial units 
(Dynatron) and are operated with the integrating time 
constant equal to the d i f f e r e n t i a t i n g time constant i n 
the main amplifier, both having the value of 8^sec. 

Pulses similar to those shown i n Fig. l ^ a r e pro­
duced. 

3 o 7 The Geieer Telescope 
The p a r t i c l e t r a j e c t o r y through the counter i s 

defined by requiring that i t pass through a geiger 
telescope. This consists of two geiger counters, of 
similar length t o the proportional counter, arranged one 
above and one below that counter so that t h e i r axes l i e 
i n the same plane as that of the proportional counter. 
A section through the three counters i s shown at the 
top of Fig. 1^, 
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CHAPTER k 
THE ELECTRONIC CIRCUITS 

•+.1 General Arrangement 
A block diagram of the apparatus used i n the 

proportional counter experiment i s shown i n Fig. 1^ 
The pulses from the geiger telescope are taken to a 
two-fold coincidence u n i t , which, i f coincidence occurs, 
w i l l send on a pulse to an additional^of the main Rossi 
coincidence c i r c u i t . I f a six f o l d coincidence i s 
registered between ABCD, t h i s additional channel, and 
the gap counters, the momentum analyser u n i t sends a 
pulse t o the category recording oscilloscope and also 
sends a pulse to the main tri g g e r i n g u n i t . This then 
tr i g g e r s an oscilloscope which has the proportional 
counter pulse from the amplifiers fed on to the Y-plates 
via a delay l i n e . A delayed trigger pulse also provides 
a base l i n e from which to measure the height of the 
counter pulse. Also triggered by t h i s c i r c u i t i s a 
neon bulb hodoscope actuated by the two-fold coincidence 
u n i t which indicates, by the counter oscilloscope screen, 
which proportional counter the p a r t i c l e has passed 
through. At the same time the cycling system i s set i n 
motion, i l l u m i n a t i n g clocks and moving on cameras. 
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h,2 The Proportional Counters 

I n the present experiment two proportional counters 
were used side by side using the same E.H.T. voltage, a 
negative voltage being fed t o the cathode by means of a 
metal 'saddle' f i t t i n g across the counters at t h e i r 
ends. There was no other conducting connection between 
the counters. These rested on Perspex s t r i p s f i x e d to 
the bottom of a metal box completely enclosing the 
counters (Fig, l 8 ) . The geiger telescope had the top 
layer inside the l i d of the box, which was i t s e l f attached 
to a t r o l l e y which could be wheeled i n t o the p a r t i c l e 
beam. Also on the t r o l l e y were the geiger quenching 
u n i t s and the proportional' counter head amplifier. 

^ . 3 The cycling System 
This i s an e l e c t r o n i c a l l y actuated relay system 

which illuminates the clocks above the oscilloscope 
faces, moves on the f i l m i n the cameras by the required 
amount, and paralyses the main Rossi coincidence c i r c u i t 
throughout the cycling period. The clocks enabled the 
two f i l m s to be correlated. 

hoh The Pulse Height Analyser and Pulse Generator 
The pulse height analyser has 100 or 150 channels 

and incorporates a pulse generator (Marshall's of 
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Cambridge). The channel width i s correspondingly i / i 
v o l t and by using a bias i t w i l l accept pulses of up 
to lOOv. The input gain may be increased to two or 
f i v e times. The analyser was used i n the c a l i b r a t i o n 
of the analyser or f o r c a l i b r a t i n g the proportional 
counter amplifiers and the oscilloscope, which was run 
from a st a b i l i s e d main supply. 

ko5 Calibration of the Proportional Counters 
The c a l i b r a t i o n was effected by using an X-Ray 

source which ejects photoelectrons i n the gas having a 
single energy, a l l of which w i l l be l o s t i n the counter 
gas. Sources were chosen with energies i n the same 
region as those l o s t by cosmic rayyU.-mesons passing 
through the counter. Two sources were used to check 
that the amplification was linea r , though these s t r i c t l y 
w i l l only show whether the amplification i s consistent 
with l i n e a r i t y . Details of these sources are given i n 
Appendix I I . 

• I f i t i s assumed that the energy required per 
ion pair i s the same for electrons as for^-mesons, i t 
i s possible to give an absolute result for the ioniza­
t i o n loss of^-mesons i n a gas, but t h i s assumption i s 
not r e a l l y j u s t i f i e d . The primary purpose of the c a l i -
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bration was to ensure that there was no appreciable 
d r i f t i n the t o t a l amplification provided by the 
counter and the associated amplifiers. 

The sources were also used, i n determining the 
v a r i a t i o n of gas m u l t i p l i c a t i o n with applied voltage, 
to study s t a t i s t i c a l variations of pulse height and to 
show that stray magnetic f i e l d s had no effect on the 
pulse height. 

The c a l i b r a t i o n of the counters was normally carried 
out at the beginning, middle, and end of a twenty-four 
hour run. 

^.6 Recording of Results 
The amplified proportional counter pulse and the 

category number of the ef f e c t i v e p a r t i c l e are displayed 
on d i f f e r e n t oscilloscopes, and hence w i l l be recorded 
on two d i f f e r e n t f i l m s . Despite marking the f i l m at 
the beginning and end by illuminating the C.R.O. face, 
i t was necessary to have some means of correlating events 
on the two f i l m s , and thus on each record was included 
the time indicated by a watch, these being illuminated 
f o r Isec a f t e r the camera has been moved on. Both 
cameras were operated with continuously open shutters. 
At each c a l i b r a t i o n of the proportional counters, test 
frames were taken on the momentum selector f i l m calibra-
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t i n g the scale of t h i s screen and checking that the 
operation of the selector was satisfactory. 
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CHAPTER ? 

Th^ Avepftfie lQ^Xz^tXon Lpgg pf a F^gt C^pged P^ptAcJ.e 
The theory concerning the average energy loss of a 

f a s t charged p a r t i c l e I s w e l l established. Differences 
between ind i v i d u a l treatments of t h i s theory are small, 
and e x i s t mainly I n the t r a n s i t i o n region between the 
'log r i s e ' and the plateau. The simple classical theory 
of i o n i z a t i o n loss was given f i r s t by Bohr (1915)0 
Developments of t h i s theory and l a t e r quantum mechanical 
versions a l l y i e l d the same general results f o r the 
v a r i a t i o n of i o n i z a t i o n loss with energy. These were 
outlined i n Chapter 1, 

5ol. T^ie Bohf Theory 
I n Fig, 17 i s shown the charged p a r t i c l e (charge 

ze) and I t s path. The theory considers the e l e c t r i c 
i n t e n s i t y E leaving a cylinder which has as i t s axis 
the path of the p a r t i c l e , and a radius b. This f i e l d 
acts on the electrons of the medltim f o r a short time, 
providing an Impulse which causes excitation or ioniza­
t i o n . 



^0. 

-7i T-f--
b ; : 

From Gauss' Lav we have \ E o d A = ^-ifze. 
ioSo ^ E j _ 2 bdx = ̂ -TTze. 
, \ CEidx = £se (1) 

J b . 
I f we consider the p a r t i c l e to be fi x e d and 

consider a moving section of the cylinder 
Then ( E ^ ( t ) d t = \ E j _ ( x ) ^ (2) 

where v = v e l o c i t y of the p a r t i c l e 
t = time. 

Prom (1) + (2) 

e\B| dt = gzSL. 

-oO 
But t h i s i s the t o t a l Impulse acting on the electron of 
the medium due to the passage of the p a r t i c l e . 

i.eo momentum gained p = £g§£ 
bv 

energy gained B£ = 2z^e (3) 
2m ni,2^2 
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The number of electrons i n the element of path dx 
between b and b+db i s given by 

2?rbdb NZ dx. ik) 

where N = no. of atoms/unit v o l . 
Z = atomic number of the medium. 
Thus from (3) and ih) 

The energy loss from the charged p a r t i c l e 
-dE = j£ 

2m , 
, ° o = MT32eSz \ §Ja 

= tfiTB^e^NZ I n bmax 
mv2 ^ I n 

When the l i m i t s are considered, including the r e l a t i v l s -
t l c case. 

-dE = k 3^e\z I n 1.123 
^ 2 ze2r l-v£ 

c2 
where c = v e l o c i t y of l i g h t 

= weighted mean of the v i b r a t i o n frequencies of 
the electrons i n the atom. 

5.2. T^^ Be1?ne-BJ.oĉ  T^eppy 
More refined c l a s s i c a l treatments have been made 

by Bethe and Bloch i \^^'i)o 

I n Bethe's theory, the c o l l i s i o n s experienced by 
the f a s t p a r t i c l e are divided i n t o two classes. 
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a) Distant collisionss An electron w i t h energy less 

than4j i s ejected. 
b) Close c o l l i s i o n s s An electron with energy 

greater than ̂  i s ejected. 
I f ^ i s small then the primary p a r t i c l e may be 

treated as a point charge. 
I f i s s u f f i c i e n t l y large the atomic electrons may 

be regarded as free f o r close c o l l i s i o n s . I t i s found 
that i f 10^<^<10^ eV then both of these conditions may 
be s a t i s f i e d . 

I n a c o l l i s i o n the electron may receive energy t 
where I < t <T. 

I i s the effective ionization p o t e n t i a l weighted 
according t o the p r o b a b i l i t y of ionization and excita­
t i o n I n the atomic system and must, at present, be deter­
mined experimentally, 

T i s the maximum transferable energy to the electron. 

Measurements of I by Bakker and Segre ( 1 9 5 1 ) and 
Marker and Segre ( 1 9 5 1 ) show I/Z increases from 9 o 3 eV to 
15 eV as Z decreases. 

I n 1 9 3 3 Bloch suggested as a good approximation 
I ( Z ) = IQZ = 13o5Z 

This i s acceptable since only I n I occurs I n the 
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energy loss expression (q.v) and thus small variations 
I n I w i l l have l i t t l e effect on the value of t h i s 
expression. 

Stemheimer (1956) however on studying the results 
C-

of paldwell (1955) prefers the relationship 
I ( Z ) = 13.0Z. 

T^? Vfl3,̂ e of The lfepc;̂ mviiq Tpftqsferab?,e EAepgy 
For t »yjthe atomic electron may be regarded as a 

free p a r t i c l e . 
Bhabha (1937) has shown that i n the general case 

W = T = E 2-^c^ 
yUc2r/^+ m + BQ " 

Where m = mass of the electron 
/A = mass of the incident p a r t i c l e 
EQ = Total energy of the Incident p a r t i c l e . 

I n the case where Eg ̂ ^M- andyK»m 
/kc2 m 

T = 2mc%! (5) 

We see that for^-mesons Kiyj: 207 m^) that the 
second condition i s s a t i s f i e d , and the f i r s t condition 
f o r meson energies 20 GeV/c. 



44. 

The second condition i s not applicable to the range 
of energies we wish t o cover and we see that, at 20 GeV/c, 
the true value of T i s less than that given by the approx­
imate equation by a factor of three. However as T also 
occurs w i t h i n the logarithmic term, the approximate form 
w i l l not introduce a large error. 

This i s given by Bethe (1930, 1932) as 
= 2irNZro2 mc2 

<^co l l 
m 2iqc2 2 - t - / g 

where r ^ = ^ 
A L ( 1 - ^ ^ ) . 1 ( 2 ) 

0 —2 

and N i s Avogadro's number. 
Energy Lgpg CJLp?e CQllipioq§1>[« 1;̂ T, 

I n close c o l l i s i o n s the electron i s affected by the 
spin of the charged p a r t i c l e and t h i s must be taken i n t o 
account i n the theory. This i s given by Bhahba (1938) 

and Massey and Corben (1939) as 
»M = 2rNZro2 mc2 f ln_I.-|6-i f T H ~ 
^ c o l l A ^ L [ E+^c^ ^ 

f o r a p a r t i c l e w i th spin i and Kinetic Energy E. The 
l a s t term i s the contribution of the spin of the p a r t i ­
cle Total average energy loss. 

Adding the contributions due to each type of 
c o l l i s i o n we get 
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= 2frNZr 2 mc2 i n 2m^^c^T.'2jl^+. irJL 
dxcoll — A ~ I T i r ^ n ^ - z ) 2 ?Lf j/*C^J 

and I f we substitute f o r T from (5) t h i s becomes 
= hsMr^ mc2 rii^2a£c2 -In(l-y6?)-|a2 

d^coii A °7?L^m 
This i s i f we neglect the spin term which becomes small 
at high energies. 

The Bethe-Bloch treatment gives a value f o r ^ 
dx 

approximately twice that calculated using the simple 
c l a s s i c a l method. 

I t shows an Improvement i n i t s treatment of 
c o l l i s i o n s Involving small transfers of energy. I t 
recognises that the p r o b a b i l i t y of t h i s type of transfer 
occurring i s governed by the energy levels of the elec­
trons i n the atom. 

The formula derived i s applicable t o a l l charged 
p a r t i c l e s except electrons. Here the two particles 
involved i n a c o l l i s i o n are indistinquishable. I t i s 
conventional t o take as the surviving 'incident' elec­
tron that which has the greater energy a f t e r the c o l l i ­
sion. Thus i n t h i s case T = i(EQ-mc2)o The expression 
f o r energy loss by close c o l l i s i o n s must be modified, 
especially the terms involving spin ef f e c t s . 

The resultant t o t a l average energy loss for elec­
trons was given by Mdller (1932) as 
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-dE (electron) = }LMro^s£ Yin 2m^A^ Inil-fi)^-^ I n 8 
^ ^ c o l l ^ P'L ^ ^ i . " I 

The Density Effect 
The problem of ionization loss has so f a r been sim­

p l i f i e d by t r e a t i n g each atom as isolated from i t s neigh­
bours, and thus ignoring any effect these might have on 
the c o l l i s i o n . But, as was f i r s t pointed out by Sevesm 

(1938)9 the medium w i l l be polarized by the f i e l d of the 
p a r t i c l e and the polarization f i e l d w i l l cancel out that 
due t o the p a r t i c l e at atoms not close t o i t s path. We 
would then expect that distant c o l l i s i o n s would be affected 
and that l i t t l e difference would be made i n the case of 
close c o l l i s i o n s . 

Since, as we have already shown, the log r i s e i s 
p a r t i a l l y due to the increased radius of action of the 
p a r t i c l e ' s f i e l d , the polarization effect should be more 
pronounced at higher energies. 

This was f i r s t expressed quantitatively by Fermi 
(1939, 19^0), who considered only c o l l i s i o n s s u f f i c i e n t l y 
d istant that the medium was sensibly uniform and that the 
electrons could be represented as clas s i c a l o s c i l l a t o r s , 
w i t h the further s i m p l i f i c a t i o n of a single characteristic 
frequency. The close c o l l i s i o n s were accounted f o r by 
i n t e r p o l a t i o n between his treatment and Bethe's. 
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The theory was l a t e r extended by Halpern and Hall 
(19^0, 19^8) using a model having several characteristic 
frequencies. Other work has been done by Wick (19^0, 
19^3)J SchBnberg, and especially by Sternheimer whose 
calculations are the most extensive. 

His expressions f o r the density effect and i t s 
v a r i a t i o n w i t h pressure i n the case of a gas are given 
i n Appendix I I I o 

5.^. The Ro^e pf Ceyenkqv Rad^fi1;4oq 
Cerenkov radiation, f i r s t investigated by Mallet 

i n 1926, occurs when a charged p a r t i c l e travels through 
a d i e l e c t r i c medium. I t i s usually v i s i b l e and pre­
dominantly at the blue end of the spectrum. The l i g h t 
from each element of the track occurs along the surface 
of a cone, symmetrical about the axis with a semi-vertical 
angle 8 ( P i g . I t ). 

The angle 0 may be found be the relationship 
cos D = _ i _ 

where ̂  = v/c f o r the p a r t i c l e 
y4/L= r e f r a c t i v e index of the medium for the particular 

wavelength. 
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The cone may be explained by means of the Huyghen 
construction as shown i n F i g . l t . 

The seai^of the rad i a t i o n i s i n the polarization 
f i e l d set up by the p a r t i c l e . At low velocit i e s t h i s 
f i e l d w i l l be symmetrical about the path of the p a r t i c l e , 
both at r i g h t angles and along i t , giving no resultant 
f i e l d at a distance. At higher v e l o c i t i e s however, due 
to the f i n i t e relaxation time of the f i e l d , i t w i l l be 
assymetrical along the axis. When the velocity of the 
p a r t i c l e i s higher than the phase v e l o c i t y of l i g h t i n 
the medium i t i s possible f o r wavelets from the resul­
tant f i e l d t o reinforce as shown i n Fig.lt>. 

Cerenkov radiation should not be confused with 
Bremsstrahlung. The former arises from d i s t o r t i o n of 
the medium by the p a r t i c l e , the l a t t e r from scattering 
of the p a r t i c l e . 

Fermi was able t o account f o r energy loss due to 
Cerenkov radiation from his theory which considers the 
f l u x of the Poynting vector through a cylinder which has 
the path of the p a r t i c l e as i t s axis. This f l u x i s 
equated t o the energy loss occurring at distances greater 
than the radius of the cylinder. This shows that there 
i s a residual radiation at large distances from the track, 
which i s to be i d e n t i f i e d as Cerenkov radiation. This 
loss i s thus already accounted f o r i n ionization loss 
theory and i s not additional t o i t . 



e 

Fig, l(o Huyghen Construction for Cerenkov Radiation. 



49. 
Other workers showed t h a t , on the basis of Fermi's 

theory, a l l of the r e l a t i v i s t i c increase i n energy loss 
was due to Cerenkov radiation and that there was no 
increase i n true ionization loss beyond the minimum 
{f^ 0o97)o 

This, however, was i n c o n f l i c t w i t h experiment, 
and Huybrichts and SchBnberg (1952) suggested that 
Fermi's treatment of close c o l l i s i o n s was at f a u l t and 
that modification of the coherence of the radiation by 
surrounding atoms would cause i t t o be reabsorbed almost 
immediately. They concluded that Cerenkov radiation was 
almost e n t i r e l y the result of distant c o l l i s i o n s . 

This l i n e of theory was improved by Fowler and 
Jones (1953) who showed th a t , since the d i e l e c t r i c con­
stant was complex i n close c o l l i s i o n s the Cerenkov 
radiation would be reabsorbed w i t h i n 10"*̂  cm of the 
track. 

These methods are essentially a r t i f i c i a l i n that 
they consider the medium i n two parts, when regarding i t s 
structure. The region close to the track i s thus taken 
t o have a d e f i n i t e structure while the surrounding medium 
i s regarded as continuous. 

The re s u l t s , though, of these theories are i n better 
agreement with experiment. 
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5o5. Budini's Treatment 

Budini (1953) finds that the separation of the 
energy loss i n t o energy absorbed i n ionization and 
ex c i t a t i o n and that radiated i s governed by the r a t i o 

breâ (̂ 1?U of ^p9ct;ro3copj.c J.iq95 
density of the medium 

The larger t h i s r a t i o the more favoured i s l o c a l 
dissipation. 

This i s also emphasised by Sternheimer i n a d i f f e r ­
ent treatment (1952). 

I n Budini's theory the problem of energy loss i s 
discussed c l a s s i c a l l y by supposing that the absorption 
bands f o r ionization pertinent t o very broad absorption 
l i n e s . His results show that? 

i ) There should be a relationship between the 
broadness of the spectroscopic lines and the structure 
of the Cerenkov spectra. 

i i ) Only an assumption of a perfectly transparent 
medium leads t o results which ascribe a l l the 'log 
r i s e ' t o Cerenkov radiation, and i n t h i s case his formula 
reduces t o that of Frank and Tamm (1937). 

i i i ) There should be simultaneous increases i n energy 
loss by ion i z a t i o n and Cerenkov processes i n the r e l a t i -
v i s t i c increase region. 
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There are two quantum theories of the energy loss 
of f a s t charged p a r t i c l e s , and there are due to D.A« 
Tidman (1956) and Co Fano (1957). 

Fano presents an atomistic d i e l e c t r i c theory by 
considering three coupled quantum mechanical systems; 

1) an aggregate of atoms 
l i ) the long wave components of the electromagnetic 

f i e l d 
i l l ) a d d itional charged particleso 

He derives expressions f o r the longitudinal and 
transverse, normal mode excitations i n i n e l a s t i c c o l l i ­
sions, separately, and shows that the transverse o s c i l l a ­
t i o n s have a f i n i t e p r o b a b i l i t y f o r r e l a t i v i s t i c incident 
p a r t i c l e s only and i n addition that those whose eigen-
frequency I s substantially shifted from the excitation 
energies of the medium, due to coupling with the f i e l d , 
w i l l appear as Cerenkov radiation. 

Hesults from t h i s theory must be computed and as 
yet none appear t o have been published. 

Tidman's theory has similar alms but he has adopted 
a d i f f e r e n t methods Primapily he i s concerned with a 
quantum theory of r e f r a c t i v e index but he has extended 
t h i s t o energy loss and presents his results as the sum 
of the contributions f o r the K and L shells of the atom. 
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Thus results may be computed f o r the f i r s t ten elements 
i n the atomic table. 

Both Tidman and Fano give separate expressions f o r 
the three d i f f e r e n t mechanisms of 'ionization' energy 
loss and Tidman's results f o r oxygen are shown i n Fig. l i t 

5.7. CQmpari,5Qq pf Rê 3,t?S 
One of the better experimental tests of these 

theories was made by Ghosh et a l (1952), Thus many of 
the theories have been calculated f o r oxygen at N,T.P. 
(which was used i n t h i s experiment). Thus, t h i s provides 
a convenient method of comparing the theories ( F i g . l ? ^ ) . 
That due t o Stemheimer has been recalculated using the 
l a t e s t values of the constants given by him (1959). 

We see that the r i s e from the minimum to the 
plateau predicted by Sternheimer i s much greater than 
that given by Tidman's r e s u l t s . This, however, i s not 
s u f f i c i e n t t o show that either of the theories i s basic­
a l l y incorrect as they both contain constants which must 
be determined by experiment, and hence the f i n a l values 
predicted by the theories are dependent upon those 
assumed f o r the constants. 



53. 

Budini and Sternheimer's results generally d i f f e r 
i n the approach t o the plateau, Sternheimer's theory 
favouring a more gradual approach reaching the plateau 
at a higher energy. 



>j <D fcil 
^ > 
C O 

^ O C 
o 

o 

• 
.—^ 
• CO 
0 
c 
CD 

C5 
0 
0 

to >> 
X 
G 
r" 

CM • H 

I rrj 0 
c CO 1 >-• 0 

H 

C 

to 

c 

O 
< H 

CQ 
(0 

• H 
P I 
O 

EH 

si 

« 



dx i n 
keV/cm 

mc 

D i s t r i b u t i o n of Energy Loss by D i f f e r e n t I,'echanisms 

( i ) i o n i z a t i o n i n d i s t a n t c o l l i s i o n L s h e l l 
( i i ) " e x c i t a t i o n " " " K s h e l l 

( i i i ) " i o n i z a t i o n " " " K s h e l l 
( i v ) " Cerenkov " ", " K s h e l l 

PigoHb. Tidman's Pesults. 
Energy loss i n Oxygen (1 atmosphere) 
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CHAPTER 6 
The Primary Specific Ionization and Energy Loss per 

log Pŝ ^̂  
As was pointed out i n Chapter 1, most convenient 

ways of measuring energy loss do so by measuring the 
i o n i z a t i o n produced, neglecting the f r a c t i o n of the 
energy l o s t producing e x c i t a t i o n . I n particular some 
methods measure the primary ionization produced. 
I n counter work i f an absolute value f o r the energy 
loss i s t o be obtained, the apparatus must be calibrated 
and t h i s i s usually done using a radioactive source 
which causes photoelectrons of known energy to be ejected 
and stop i n the counter. I f t h i s method i s to be 
successful, the energy loss per ion pair must be iden­
t i c a l both f o r the charged particles used i n the experi­
ment and the c a l i b r a t i n g electrons. 

6.1. TheprlQ? qf Pff:|,mqyy IpQiza1?l,QH 
The primary specific ionization, J, measured as the 

number of ionizing c o l l i s i o n s per cm and NTP was f i r s t 
given by Bethe (1933) as; 

J = 2(\T^c^M a pLnamc^ +b-f? 
A [(l - ^ ) 2 l ( 2 ) 

Where a and b are dimensionsless constants depending on 
the gas, and the other quantities are those already 
introduced i n the previous chapter. 
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Budini and Taffara (1953) have given a value f o r J 
i n hydrogen and l a t e r (1956) gave a more general expres­
sion. This i s incidental t o a theory f o r ionization loss. 

They give, 

pop 

oO 

Where T . f,;_ ^ n 

and concerns the p r o b a b i l i t y of transfer between the shells, 

and z s p . 

I n these equations! 
e = charge of the electron 
V = speed of the incident p a r t i c l e 
m = mass of the electron 

= c l a s s i c a l radius of the electron 
n = no, of electrons/em^ 
Z = atomic number of medium 
T = maximum transferable energy 
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I j ^ = ionization p o t e n t i a l of k'th electron 

WK=IK 
h 

ŵ  = frequency of i ' t h absorption l i n e 
^ i k " o s c i l l a t o r strength of the i ' t h l i n e of the K 

s h e l l 
= photo elect. Xsect f o r k'th electron. 

I n common wi t h theories of energy loss i t i s dependent 
on the values assumed f o r the constants, especially 
those f o r the photoelectric cross-sections. 

6.2. Eqergy Logs pep Ipq P̂ 3.y 
The energy loss per ion pair which we w i l l denote 

b y ^ includes e x c i t a t i o n and Cerenkov losses as wel l as 
those d i r e c t l y producing the ion pair. Thus J l w i l l be 
greater than the mean ionization p o t e n t i a l of the atom. 
I t must be emphasised that the number of ion pairs 
includes both those due to primary and those due t o 
secondary processes. 

Su f f i c i e n t experimental work (Valentine & Curran, 
1959) has been done t o show quite conclusively that 
there i s no si g n i f i c a n t v a r i a t i o n i n XI with energy of 
the incident p a r t i c l e i n the case of electrons and 
p a r t i c l e s . But i t i s not clear t h a t - i l i s the same f o r 
electrons a n d ^ - p a r t i c l e s , as experiments c o n f l i c t on 
t h i s point. 
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More work i s needed i n the case of protons and 
very l i t t l e has been done i n the case of mesons. 

I t i s c l e a r l y not safe to assume thatJ 2 does not 
vary f o r d i f f e r e n t incident p a r t i c l e s . This being so, 
confidence cannot be put i n absolute results, deter­
mined i n t h i s manner, but since there appears to be no 
v a r i a t i o n i n w i t h energy we may relate r e l a t i v e numbers 
of ions produced at d i f f e r e n t energies to energy loss. 
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CHAPTER 7 
The Most Probable Energy Loss 

The energy loss sustained by a charged p a r t i c l e 
passing through a t h i n absorber i s subject to fluctua­
tions which were f i r s t studied by Bohr (1915) and then 
by Williams (1929, 1931). They showed that the prob­
a b i l i t y of a given energy loss was given by a skew-dis­
t r i b u t i o n similar t o that i n Fig. .51. 

7 o l . The Transport Equation and Landau's Solution 
We denote the s t a t i s t i c a l d i s t r i b u t i o n function of 

energy loss by f(x,A) such that t h i s gives the probabil­
i t y that a p a r t i c l e of an i n i t i a l energy E^ w i l l ] o s e an 
energy between A and A +dA i n an absorber of thickness x. 
The discussion i s l i m i t e d t o those cases where the 
energy loss i s much less than the i n i t i a l energy. Then 
the p r o b a b i l i t y per u n i t path length of a loss of energy 
between H a n d l + d i (ui(i)d£) may be taken to be indepen­
dent of E, the energy of the p a r t i c l e at any point i n 
the absorber. 

We w i l l examine the change i n f ( x , ^ ) i n the i n t e r ­
v a l x>x-<-dx, and we see that such a change may be divided 
i n t o two contributions. 
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Consider a pa r t i c u l a r c e l l of the d i s t r i b u t i o n 
containing p a r t i c l e s which have l o s t an energy BQ-E=A 
i n a thickness Xo I n the i n t e r v a l dx the number of 
pa r t i c l e s i n the c e l l w i l l be increased by particles 
having an energy greater than E losing further energy 
and decreased by pa r t i c l e s i n c e l l losing energy i n 
the intervale Then giving the two contributions i n 
orderI 

^ = w(i)f(x,A-i)d£. 
a x ( i ) J 

S ( i i ) J 
Adding! 

to " i'^^^^f f(x^-£)-f(xy^)j d£. 
c 

The l i m i t s have been omitted (qv). This transport equa­
t i o n may be solved by use of an in t e g r a l transform. 

Landau (19^)9 using a Laplace transform and taking 
the l i m i t s of the i n t e g r a l as 0 tooO, finds 

This requires that i^iCl) should be known. 
He takes the i n t e g r a l , 

U ( i ) ( l - e - P i ) d ^ , 
and s p l i t s i t int o two by defining an energy so that 

^ l ^ ^ o and p f i ^ < l , 
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and I n order that t h i s can be done, V^^roax^^' 

Then ^ £, 

Landau uses the Bethe cross-section f o r the f i r s t term 
of the i n t e g r a l and the Rutherford cross-section f o r 
the second. The d i s t r i b u t i o n he finds i s shown i n Fig.i. 

7.2. Further Solutions 
Landau's method has been extended by Symon (19^) 

t o cover the case of absorbers of any thickness, cover­
ing the t r a n s i t i o n from the Landau d i s t r i b u t i o n f o r t h i n 
absorbers t o the gaussian form f o r thick absorber. 

Moyal (1955) using a Fourier transform also obtains 
Landau's re s u l t s . 

Experiments show that Landau's solution does not 
s a t i s f a c t o r i l y predict the widths of the distributions 
which are found. I n part i c u l a r the distributions found 
f o r r e l a t i v i s t i c electrons are much wider than those 
given by theory. With t h i s i n mind Blunck and Leisengang 
(1950) have modified Landau's method. They include the 
second moment of the expansion of the exponential i n the 
f i r s t term of the equation and show that t h i s increases 
the t h e o r e t i c a l width of the d i s t r i b u t i o n . 
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Their results agree w i t h those of Landau fo r higher 
values of the absorber thickness. 

Approximations i n Landau's theory, which may cause 
the discrepancy between theory and experiment, have been 
pointed out by Hines (1955) and Vavelov (1957) and also 
by Moyal (1955). 

I n p a r t i c u l a r the use of i n f i n i t y as the upper 
l i m i t i n the transport equation, and ̂  approximate 
cross-sections which ignore the resonance effect present 
f o r large energy transfers t o the inner electrons,aresocK. 

Hines solves the transport equation using a Mellin 
transform s p e c i f i c a l l y f o r r e l a t i v i s t i c protons, using 
an upper transfer l i m i t ^max* common with Vavelov, 
whose treatment i s more general, he shows that the r a t i o 
wj|,d1?h Qf the d^3l?rib^tion i s dependent on the p a r t i c l e 

f 
energy and that there i s no counterpart t o Landau's 
universal curve. 

The question of resonance has been examined by 
Moyal who shows that t h i s would lead t o an increase i n 
d i s t r i b u t i o n width. Since his solution retains i n f i n i t y 
as the upper l i m i t t o the i n t e g r a l i t i s clear that 
t h e o r e t i c a l d i f f i c u l t i e s i n t h i s f i e l d have not yet been 
completely restflved. 

On the lines of Moyal's theory, Rosenweig (1959) has 
published corrections t p Symon's solutions to take reso­
nance i n t o account. 
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7.3. CQ^cl^g;Lon^ 

Although Landau's theory shows l i t t l e or no agree­
ment w i t h experiment w i t h regard t o the width to be 
expected, quite close agreement may be found between 
the experimental and predicted values f o r the va r i a t i o n 
of the probable energy loss with i n i t i a l energy although 
i n general experiment yields lower absolute values. For 
t h i s reason, and f o r i t s ease of application, most authors 
s t i l l compare t h e i r results t o t h i s theory regardless of 
the f a c t that i t contains conditions which often exclude 
t h e i r experiment from the range of a p p l i c a b i l i t y . I t i s 
thus used as a convenient yardstick against which the 
results are displayed. 

The relevant condition i s that the most probable 
energy transfers should be much greater than the ioniza­
t i o n potentials of the electrons of the material. 

The majority of experiments published f a i l to 
sa t i s f y t h i s condition, which i s inherent i n other 
theories also. 
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CHAPTER 8 

F3.nctu^tJ,oy^S Xn Pu3,g? Hej,gni; 
The pulse heights recorded on the proportional 

counter oscilloscope, corresponding t o the passage of a 
p a r t i c l e of given energy across the counter, are subject 
to fluctuations due to a v a r i e t y of causes. They are as 
follows; 

i ) Fluctuations i n the number of primary c o l l i s i o n s 
and the energy transferred i n those c o l l i s i o n s , 

i i ) M u l t i p l i c a t i o n i n the proportional counter, 
i i i ) The po s i t i o n of the ionization i n the counter 

and the type of track, 
i v ) Noise i n the proportional counter and associated 

electronics. 
v) Variations i n the amplification of the pulses, 

v i ) Observational and recording errors. 
I n practice by f a r the greatest contribution comes 

from the fluctuations i n energy loss and fluctuations i n 
the number of primary ions. 

8 . I 0 F3,uc1;uat^Qns iQ Energy Los? 
As previously indicated the fluctuations i n energy 

loss depend greatly on the thickness of the absorber. 
We may then c l a s s i f y the thickness of an absorber 

by the form of the energy loss d i s t r i b u t i o n which i t w i l l 
produce. I t i s convenient t o make use of Landau's para-
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meter ^ where5 

= 2 J J e^i Z 
mv^ A 

and e electronic charge 
N = Avogadro's number 
m mass of the electron 
V ve l o c i t y of the incident p a r t i c l e 
s = density of the absorber 
1 = thickness of the absorber 
Z = Atomic No. of the absorber 
A Atomic Weight of the absorber. 

Thus y i s proportional t o the number of electrons 
per sq. cmo and energy transfers of t h i s magnitude 
constitute the main contribution to the width of the 
d i s t r i b u t i o n . 

Then i f I i s the mean ionization potential of the 
atom and Ema^ i s the maximum transferable energy, we 
have. 

Class I s - Very Thin Absorbers, l'^ J 
Class l i s - Thin Absorbers Landau's Condition V^^^< 
Class I l l s - Thick Absorbers^~ 
Theory shows that Class I I I absorbers give r i s e t o 

Gaussian d i s t r i b u t i o n s , and may concern us no further. 
The theories reviewed i n Chapter 7 are applicable 

to Class I I absorbers, but with the additional condition 
that we must exclude from the calculation those electron 
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shells whose potentials are greater t h a n ^ . 
No theory exists t o cover Class I absorbers. The 

problem resolves i t s e l f i n t o solving the equation. 

8.2. The experimental results on d i s t r i b u t i o n width f o r 
t h i n and very t h i n absorbers 

The experimental width as measured i s usually ex­
pressed as a percentage of the most probable energy loss. 
According to the Landau and other theories the width i s 
not proportional t o the most probable energy loss f o r a 
given absorber. Thus we may not compare, p r o f i t a b l y , 
the percentage widths found f o r the same particles of 
d i f f e r e n t energy. I t i s convenient to consider the width 
of the d i s t r i b u t i o n s produced by minimally ionising par­
t i c l e s ( ^ r Oo9) since there are s u f f i c i e n t experimental 
resu l t s available. This was done by West (1953) and his 
res u l t s are shown i n Fig. 18« He shows i n his paper that 
the d i f f e r e n t gas absorbers may be considered together 
by the use of the parameterTT which i s the product of 
the track length and the pressure of the gas f i l l i n g o 
For a given value of t h i s constant a l l counter f i l l i n g s 
give approximately the same width f o r the d i s t r i b u t i o n . 

I t i s easily shown t h a t f / l Q Z i s an equivalent 
parametero 
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A similar investigation with^-mesons was made by 
Palmatier, Meers and Askey (1955) and t h e i r results are 
similar i n character t o those found by West (Fig,/*?) 

The r i s e i n the width found f o r low values of TT 
may be attributed t o resonance effects, but i t can be 
seen that Landau's theory predicts widths which are toosnaU 
even f o r high values of IT. 

We may ascribe t h i s d e f i c i t i n part to the fact 
that the theory deals with fluctuations i n energy loss 
and not i n i o n i z a t i o n as measured. 

This i s p a r t i c u l a r l y important i n the case of 
absorbers wheref<I f o r the inner shells. E f f e c t i v e l y 
a width applicable t o the t o t a l energy loss i s associated 
w i t h that loss f o r shells where^> I , Thus the percentage 
width of the observed d i s t r i b u t i o n i s larger than that 
predicted by theory, 

Eyeions (unpublished) has shown by a semi-empirical 
method that the width of the d i s t r i b u t i o n i s given by 
the relationship 

(Width)^ = constant + constant 
Gas Pressure x Path Length 

This i s compared t o experimental results i n F l g , ^ 0 

and Palmatier's results are shown s i m i l a r l y . 
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8.3. S t a t i s t i c a l Spread i n Pulse Size i n a Proportional 
counter f o r a given energy loss. 

The theory of Frisch (l'̂ '+'7) and the experiments of 
Hanna, Kirkwood, and Pontecorvo show that the re l a t i v e 
variance (the mean square standard deviation) of the 
output pulse size i s p r a c t i c a l l y independent of the 
m u l t i p l i c a t i o n factor. 

Then /iTp.N^ 

N 
where / f i j j^is the r e l a t i v e variance of the output pulse 

size, 
'ff-A^ gives the r e l a t i v e variance i n the number of 
Tf I ions produced i n an avalanche by a single 

i o n i z a t i o n electron, 
V;;,\̂ the r e l a t i v e variance i n the number of i n i t i a l 
N J electrons. 

The v a r i a t i o n i n the m u l t i p l i c a t i o n process was 
given by Snyder and Frisch (1950? where each c o l l i s i o n 
i s assumed independent of the previous history of the 
electron, as ̂  (where N = no. of primary electrons). 

Their assumptions w i l l not be completely- s a t i s f i e d 
i n practice and the experiments of Curran, Cockcroft and 
Angus showed that 
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Fluctuations i n the i n i t i a l number of ions have 

been investigated t h e o r e t i c a l l y by Fano (19^7) who 
estimates that 

I 

where 2<k<3, The res u l t i n g d i s t r i b u t i o n i s symmetrical. 
¥k 

8.^. Ot;her contributlfiBS 
The f i n a l observed d i s t r i b u t i o n w i l l be further 

widened by errors associated with experimental technique. 
The effect of io n i z a t i o n position i n the counter has 

been examined by Hussein and Jaffe (1959) and they show 
that the f r a c t i o n a l v a r i a t i o n of the pulse height i s ^ 
where A i s the amplication factor. Their treatment 
assumes that electron c o l l e c t i o n a l l takes place before 
the positive ion sheaf^moves. Where recombination occurs 
t h i s assumption i s not s a t i s f i e d and the resultant width 
would be greater. 

F i n a l l y fluctuations i n apparatus performance and 
errors i n analysis w i l l contribute a few per cent t o the 
width of the f i n a l d i s t r i b u t i o n . 
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CHAPTER 9 
The Bx;per3,iqent^3. Result g 

The results f o r the ionization loss ofjU-mesons i n 
the proportional counters are obtained from the apparatus 
as pulse heights on an oscilloscope screen. These may be 
grouped i n t o histograms f o r each category and then repre-
sent the nearest experimental equivalent of the Landau 
d i s t r i b u t i o n . The conclusions to be drawn from these 
histograms, regarding both the value of the mode and the 
width of the d i s t r i b u t i o n , depend on the performance of 
the apparatus, p a r t i c u l a r l y w i t h respect to i t s l i n e a r i t y 
and s t a b i l i t y . 

9ol. The S t a b i l i t y of the Apparatus 
The performance of the proportional counter i s 

strongly dependent upon the E.H.T. voltage supplied i n 
that a small change i n t h i s quantity gives r i s e to a 
r e l a t i v e l y large change i n the amplification produced i n 
the counter by the m u l t i p l i c a t i o n process. 

I n t h i s experiment, a f r a c t i o n of the E.H.T. voltage 
was regularly compared with a Weston Cadmiiun Cel l by a 
potentiometer method. 

The measurements showed that, a f t e r switching on, 
the pack gives a voltage steady to w i t h i n Oo2% a f t e r a 
period of 12 hours. This i s s u f f i c i e n t l y stable with 
regard t o the m u l t i p l i c a t i o n variations i n the counter 
(q.v.). 
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The head - and main - amplifiers are commercial 

u n i t s w i t h a stated s t a b i l i t y of 1 .̂ The whole pulse 
amplification chain, including the proportional counters^ 
remained steady, as measured by the d i s t r i b u t i o n due to 
the c a l i b r a t i n g sources, given on the Pulse Height 
Analyser, with a possible v a r i a t i o n of 3-^^. Some of 
t h i s i s due t o the P.H.A. i t s e l f . 

The proportional counter oscilloscope showed no 
v i s i b l e v a r i a t i o n i n heights corresponding to standard 
pulses, 

9.2, Tl^^ Li^eaffj,ty gt th^^ App^at:^? 
The l i n e a r i t y of response of the proportional 

counter may be affected, as indicated i n Chapter 3; by 
interference between i n d i v i d u a l 'avalanches' i n the 
m u l t i p l i c a t i o n region. That t h i s defect was not present 
i n t h i s experiment i s shown by the use of two sources, 
one of which released more electrons i n the counter than 
would normally be of in t e r e s t during the experiment, and 
further by measurements of the change i n amplification 
produced by changes i n the voltage supplied to the counter. 

The th e o r e t i c a l r a t i o of the energy losses by the 
two sources i s 3.01. The measured r a t i o was 3.0 + 0,08. 

The pulse heights f o r one source f o r varying values 
of the EoHoT, were as follows! 
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E.H.T. Voltage pulse height volts 
965 h 

1060 8,5 
ll»+5 21 

Table 1. Variation of Pulse Height w i t h E.H.T. f o r Zn Source. 

Thus we may conclude that under the operating condi­
tions there i s no saturation occurring i n the proportional 
counter, nor indeed, throughout the amplification chain. 

We also see that the v a r i a t i o n of amplification with 
voltage 44 < lo25^/v. I t follows then that the E.HiT. dv 
variations (Section 8.1) lead t o a possible error of 
Go25^ i n the pulse heights recorded. 

The amplifier used i s 'linear w i t h i n 1̂ ' f o r output 
pulses up t o 50v. The voltage corresponding to the most 
probable energy loss i n the counter i s abooj- |o/ 

The proportional counter oscilloscope records 
pulses l i n e a r l y up t o 15'/ (The value f o r the most 
probable loss i s )« The attenuation between t h i s 
oscilloscope and the amplifier was also found to be 
li n e a r . 

9.3. MeasuffemeQts usiqg %\\e X-rc^y So^rceg 
Results using the two radioactive Sources are given 

i n Appendix IT 
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Here measurements quoted i n the previous section 
are detailed together with the pulse height d i s t r i b u t i o n s 
for each source under d i f f e r e n t conditions of amplifica­
t i o n . 

The l a t t e r results show that the d i s t r i b u t i o n f o r 
complete energy loss w i t h i n the counter i s symmetrical 
as expected from theory. 

9.M-, T^e A^aly?is <?f t t ^ ^ Film Resultig 
The Film results of the pulse produced by a given 

p a r t i c l e and i t s category number are recorded on separate 
f i l m s and t y p i c a l results are shown i n Fig. \k» 

The f i l m s (35 mm) were f i r s t analysed under the 
following headings 

Time Proportional Counter 
A B Double 

Double Pulse 
( r e j e c t ) 

Pulse Height 
mm. 

Time Category Number Knock-on 

This analysis was performed using a micro-film reader, 
giving pulse heights of about 30 mm. These were measured 
w i t h an accuracy of 3-5^. Both of these f i l m analyses 
were recorded on the same sheet. 
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After r e j e c t i n g a l l 'double' and 'knock on' events 
a second analysis folowed which l i s t e d the pulse heights 
f o r each category and each counter separately. Then 
histograms showing the numbers of pulses corresponding 
t o d i f f e r e n t pulse heights were found. 

At t h i s stage precautions were taken to ensure that 
no r e s u l t s were included where correlation between the 
two f i l m s was suspect. The pulse height histograms f o r 
a l l pulses from each counter were formed. The r a t i o 
between the maxima of these d i s t r i b u t i o n was compared to 
the known r a t i o of the amplifications produced by the 
counters. Unless these ra t i o s were the same wi t h i n 
experimental error the results were discarded. Some 
shorter f i l m s had i n s u f f i c i e n t particles for t h i s t e s t 
to be accurate, and results on these films were not 
used. 

I n the satisfactory cases the results from one 
counter were mu l t i p l i e d by the relevant factor and added 
to those of the other counter. 

There are basically two sets of results depending 
on the value of the magnetic f i e l d used i n the speclzo-
grapho For both these sets the amplification through 
the system remained the same and thus the results f o r 
the two f i l m s are d i r e c t l y comparable. 
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9 ° 5 o Mean Momentum f o r each category 
The histogram results w i l l give the most probable 

pulse height f o r each categoryo So that the dependence 
of pulse height on momentum can be found the effective 
mean momentum f o r each category must be found. 

This may be done accurately by the following method, 
1 ) Assume the correct form f o r the Landau d i s t r i b u t i o n . 

1 1 ) Multiply by the d i f f e r e n t i a l momentum spectrum f o r 
the category. 

I l l ) Compare w i t h the experimental d i s t r i b u t i o n . 
I v ) On the basis of t h i s comparison modify the assumed 

d i s t r i b u t i o n . 
This procedure should be repeated u n t i l the ezperl--

mental d i s t r i b u t o r I s correctly predicted. 
This method would also y i e l d an energy loss d i s t r i ­

bution which could, after correction f o r width Introduced 
by the apparatus be compared w i t h theory. 

However, as, so f a r , a large number of particles 
have not been recorded, a shorter approximate method was 
preferred. This Involved multiplying the category 
momentum d i s t r i b u t i o n by a theoretical lonlzatlon-momen-
tum relationship. The v a l i d i t y of t h i s procedure may be 
argued as follows. The v a r i a t i o n between the mean momen­
tum calculated before m u l t i p l i c a t i o n by the Ionization 
relationship^ and that a f t e r ^Is small. Thus so long as 
the experimental points have a f a i r l y close agreement with 
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the assumed relationship between Ionization and momentum 
we may expect t o have Introduced l i t t l e error. 

We must however allow f o r the fact that we have 
only a l i m i t e d number of particles I n each category and 
the expected momentum d i s t r i b u t i o n w i t h i n that category 
w i l l not be perfec t l y s a t i s f i e d . 

Let us suppose that there are N part i c l e s I n the 
category. Of these N/2 are above the mean momentum and 
N/2 below. The deviation I n each of these numbers I s 
+ ..J^2, tbe- cemblimd error being >v-f̂  

I f N(A) I s the value of the deflection d i s t r i b u ­
t i o n at the mean A and (TA I s the error I n the mean 
def l e c t i o n (where the function Is normalised so that 
f o r the category 

Then N ^ } i s = ^ 
The values f o r the effective mean momenta fo r the 
categories are as follows. 

O 2 3 if • 5- 6,7 
1-83 

4-7 /•3 0- 7 O-SL 0-^ 

Values in Qav /^ 

The momentum p = k/ŷ  
For High f i e l d k = l l 4-1 Magnet current 5 ' 7-^arnps. 

k = i+ q? " 1-2, amps • Low f i e l d 
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9 o 6 . Methods f o r determining the most probable values of 
the d i s t r i b u t i o n 

The prime d i f f i c u l t y of t h i s and other methods of 
measuring the v a r i a t i o n of energy loss with t o t a l energy 
i s that the most probable value must be determined from 
a 'skew' histogram which may not contain a large number 
of observations, and t h i s problem has i n the past 
received considerable att e n t i o n . 

The many treatments may be divided i n t o three broad 
classes. 
a) Methods involving the assumption of the theoretical 

d i s t r i b u t i o n . 
b) Those whereby the experiment i s so modified as to 

y i e l d a non-skew d i s t r i b u t i o n . 
c) Transformations of the d i s t r i b u t i o n which w i l l also 

give a symmetrical d i s t r i b u t i o n . 
The f i r s t type of analysis, i n d i f f e r e n t forms 
been given by Behrens ( 1 9 5 1 ) , Yeliseyev ( 1 9 5 3 ) , 

PalmatiLer ( 1 9 5 5 ) and Alikhanov ( 1 9 5 6 ) . Perhaps the best 
of these methods however i s due to Hammersley and Morton 
( 1 9 5 ^ ) 9 whose treatment gives more weight to observations 
near the peak of the d i s t r i b u t i o n and l i t t l e to those far 
from i t , especially those representing the larger energy.. 
losses i n which l i t t l e reliance can be placedo 
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The second form of treatment r e l i e s on the follow­
ing arguments. 

Suppose that the maximum amount of energy l o s t i n 
the counter i s chosen so that the average energy loss 
i s equal t o the most probable. 

It if (A) i s the Landau-type d i s t r i b u t i o n and A i s 
the energy loss 

Then i'^Jjl^U^^ _ Ap.,k. 

where/lppQ^j i s given by the value of A f o r which 
(d/dA)(^{Aj) = 0, 

Thus i f the appropriate f r a c t i o n of results i s 
rejected the remainder must be averaged to f i n d the 
most probable value. To determine t h i s f r a c t i o n however 
a t h e o r e t i c a l d i s t r i b u t i o n must be known or assumed. 

Al t e r n a t i v e l y , each p a r t i c l e may be required t o 
traverse several counters and give r i s e t o N results f o r 
energy l o s t . I f the higher of these values are discarded 
the f i n a l d i s t r i b u t i o n composed of the results from 
several p a r t i c l e s w i l l be 'sharpened up' to a symmetrical 
form, again with the advantage that the average value 
would then nearly coincide with the most probable energy 
loss (Alikhanov 1 9 5 6 Palmatiter 1 9 5 5 ) * 

F i n a l l y the energy loss d i s t r i b u t i o n may be trans­
formed i n t o a symmetrical curve, either mathematically 
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or graphically. A logarithmic transformation has been 
found satisfactory. Graphically the d i s t r i b u t i o n I s 
plott e d against the logarithm of energy loss. 

A further method has been reported by Banaaby 
( 1 9 6 1 ) , He found that when the di s t r i b u t i o n s of energy 
loss of/t^ -mesons I n a s c i n t i l l a t o r were plotted against 
reciprocals of the pulse height, approximately normal 
d i s t r i b u t i o n s were found. On p l o t t i n g the cumulative 
percentage frequencies against the reclpscal height (on 
arithmetical p r o b a b i l i t y paper) a straight l i n e I s 
obtained (Stg^, ) . The peaks of the di s t r i b u t i o n s 
were given by the points on the lin e s where ordlnates 
correspond to ̂ 0% on the pr o b a b i l i t y paper. 

This procedure I s p a r t i c u l a r l y valuable when used 
t o determine the r e l a t i v e values of the probable energy 
loss as opposed t o absolute values. 

I n the present experiment there are further d i f f i ­
c u l t i e s complicating the problem of analysis. The 
categories contain particles with d i f f e r i n g momenta, 
and the range of momenta changes both I n width and mean 
value with category. This means that I t I s d i f f i c u l t t o 
J u s t i f y the assumption of one d i s t r i b u t i o n function t o 
cover a l l categories. Further the r e l a t i v e l y small 
numbers of p a r t i c l e s as yet recorded hardly merit the 
time taken by an objective analysis. The peaks of the 
d i s t r i b u t i o n s have been Judged by eye. The author claims 
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that provided a l l the d i s t r i b u t i o n s are so judged before 
any attempt i s made to group the results i n a f i n a l 
i o n i z a t i o n l o s s - t o t a l energy relationship, t h i s w i l l 
not lead t o any great subjective errors. I t i s extremely 
d i f f i c u l t to mentally r e l a t e the d i s t r i b u t i o n t o the 
f i n a l relationship. 

An estimate of the error was made by approximating 
the d i s t r i b u t i o n t o the normal form by cutting o f f the 
high energy t a l l . I f N i s the t o t a l number of observa­
tions remaining and W i s the measured helf height width 
the error was taken as W / f N o 

9o7. The Experimental Results 
Some of the experimental d i s t r i b u t i o n s found are 

shown i n Fig. 51(X , and a l l the d i s t r i b u t i o n s are summa­
rised i n Table'^a-NA ri3s Aia,;2)b,;iic 

These give the f i n a l results showing the re l a t i v e 
v a r i a t i o n of the most probable energy loss with energy, 
wi t h respect t o the minimum value. These are compared 
t o a th e o r e t i c a l curve calculated from Landau's theory 
by Sternheimers correction f o r the density e f f e c t . The 
calculation of t h i s curve i s outlined i n Appendixjj 
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Category 
No. 

^lean Momentum 
Gev/c 

Nvimber of 
Particles 

Most probable 
Pulse Height Error 

fiiffh Field 
0 19.55 160 55.5 1 
1 9.2 460 51.2 0.6 
2 4.58 470 28.8 0.6 
3 5.06 420 27.4 0.6 
4 2.29 520 26.6 0.7 
5 1.85 240 25.8 0.8 
6,7 1.44 550 25.7 0.7 
8,9 1.09 180 25.2 0.85 

10-15 0.82 200 23.6 0.8 

Low Field 

0 4.7 295 29 0.7 
1 2.55 566 26 0.65 
2 1.5 210 25.5 0.8 
5 0.91 120 24 1.0 
4,5 0.7 101 25.5 1.2 
6,7 0.56 51 25 1.5 

8-15 .0.44 45 25 1.8 

Table 3 a 
Experimental Results. 
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CHAPTER 1 0 

Recent Work on Energy Loss bv Fast Charged Particles In 

Only work published since the review by Price ( 1 9 5 5 ) 

w i l l be outlined here. The bulk of t h i s l a t e r work has 
been done using cloud chambers and there have been three 
thorough experiments Two of these have measured t o t a l 
I o n i z a t i o n and one, the most recent, primary Ionization. 
I n a ddition one experiment has used proportional counters. 
Further experiments, mainly with counters, have been 
directed t o Investigating the width of the 'Landau* 
d i s t r i b u t i o n . 

lOol. Cl<?ud Cyi^^er E^peylplQ^tg 
Both the experiments of Rousset et a l ( 1 9 5 9 ) and 

Kepler et a l ( 1 9 5 3 ) measured the average t o t a l Ionization 
loss I n noble gases, both I n single gases and mixtures. 
The resu l t s are similar I n that I n the case of mixtures 
there I s marked disagreement with Sternhelmer's theory, 
the experiments showing a lower plateau value. The most 
l i k e l y explanation of t h i s difference I s that the theory 
does not accurately take Into account Interaction between 
constituents when pol a r i z a t i o n I s being considered. Thus 
ex c i t a t i o n frequencies I n the heavier ops' constituent may 

ton 

give r i s e to resonance polarlzating preventing some elec­
trons I n the other gas or gases from p a r t i c i p a t i n g I n the 
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i o n i z a t i o n increase. Typical results from each experi­
ment are shown i n Pig. 33. 

The other cloud chamber experiment by Portu»n (I96O), 
measuring primary ionization shows even great disagree­
ment w i t h theory but i n the opposite sense (Plgo<2<a-), 
Here i t i s d i f f i c u l t t o say whether the experiment i s 
not i n fa c t measuring primary ionization or whether the 
density e f f e c t predictions of theory are again incorrect. 

As these three experiments use the cloud chamber to 
measure the energy of the p a r t i c l e electrons must be 
used t o obtain plateau energies. I n t h i s connection the 
3 0 GeV/c resolution claimed by Kepler et a l i s remarkable 
especially when achieved with a diffused track (vide 
Chapter 3 ) . 

I n each case the r i s e from minimum t o plateau i s 
covered only by the use ofyM.-mesons and electrons. These 
results are compared to a curve calculated f o r heavy 
p a r t i c l e s . This detracts from the value of the experi­
ments. 

1 0 . 2 . Proportional Counters Work 
Only one experiment using counters which covers a 

range of p a r t i c l e energies has been published since 1 9 5 5 j 

and then with low s t a t i s t i c a l accuracy. This i s due to 
Lanou and K r a y b l l l ( 1 9 5 9 ) . Their counters were f i l l e d 
t o 2 o 7 atmospheres w i t h 9 5 ^ He 5% C02 and t h e i r results 
are shown i n Flg.<^^-
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Gooding and Ibasberg (1951) and Igo and ibisberg 

(195 )̂ have measured energy loss value and d i s t r i b u t i o n 
f o r protons i n argon. The protons had energies i n the 
range 30-̂ 0 MeVo Both experiments show that the experi­
mental width of the d i s t r i b u t i o n i s greater than that 
predicted by Landau's theory. 

10.3. Ionization Chambers 
W.C. Barber 1956 using electrons from a l i n e a r 

accelerator and an io n i z a t i o n chamber has investigated 
energy loss i n both hydrogen and helium from the mini­
mum t o the commencement of the plateau region. The 
gases were at a pressure of 10 atmospheres. His results 
show that there i s a p o s s i b i l i t y that the experimental 
density effect i s greater than that predicted by 
Sternheimer. 

10.^. CQqc3.^^;l,oQs 

There has been no published experiment s u f f i c i e n t l y 
accurate t o v e r i f y any p a r t i c u l a r theory over the com­
plete range of in t e r e s t ( i . e . from below the minimum to 
the plateau region) where one type of p a r t i c l e has been 
used. 

Secondly, although i n nearly every case there i s 
agreement between experimental and Sternheimer's density 
e f f e c t w i t h i n experimental error, when a l l experiments 
are considered there seems to be some evidence that a 
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greater density effect exists than predictedo 
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CHAPTER 13, 
Coqclugiogs. 

I t has been shown t h a t , although i n i t s present 
form the experimental arrangement i s not satisfactory 
and t h a t a modified technique would be beneficial, 
results as good as those of other workers could be 
obtained for^-mesonso 

I n view of the results of Fortune (196O) i t would 
appear that the determination of the primary ionization 
by means of a cloud chamber presents considerable d i f f i ­
c u l t i e s i n obtaining conditions relevant to present 
t h e o r e t i c a l treatments. I t seems un l i k e l y that existing 
theories are as f a r from the correct values as the experi­
ment would indicate. 

Whereas the case f o r using proportional counters i s 
thereby reinforced more work i s required i n the deter­
mination of primary specific i o n i z a t i o n both by the cloud 
chamber and low pressure counter methods. 

The results of Kepler et a l (1958) and Rousset et a l 
(1959) and also the review of Valentine and Curran (1959)» 
concerning energy loss per ion pair indicate that there 
i s i n t e r a c t i o n between the energy losses processes i n the 
d i f f e r e n t components of a mixture of gases which i s not 
taken i n t o account i n theory especially at high energies. 
I n an attempt t o accurately v e r i f y any particular theory 
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allowances would need t o be made f o r t h i s effect or 
preferably either a mixture should be chosen where 
such i n t e r a c t i o n seems u n l i k e l y or a single gas should 
be used. 

Tt^e PfppQpti^QRfiJ, Cpurjtepp 
The counters used i n t h i s experiment could be much 

improved upon, i n respect of t h e i r construction, f i l l i n g , 
and the rate at which information i s gathered. These 
three considerations are to some extent interdependent. 

The counters i n t h e i r present form have a cross-
section where the depth i s considerably greater than the 
width. This leads t o low f i e l d regions i n the counter 
where recombination may occur with deleterious effects 
on the pr o p o r t i o n a l i t y of response and the width of the 
resultant d i s t r i b u t i o n . 

There are no precautions to eliminate 'end effect' 
i n t h e i r operation and there i s i n s u f f i c i e n t provision 
f o r c a l i b r a t i n g the counter i n the variety of positions 
necessary. 

F i l l i n g the counter i s a d i f f i c u l t operation and 
possibly the widely d i f f e r i n g amplification properties 
of counters ostensibly a l i k e may be due t o t h i s prob­
lem. 

A l l of the counters had deteriorated w i t h i n six 

months of f i l l i n g . 
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The present gas f i l l i n g , at about half an atmos­
phere pressure f a l l s w e l l below the lower boundary con­
d i t i o n f o r application of probable energy loss theory, 
and but f o r the wide spread agreement among experimental 
workers t o ignore t h i s breach there seems l i t t l e t o 
J u s t i f y i t o 

A high pressure i s required to adequately s a t i s f y 
the condition but we may base our choice on two other 
considerations. From the results of West and Palmatier 
(Chapter?) i t i s seen that , f o r a given counter size, 
a f t e r a c e r t a i n value a further increase of pressure 
does not provide a s i g n i f i c a n t decrease i n the width of 
the d i s t r i b u t i o n . Secondly i t would be advantageous i f 
the density of the gas were such that the 'density 
e f f e c t ' begins to act at about 10-15 GeV/c. This woidd 
mean that t h i s region of interest could be studied with 
greater accuracy and the plateau established i n a 
shorter time than at present possible since the number 
of p a r t i c l e s recorded drops o f f sharply above 20 GeV/c. 
I t must be remembered though that the voltage applied 
t o the counter must be increased f o r a given amplifica­
t i o n i f the pressure of the gas i s increased. 

A s i g n i f i c a n t increase i n the rate at which i n f o r ­
mation i s gathered would be enjoyed i f the counters were 
to be placed i n the magnet gap of the spectrograph. I n 
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t h i s position, i f more than one counter were to be 
used, v e r t i c a l stacking would be necessary. With 
t h i s i n mind, i n addition t o the requirement of a square 
cross-section t o reduce the low f i e l d regions a 'multi-
counter' commends i t s e l f (Fig .at*.) (e.g. Alikhanov, 
1956). 

This would consist of a large rectangular metal 
box, divided i n t o sections by perforated metal formers, 
each section^ forming the cathode fo r an individual 
counter, the anode i n the form of a f i n e wire i s ^tin^t^ 

stretched along the long axis of the box. The fact 
that the multicounter may be more d i f f i c u l t to construct 
would be offset by the saving of e f f o r t i n f i l l i n g the 
counter. 

A l t e r n a t i v e l y , i f the counter i s to be used f o r 
some time i n obtaining results at high momenta with high 
s t a t i s t i c a l accuracy, some means of purifying the f i l l ­
ing may be worthwhile and easier i n the case of a 
multicounter. 

I n such a case i t would be easier as well as theor­
e t i c a l l y more satisfactory t o use a single gas f i l l i n g , 
e ither methane or propane. 

Provision would be necessary f o r the cal i b r a t i o n 
of the multicounter i n a l l i t s sections and throughout 
i t s length. 



Pig, (Jtb.Proportional Multicounter 
(Three compartments with perforated paafctitions) 
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V e r t i c a l stacking means that the existing method 
of recording the results could not be used. I n fa c t 
t h i s method has proved very unsatisfactory. The use 
of two oscilloscopes and the resulting separate films 
have given r i s e t o d i f f i c u l t i e s of correlation and have 
greatly increased the time required to analyse the 
re s u l t s . I f one counter i s used i t i s imperative that 
both the pulse height and the category number of the 
p a r t i c l e should be recorded on one f i l m . This could 
be done using a double beam oscilloscope. With the 
multicounter the pulses would have t o be spaced to make 
the use of the oscilloscope possible. Otherwise a 
modified form of the pulse height analyser would be 
necessary. I f t h i s were so these results would have to 
be combined w i t h the category number from i t s screen by 
an o p t i c a l arrangement, or the momentum analyser would 
require modification so that each category could be shown 
by an indicator bulb. The l a t t e r course would almost 
c e r t a i n l y be preferable. 
Siininlfiry 

Despite the need f o r modification the experiment 
i s capable of providing s t a t i s t i c a l l y good results for 
the i o n i z a t i o n energy loss ofyt*.-mesons from the minimum 
region t o points w e l l on the plateau. A multicounter 
should be used f i l l e d to 100 cm Hg. pressure with 
methane and preferably with some means of pur i f y i n g the 
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f i l l i n g . 
The results so f a r obtained are i n agreement i n 

t h e i r general features w i t h those of other workers i n 
t h i s f i e l d , but, i n common with other experiments, are 
not yet based on s u f f i c i e n t observations to distinguish 
between d i f f e r e n t theories. 

The advent of the new proton synchrotrons at CERN 
and elsewhere may render t h i s experiment unnecessary 
except at very high energy (>30 GeV). 
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APPENDIX I 

THE PROPORTIONAL COroiTER. 

a) F i e l d i n a Rectangular Covinter. 

The f i e l d pattern of the covinters used i n the present 
experiment was determined graphically and the results are shown 
i n Fig. A l l 

In thus f i n d i n g the f i e l d two c r i t e r i a have to be sa t i s f i e d . 
i ) that the lines of e l e c t r i c i n t e n s i t y should cross equipotentids 

at r i g h t angles. 
i i ) that the separation of ftie equipotentials should be consistent 

with the corresponding density of lines of e l e c t r i c intensity. 

The reasonable assumption was made that the equipotentials 
would be concentric with the anode at small distances from i t and 
would then undergo a smooth t r a n s i t i o n to the rectangular form of 
the cathode. 

The result presented has s t i l l some minor inconsistencies 
but i s believed t o be a good approximation to the actual case. 
Some spot checks were made by calculation donsidering the anode 
to be charged and taking i n t o account the eight image charges i n 
the cathode. 

I t i s concluded that the f i e l d i s very similar to that i n 
a counter having c y l i n d r i c a l electrodes up t o a radius comparable 
with the cathode size. 



Pig. il.1.1. F i e l d i n the Proportional Counter 
(showing e q u i p o t e n t i a l s and 
l i n e s of e l e c t r i c i n t e n s i t y ) 

Anode i s at a. 
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b) Operating Voltage. 

RosB^ and StauV (1949) show f o r c y l i n d r i c a l counters 

M = f ( V . pa) 
(I n b . 

a 

Where M = m u l t i p l i c a t i o n 
V = operating voltage 
b = cathode radius 
a = anode radius 
p = operating gas pressure 

They argue that f o r a given value of M tjisft the conditions 
i n the c r i t i c a l region close to the wire must remain i d e n t i c a l fcr 
m u l t i p l i c a t i o n purposes, i . e . f o r a given pressure the f i e l d near 
the wire (at a distance should be constant, and i f the 
pressure i s varied then a & b should also be changed i n the inverse 
r a t i o so that the energy gained between col l i s i o n s and the number 
of c o l l i s i o n s i n the c r i t i c a l region remain imaffected. 

West (1953) has published results on the var i a t i o n of M 
with operating voltage f o r various pressures of argon and using the 
expression of Rossfe and Staui) quoted above i t can be shown that the 
simplest expression f o r M applicable to these resutls i s 

M = A exp ( V 1 ) 
( 1^ pa ) 

a 
f o r 10 4. M<:iOOO 

This res u l t may be expected to be generally true. 

F i n a l l y , i t i s relevant to note that the operating voltage 
f o r neon i s abnormally low compared with other gases. 



APPENDIX IT 
THE RADIOACTIVE SOURCES. 

a) Nature of the Sources 

Both of the radioactive sources used, and have 
as a major percentage of t h e i r decay jchemes electron capture (EC) 
Xrays characteristic of the daughter element are then emitted. The 
soijrces are chosen fo r the s u i t a b i l i t y of the X-ray energy f o r t h i s 
experiment, f o r t h e i r r e l a t i v e l y long h a l f - l i v e s , and the lack of other 
decay products which might produce effects i n the counter. The 
source characteristics are detailed i n Table 1. 

b) Results obtained with the Sottrces. 

i ) Rationof the pulse heights produced by the sources. 

The r a t i o of the mean pulse heights was "^'^-'rshowing 
agreement with the theoretical value withi n experimental error. From 
t h i s we may conclude that the proportional counter i s not saturating 
over the range of ion-pair production of interest i n t h i s experiment. 

i i ) The pulse height d i s t r i b u t i o n produced by the sources. 

A t y p i c a l p ulse-hei^t d i s t r i b u t i o n f o r the zins source i s 
shown i n Fig. A 2 . 1, both as recorded (with cosmic ray background) 
and with the background subtracted. As predicted^by theory the d i s t r i ­
bution i s symmetrical. The dis t r i b u t i o n s f o r the t i n source were 
simi l a r but with a lower percentage width. 

i i i ) The dependence of pulse h e i ^ t on the E.H.T, applied to the counter. 

In the course of investigating the performance of the 
proportional co\aiter the pulse heights produced by one source were found 
f o r d i f f e r e n t values, of the E.H.T. (which was available i n -'-95v steps) 
applied to the counter. Three, of the r e s u l t s about the normal operating 
voltage (l050v) are shown i n Pig. ,Â . 2. These three only have been 



RADIOACTIVE SOURCES. 

Half l i f e 245 days 
Type of Radiation. EC 

Energy i n Mev EC* (98,55 )̂ 1.11 (45?̂ ) 

0.325 (1-5%) 

* ^ i t s characteristic Cu X-rays 8.0 kev. 

+ Two P'51 Mev j/- rays are emitted when a position i s stopped. 

Half L i f e I I 9 days 
Type of Radiation EC* ^ IC 
Energy i n Mev 100?̂  • 0.39( 675̂ ) 33^ 

* Emits c h ^ a c t e r i s t i c l n x-rays 24 kev and 3.5 kev. 

Table 1-

Radioactive Sources 



N(p) 

Pulse Height ( p ) , volta| 

3 . 7 11 15 

Pig./^ a i Pulse Height D i s t r i b u t i o n , Zn Source 
4̂  

•p 

•s 
•H 

a; 
H I 

i 
950 1050 

E.H.T. Voltage 
Pig./^^xVariation of A m p l i f i c a t i o n w i t h S.H.T. 

1150 



included since these were the only three that came within the nonnal 
range of the lecording apparatus without changing the settings of the 
main amplifier. 

The logarithm .'(bats, 10) of the pulse height i s plotted 
against E.H.T, The res u l t s are consistent with a^inear relationship 
between these quantities. 

Now from t h i s graph we can get 

"FHT v/i'̂ ti. 

C\\J " cW 

giving the results quoted i n Chapter 9. 

i v ) Th» widths of the d i s t r i b u t i o n s . 

Values fo r the h a l f height, fiall.width of several Zn d i s t r i ­
butions range between 17*5 0.5?^ to 20 * 1?̂  The average value may. 
be taken as 19*0 i 0.5?S. 

The-Blues f o r the t i n sources ̂ .except i n one case where the 
width was 10*5 ± 0'5$^ range between IVfo and 12?^ ^averaging about 11.5 

Theory (CJhapter % ) shows that the width of the d i s t r i b u t i o n 
i s inversely proportional to the square root of the number of primary 
electrons released i n the counter. The r a t i o of the numbers released 
by Snc!M.Zn w i l l be the sane as that of t h e i r energies i . e . 3 : 1* 
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Thus we would expect the r a t i o of the d i s t r i b u t i o n widths to be 1 : lo7. 

In f a c t i t can be seen that the r a t i o i s 1*65 t 6»C)5i a close 
agreement, though i t must be remembered that the experimental values w i l l 
include some width, due to the amplifier system, which may be expected to 
affect the r a t i o s l i g h t l y . 

The standard deviation { ( ^ ) may be found by dividing the f u l l 
widths by 2•36. The iBsulting values are somewhat more than expected by 
theory (Chapter §' ) but agree well with the results of West (1953). 

. The widths corresponding to the pulse heights f o r different 
values (f E.H.T, were as follows:-

Pulse Heights ( v o l t s ) Width 
d-^. 20 ± 5?i 
2o 19 1 2?S 
XTO 20 i 1% 

These results suggest that, as theory predicts, the f r a c t i o n a l 
width does not depend on the amplification fector w i t h i n ttie counter, 

c) Conclusions, 

TheiBsults given above indicate that t he counter i s behaving 
normally. 



APPENDn.in 
CALCTJIATION OF THE THEORETICAL IQUIZATION LOSS IN NEON AND METHANE. 

i ) Landau Equation and i t s Modification, 

The result given by Landau's theory f o r the most probable 
energy loss (Ac) in_a li n r f . e component absorber i s 

where f « ^ 4 * - • 

where x i s the thickness i n cm, and other symbols have conventional 
meanings. 

Using I = I Z ( l j = 13,5ev) Landau rearranges the equation to 
give 

where ^ — ' ^ 

Sterhheimer (195^) a f t e r considering the s s u l t s of Caldwell 
(1955) and Sachs and Richardson (1955) prefers I = IJ.OZev 

Then 

i i ) Calculation of ̂  f o r Neon and Methane, 

The counters are f i l l e d with 40,1 cm, Hg, of Neon and 2.8 cm. 
Hg. of Methane, Calculations f o r these two gases were performed f o r these 
pressures and also for each a t one atmosphere pressTire, Comparison between 
the values at the l a t t e r pressure was made i n order that the f i l l i n g m i ^ t 
be treated as 45 cm, Hg, of neon only i f they were similar. However, i t 
was found that the two gases behave quite d i f f e r e n t l y i n t h e i r a b i l i t y to 
stop the p a r t i c l e . The values of ̂  i n each case are given below 

Values of ^ 

a) Neon 
Density of neon at N.T,P. = 0-0009 gta/coo 
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The containers were f i l l e d at 20'c approx, and at a pressure of 40'1 
cm, Hg. 

Then taking x » 4*50 x 2*54 cm. 
Z = 10 
A.= 200183 

'?V1(> = 3*686 X 10%v. (40.1 cm. Hg.) 

alsJc = 7498 x 10^ ev. (76 cm, Hg,) 

b) Methane 
Density of methane at N.T.P. = 0*0007167 gin/cc. 

Z = 10 

A e 16.03 

G i v i n g f c 7.•520 x 10 ev, (76 cm. Hg.) 

and ^ = 2.673 X 10 ev. (2*8 cm. Hg.) 

Although |]y^ and^l^eire similar y^^^and A^^^^are not, the 
difference being due to the logarithmic term of the expression f o r A© . 
Here the ef f e c t i v e value of Z f o r methane had to be calculated, 

(Defining effective Z = l ) 

Stemheimer gives I f o r methane i n Bydberg m i t s . 
Now I se^R cm. where eC i s a constant f o r a substance. 
Thus I =*fflhc ev, 

K , 
where K = 1*6021 x 10*'^ 

For methane I = 3*27 Bydberg un i t s , 
« 44.47 ev. 

Effective Z = 3*421 

i i i ) Calculation f o r a gas mixture 

I f ̂  Ao i s the loss i n component i given by 



where •'7̂  - ^ ' ^ i ^ ' ^̂ '̂  mixture, 
then the most/^energy loss i n the mixture {a ) i s given by 

An expression f o r energy loss i n each component by i t s e l f 
had already been calculated ( A ( ^ - ^ ^ ^ ^ ^ ' ' j t ^ J ) 
The correct value A ^ " ^ i C F ^ ^ ^ ' H ) " ! 

i v ) The Density Effect tT 

From the Stemheimer treatment 

98. 

where 1 s a t i f i e s | < • (i«, 

f = o s c i l l a t o r strength f o r the i ' t h t r a n s i t i o n 

energy of the t r a n s i t i o n i n units of hCp 
where , ' y ^ 

V TttnJ 
This may be applied to a mixture by calculating tfor the t o t a l 

nimiber of electrons. 

In t h i s experiment however, the density effect i n the region 
of i nterest would be s o a l l , and the error i n assuming t h i s effect to be 
due to 45 cm, Hg. of neon would be small. Thus advantage was taken of 
Stemheimer's analytical expression f o r C . 

C = 4*6Q6X+ C + a(X, - X)"^ (Xo<CX < X̂  
= 4'606X+ C . ( X > X^ 
where X = log,,j fx \ 
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The other symbols are constants which very with the 

substance under consideration and have the following values f o r neon 

c = -11.72 
a = 0*258 
m = 3.18 
X » 4 
X = 2.14 

Note that the density effect thus starts t o occur at a 
momentum given by £ = I6X0 

AO 

The expression refers to a gas at atmospheric pressure and 
at a d i f f e r e n t pressure the correction i s given by ^ ^ [ ^ ' ^ - where 

^ r t ( f ') corredtion at momentm p'for a pressure of A atmospheres. 

Taking a l l these factors i n t o account the onset of the density 
effect occurs at 19*4 Gev/c f o r the counters used i n the experiment. 

The values given by the analytical expression f o r ^ 
must be modified before they can be tised to correct the energy loss 
values since these values f o r <^^are intended f o r Stemheimer's form of 
energy loss equation. 

The value to be subtracted here i s given by 

where A i s a constant. ^ 

v) Cerehkov Radiation 
In view of the lack of theoretical agreement over the magnitude 

of the energy loss i n the form of Cerenkov radiation, no account was taken 
of i t i n calculating the expected energy loss. I t was considered small 
enough t o neglect. 

v i ) N on-participation of K-electrons 
The value of f o r neon i n t h i s experiment i s 350-400 ev, i n 

the r e l a t i v i s t i c region. The ionization potential of the K electrons i s 
864 ev. Hence these electrons are unlikely t o participate i n the most 
probable energy loss. 
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nave a aouDie e i i e c t on tne c a l c This w i l l have a double effect on the calculation of the 
energy loss, given 

Q' ' 
1 w i l l be reduced t o > of i t s value, and i f I^Z i s taken as the 

ionization potential of the L electrons ( 54v ) then the logarithmic 
function w i l l be increased 

8 times 
54 j 10 
i . e . to the term i n the bracket must be added 

ln4.64 
Thus i f the log^rise region of the curve i s represented by 

the r a t i o n , 

loniBation at p = 10 Qev/c = I jd 
Ionization at p = 1 Gev/c I 

Then calculation shows that, i f the K electrons are excluded 
l i o = I . 5 0 I " = 10^1^5 

and i f K electrons are included 
I i « = 1»35^««> = 1*515 

The experimental results show that 
1(0 = l - 2 9 0 ± 0.015 

l o ' 
The accuracy not being quite high enough to exclude either 

theoretical value. 

Calculations also show that i f the K electrons are excluded 
the actual energy loss drops to between 89% (at 1 Gev/c) and 8??̂  

(at 10 Gev/c) of the value including them. 

As indicated elsewhere, i t was not considered possible i n 
t h i s experiment to get absolute values £)r the ionization loss, but i f 
the necessary assumptions (Chap. \ ) are v a l i d then the experimental 
values are about 9C9̂  of those calculated. The error i s indeterminate 
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and l i k e l y t o be large but not so as to escape the conclusion that the 
experimental values are probably Imer than those given theoryo 

v i i ) Conclusions 
We may conclude then that the experimental values agree well 

T/ith values calculated using Landau's equation and that the agreement i s 
better i f the K electrons of neon are considered not to contribute to the 
most probable energy loss of the^-mesons. 

SOIEKOE 



102, 

REFBRENCES. 

Alikhanov, A.I,, Lubimov, V,A,, and Eliseiev, G,P,, 
1956, Cem Symposium 

Ashton, F., Brooke, 6. , Gardener, M., Hayman, F.J., Jones, D.G,, 
Lloyd, J.L., Taylor, F.E., West, R.H., and Wolfendale, A,W., 

1960, Nature, 185 No, 3710, 364 - 365. 

Bakker, C,J,, and Segre, E., 1951» Phys, Rev,, 81, 489. 

Bamaby, 1960, Private Communication. 
Behrens, D.J., A,E.R.E, Reportc, T/i/I 50, 

Bethe, H,A., 1930, Ann, Phys, Lpz., 5i325; 

1932, Z. Phys., 76, 293; 

1933f Handbuch der Physik, 24, 515. 
Bhabha, H.J., 1937» Proc. Roy. Soc.A. I64, 257. 

Bloch, F., 1933a, Ann, Phys., Lpz., 16, 285; 

1933b, Z.Phys,, 81, 363. 

B i s i , A., and Zappa, L., 19551 Nuovo Cim., 10. 

Blvmck, 0 . , and Leisegang, S., 1950, Z. Phys., 128, 500. 

Bohr, N., 1915, Fhil.Ma^., 30, 581. 
1948, Det. Kgl. Dans. Vid, Sels., 18, 8. 

Bowe, J.C., 1960, Phys. Rev., 117, 1411. 
Budini, P., and Taffara, L., 1953, Nuovo Cim., 10, 1489; 

1956, Nuovo Cim., 
Caro, D., Parry, J., and Rathgeber, H., 1951| Aust, J, Sci. Res., A, 4, 16, 

Caldwell, D,, 1955, Phys. Rev,, 100, 201-. 

Curran, S,C,, and Craggs, J,, 'Ionization Chambers' 
Cta^ran, S.C., Proportional Counters Handbuch der Physik XLV. 
Eyeions, D,A., Owen, B.C., Price, B.T., and Wilson, J.G., 

1955, Proc, Phys, Soc, A., 68, 

Fano, U., 1947, Phys, Rev,, 72, 26j 
1953,Phys. Rev,, 92, 328., 

1956, Phys. Rev., 103, 1,202, 



103. 

Fermi, E., 1959, Phys. Rev., 56, 1242; 

1940, I b i d . , 57, 485. 

Fortune, R., I96O, Ph.d. Thesis Berne. 
Fowler, G.N., and Jones, G,M.B,D., 1953, Proc. Phys. Soc, A., 66, 597. 

Frank, I . , and Tamm, .1., 1937, C.R.Acad. Sci. U.S.S.R,, 14, I09 . 

Ghosh, S.K., Jones, G.M.B.D,, and Wilson, J.G., I952, Proc. Phys. Soc. A. 
65, 68; 1954, I b i d . , 67, 331. 

Gooding, A., and Eiseberg, R.M, 1957, Phys. Rev., 105, 357. 

H a l l , G., 1959, Canad, J. Phys. 37, 2,189. 
Halpem, 0. , and H a l l , H., I94O, Phys. Rev., 57, 459; 

1948, I b i d . , 73, 477. 

Hammersley, J.M. and Morton, K.W., 1954, Biometrika, 4I , 296, 

Hines, K.C., 1955, Phys. Rev., 97, 1725. 

Hiiybrechts, M., and Schonberg, M., 1952, Nuovo Cim., 9,764. 

Hyams, B.D., Mylroi, M.6., Owen, B.G., and Wilson, J.G,, 
1950, Proc. Phys. Soc. A., 63, IO53. 

Hussein, I . , and Jaffe, D., 1959, Nucl. I n s t , and Meth., 6,195. 

Igo, G., and Eiseberg, R.M., 1954, Rev. Sci. Inst . , 25, 504. 

Kepler, R.G., D'Aundlau, C.A., Fretter, W.B., and Hansen, L.F., 
1958, Nuovo. Cim., X,7, 71. 

Iia,garrigue, A., Musset, P., Rancon, P., Sauteron, X and Rousset, A., 
1959, Nuovo Cim., XIV, 2,370. . 

Landau, L., 1944, J. Phys. .U.S.S.R., 8,201. 

Lanou, R.E., and K r a y b i l l , H.L., 1959, Phys. Rev., 113,657. 

Moller, C, 1932, Ann. Phys., Lpz., I 4 , 531. 

Moyal, ., 1955, P h i l . Mag., 46. 

Mylroi, M.G., and Wilson, J.G., I 9 5 I , Proc. Phys. Soc., A., 64, 404. 

Owen, B.G,, and Wilson, J,G.,, 1955, Proc. Phys. Soc. A, 68, 409. 

Palmatier, E,D., Meers, J.-, Askey, K., 1955, Physics. Rev., 97, 486, 

Price, B.T., West, Becker, J. Chanson, P., Nageotte, E., and T r e i l l e , P., 
1953, Proc, Phys. Soc, A., 63, I67. 

Price, B,T,, 1955, Rep. Prog. Phys., XVII I , 52. 



1 0 ^ . 

Rosenweig, W., I959, Phys. Rev., II5, I683. 

Rossi, B . , and Staub, I . , 1950, "Ionization Chambers and Counters". 
(McGraw-Hill). 

Rothwell, P., and West, D., I950, Proc. Phys. Soc. A., 63,539. 

Sachs, •'̂ .C, and Richardson, R.J., 1951» Phys, Rev., 83. 

1953, Phys. Rev., 89, II63 . 

Stemheimer, R.M,, 1952, Phys. Hev., 88, 851j 

1953a, I b i d . , 89, 1148; 

1953b,Ibid., 91, 256J 
1954, I b i d . , 93, 735; 

1956, I b i d . , 103, 511. 

Swan, W,F,G,, 1958, J, Franklin I n s t , 226, 598. 

Symon, K.R., 1948, 'Thesis, Harvard I&iiversity, some of which i s _ 
reproduced i n "High Energy Particles" by Rossi. 

Tidman, D.A,, I956, Nucl. Physics. 2 and 4, 

Valentine, J.M., and Curran, S.C., I952, P h i l . Mag., 43,964. 

1958, Rep. Prog. Phys. 
Vavilov, P.V., 1957, J.E,T,P,, 5,749. 

Walske, M,C., 1956, Phys. Rev., l O i . 
West, D., 1953a, Proc. Phys. Soc. A., 66, 306; 

1953b, "Progress i n Nuclear Physics", 3 (London Pergamon Press) 
Wick, G.C., 1940, Ric. Bcient,, 11,273. 

1943, Nuovo Cim., 1,302. 

Williams, E.J,, 1929, Proc. Roy, Soc, A,, 125,420; 

1931, I b i d . , 130,310. 

c r f M j f % > 

J-lEh> 


