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P R E F A C E 

For more than twenty years i t has been reoognised that 
the free a l i p h a t i c radicals play an important part i n many 
reactions. A large amount of experimental wort has been done, 
p r i n c i p a l l y on vapour phase reactions, where t h e i r presence i s 
much more easily detected. The major types of reaction i n which 
they ooour are now known, and there i s general agreement on the 
mechanisms by which they are formed and react to y i e l d the f i n a l 
products. A not Inconsiderable amount of information has also 
been gained about the energetics of these processes. 

At the same time, attempts have been made, on theo r e t i o a l 
grounds, to calculate the properties of these radicals. Thus, 
f o r example, i f such quantities as t h e i r entropy and heat of 
formation could be calculated, i t would then be possible to predict 
the course of radical reactions which are not easily accessible by 
di r e c t experimental methods. Attempts have been made i n t h i s 
d i r e o t l o n (1,2). One piece of information required i n these 
calculations, as well as being of i n t e r e s t f o r i t s own sake, i s 
the s p a t i a l configuration of the rad i o a l . 

I t should, i n p r i n c i p l e , be possible to predict t h i s by 
means of wave-mechanical calculations. I n praotloe, however, the 
mathematical d i f f i c u l t i e s of a rigorous treatment are almost 



insuperable, except i n the very simplest of cases, and some form 
of approximation i s required. C o n f l i c t i n g conclusions have been 
drawn from these studies. U n t i l quite recently, the general 
opinion has been that the free methyl radioal i s f l a t , with the 
carbon atom In the plane defined by the three hydrogen atoms, 
and the three C-H bonds at 120° to each other. There have, 
however, been contrary views expressed from time t o time, and 
more recent t h e o r e t i c a l treatments have suggested that, although 
the methyl r a d i c a l i s undoubtedly f l a t t e r than the CHj- group i n 
methane, i t i s not completely planar. 

I t i s generally accepted that any "heteronuclear" bond 
must have a small e l e c t r i c dlpole associated with i t . I f t h i s 
I s so, i t might be expected that, i f the radical were not planar, 
i t would have a net dipole moment. On the other hand, the three 
C-H el e o t r i c vectors would cancel out i n the planar model. I t 
has been suggested (3»4) *hat an experiment designed to test t h i s 
point would be of considerable i n t e r e s t . 

The work to be described i n the following pages was 
carried out with t h i s end In view. The project i s one which 
contains many p i t f a l l s , with the r e s u l t that an answer has not 
yet been obtained. I t I s considered, however, that the p o s s i b i l i t i e s 
of Improvement i n the technique described are by no means exhausted. 

Chapter I i s devoted to a general review of the 
developments i n free radical studies, w i t h the emphasis on methods 
of production and detection, followed by a short account of the 



underlying theoretioal considerations. Chapter I I i s a review 
of the molecular heam teohnique. The succeeding chapters 
contain an aocount of the experiments carried out and the 
procedure used i n the present investigation, and, i n conclusion, 
suggestions are made of some possible improvements i n the 
technique. 

- /V -



CONTENTS 

PREFACE 

CHAPTER I . INTRODUCTION. FREE RADICALS. 
PRODUCTION 

Pyrol y t l o Reactions, 4; Photolytlo 
Reactions, 5; Sodium flame reaotions, 
6; Eleotron impact, 7. 

DETECTION 
Chemical: i n d l r e o t , 8; d l r e e t , 11; 
Physical, 13* 

PHYSICAL PROPERTIES 
Dipole moments, 20; Configuration, 27* 

CHAPTER I I . INTRODUCTION. MOLECULAR BEAM METHOD. 
PRODUCTION OF BEAM 

Int e n s i t y , 36» Detection, 38. 
DIPOLE MOMENTS 

Fie l d geometry, 45; Moleoular type, 50; 
Resolving power, 55* 

APPARATUS SPECIFICATIONS 
SUMMARY 

CHAPTER I I I . EXPERIMENTAL. RADICAL PRODUCTION. 
APPARATUS AND MATERIALS 

Source pressure control. 67; source 
pressure measurement, 70; Reaction 
u n i t , 87; Sodium p u r i f i c a t i o n , 92; 
Preparation and storage of alky1 
iodide samples, 96. 



CHAPTER IV. EXPERIMENTAL. RADICAL DETECTION, 
BISMUTH TRACER TECHNIQUES: 

PRELIMINARY EXPERIMENTS WITH RaE. 
Preparation of RaD solution, 110» 
Apparatus, 112; Deteotor preparation, 
115; Testing prooedure, 119; 
Dl80U88ion, 123. 

AUTORADIOGRAPHIC TECHNIQUE 
Emanating source, 136* 

OTHER TECHNIQUES: 
AUXILIARY APPARATUS 
MOLYBDENUM OXIDE 
Reaction with ethyls, 144. 

OTHER TARGETS 
Sil v e r iodide, 153; Tellurium, 155. 

METHYL RADICALS. D l - t e r t - b u t y l peroxide. 
CHAPTER V. EXPERIMENTAL AND DISCUSSION 

MOLECULAR BCTBE 
VACUUM SYSTEM 

Pumps, 164; Pressure measurement, 168; 
Leaks, 171. 

BEAM FORMATION 
S i l t system, 172; Source, 175; 
Alignment, 176; Assembly, 178. 

BEAM DETECTION 
Counter, 179; Target support, 180; 
Shutter, 182; Hydrogen l i n e , 183. 

DEFLECTION 
OPERATIONAL TESTS 

Pumps and vacuum, 188; Choice of 
ethy l iodide, I89; S l i t alignment, 
190; Radical beam, 193. 

FUTURE DEVELOPMENTS 



REFERENCES 203 

SUMMARY 211 

ACKNOWLEDGEMENTS 213 

- V 'n -



CHAPTER I . INTRODUCTION 

FREE RADICALS 
L 

An important consequence of the r i s e of chemistry to 
the status of an exact scienoe, following upon the advent of 
quantitative methods of measurement, was the evolution of the 
ooncept of the rad i c a l - that i s , any group of atoms which 
preserves i t s I d e n t i t y throughout a series of chemical reaotions. 
Although t h i s d e f i n i t i o n oovers groups which contain no carbon 
atom, and are therefore to be olassed as inorganic, by f a r the 
greatest' number l i e s i n the f i e l d of organic chemistry, as a 
result o* the w e l l known s t a b i l i t y of the carbon to carbon bond. 
I n t h i s discussion we sha l l r e s t r i c t ourselves to a very small 
corner of t h i s l a t t e r f i e l d . 

The many early attempts (see r e f s . 5»14»15) t o Isolate 
these radicals proved, without exoeption, to be abortive and, i n 
the l a t t e r part of the l a s t century, were abandoned as the increasing 
weight of available evidence pointed to the t r u t h of the postulate 
that the carbon atom Is invariably tetravalent. This postulate, 
together with the additional one that these form "valency bonds" 
were d i s t r i b u t e d tetrahedrally i n space, succeeded so well i n 
in t e r p r e t i n g the known f a c t s , and gave such a sound basis f o r the 
development of s t r u c t u r a l models, that i t came to be acoepted 



that I t was a fundamental condition f o r s t a b i l i t y I n organlo 
molecules. On t h i s basis the Independent existence of a free 
r a d i c a l , such as methyl, CH3, or e t h y l , CH3.CH2, was manifestly 
Impossible. 

Thus I t came as a great surprise when Gomberg (6), I n 
1900, published h i s results which Indicated, from chemical evidence, 
that the trlphenylmethyl radical was capable of Independent and 
continued exlstenoe I n solution. Several years l a t e r (7), he 
was able to show that i t was present i n amounts s u f f i c i e n t l y 
great to have an appreciable effect on the apparent molecular 
weight of solutions of hexaphenylethane, from which i t i s derived 
by dissociation. 

A great deal has been discovered about radicals of t h i s 
type, which are aromatic i n oharaoter, and I t would appear tha t 
the principles underlying t h e i r s t a b i l i t y are by now f a i r l y w e l l 
understood (8,9,10,11). 

They are mentioned here, however, only because they 
provided the f i r s t clear evidence that moleoules containing 
" t r i - v a l e n t " carbon were capable of r e l a t i v e l y stable existence. 

Very soon afterwards suggestions began to appear that 
the corresponding free a l k y l radicals might also be capable of a 
t r a n s i t o r y exlstenoe, although I t was recognised that they may 
well be very reactive. 

Bone and Coward (12), f o r instance, i n I908, suggested 
that free radicals of t h i s type, including free methyl, could 
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help to explain the processes taking place I n the vapour phase 
pyrolyels of hydrocarbons. They were, perhaps, the f i r s t to 
do so. Likewise, H.S.Taylor ( 1 3 ) , at a meeting of the Faraday 
Society In I 925 , suggested that these radicals might be taking 
part I n the reactions Induced I n gases by l i g h t quanta. 

Attempts to establish t h e i r existenoe by di r e c t methods, 
however, proved f r u i t l e s s u n t i l 1929, when the f i r s t of a series 
of papers was published by Paneth (14) and his co-workers, which 
proved beyond any doubt that free methyl and free e t h y l (15) d i d 
e x i s t , and provided a method of detecting and i d e n t i f y i n g them. 
I n these experiments the radicals were produced by the pyrolysls, 
i n a stream of c a r r i e r gas at r e l a t i v e l y low pressures (1-3 mm.Hg.), 
of the corresponding lead t e t r a - a l k y l compound, Pb(CH^)^ or 
PbfCgHcj)^. Attempts to produce the higher a l i p h a t i c radicals by 
t h i s method proved unsuccessful ( 2 0 ) . Compounds a t t r i b u t a b l e to 
methyl or ethyl radicals were isolated i n a l l oases, with the 
single exception of benzyl, which was successfully prepared by 
several methods (20) and detected by the mirror method. 
PRODUCTION 

The publication of these r e s u l t s resulted almost 
immediately In an ever increasing flow of papers i n whloh free 
radicals were postulated as intermediates i n a v a r i e t y of reactions 
taking place i n the gas phase and I n solution ( 8 , 2 1 , 2 2 , 2 3 , 2 7 ) . 

At the same time the mirror method of deteotion was successfully 
applied i n attempts to confirm that they were, i n f a c t , present 
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i n the reactions as postulated. These reactions can be 
c l a s s i f i e d into three main types. 
1. Pyrolytic Reactions. 

Most organic compounds w i l l decompose i n t o simpler 
products i f heated to a s u f f i c i e n t l y high temperature. This 
had been known f o r quite some time. By 1933, not only were 
the major decomposition products and t h e i r r e l a t i v e proportions 
known f o r a considerable number of compounds, but s u f f i c i e n t 
k i n e t i c evidence had been accumulated to make possible an 
estimation of the dissociation energies of a number of bonds (23). 

As he and his colleagues had been able to demonstrate 
(22), by the use of Paneth's mirror technique, that methyl radicals 
were present i n thermally decomposing vapours, P.O.Rice (24) was 
enabled to put forward a reaction scheme which was consistent, i n 
large measure, with the proportions of product found by experiment. 
This involved, f i r s t l y , the formation of radicals by the rupture 
of a carbon to carbon bond, and t h e i r subsequent reaction with 
other molecules present, or with each other. I f these subsequent 
reactions resulted i n the formation of more radicals, then a 
"chain" would r e s u l t . Although t h i s scheme has had to be modified 
i n the l i g h t of more reoent knowledge, the basic ideas are s t i l l 
recognised as v a l i d . 

Among other compounds which were shown at t h i s time to 
y i e l d radicals on heating were azomethane (25) and methane (26). 
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2 . Photolytlc Reactions, 
The study of these reactions had I t s o r i g i n I n an 

attempt to explain the absorption spectra observed when ele c t r o 
magnetic radiations were passed through the vapours of many 
substance8. I t was known that, f o r wavelengths longer than a 
certain value which oan now be associated with the "strength" of 
a p a r t i c u l a r bond ( 2 7 ) , the spectrum often showed a series of 
bands which, i n the simpler moleoules at any rate, could be 
assigned to d e f i n i t e changes In the energy states of the molecule. 
I n other cases, or at shorter wavelengths, a region of continuous 
absorption could be observed, which could now be associated (27) 

with the s p l i t t i n g of a covalent bond i n the molecule. The 
r e s u l t i n g fragments could well be free radicals - that i s , 
molecular fragments carrying no net charge, i n which not a l l 
the carbon valenoies were s a t i s f i e d . 

This postulate received d i r e c t experimental confirmation 
by Pearson ( 2 8 ) , who used the mirror technique to show that free 
methyls were present when acetone was i r r a d i a t e d with u l t r a 
v i o l e t l i g h t . 

These two f i e l d s of study are now recognised to be 
closely related, I n that they both involve the s p l i t t i n g of the 
molecule i n t o two i n i t i a l fragments. One of these fragments 
may be unstable and deoompose f u r t h e r . Both may be, and often 
are, very reaotive and disappear very quickly e i t h e r by attacking 
neighbouring molecules, by combining together to form the f i n a l 



products, or, I f unstable, p a r t l y by a process of I n t e r n a l 
re-arrangement. The decomposition of many substances has been 
investigated under both sets of conditions. 

Careful quantitative study has shown, however, that 
radicals are not necessarily produced i n a l l oases. Some 
decompositions, indeed, proceed at the same time by two p a r a l l e l 
reactions, one involving radical formation, and the other, 
molecular re-arrangements (29). 
3. "Sodium Flame" Reactions. 

At about the same time that Paneth and his oo-workers 
were making t h e i r f i r s t discoveries i n t h i s f i e l d , Polanyi had 
become Interested i n the study of the theory of chemical 
reactions (30). Since a "three body" In t e r a c t i o n Is much more 
amenable to exact calculation than the more usual "double 
decomposition" reaction, which involves at least four atoms, 
he sought a reaction which would t y p i f y the simpler case. 

His choice f e l l upon the reaction between a halogen gas 
and sodium (or potassium) vapour, which i s known to be 
predominantly monatomic at only moderately elevated temperatures 
(31,32). This was the f i r s t of the sodium flame reactions. 

As a l o g i c a l outcome of t h i s work, the vapour phase 
reaction between sodium and organic halldes was investigated 
(33,34)• Direct experimental evidence of the presence of 
radicals i n t h i s type of reaction was furnished by H 0rn, Polanyl, 
and Style (35). They reacted methyl chloride with sodium vapour, 
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and passed the products of t h i s reaction immediately i n t o an 
atmosphere containing iodine. Methyl Iodide was iso l a t e d I n 
the products. 

This type of reaction has since been used successfully 
by a great many investigators (36), both as a convenient source 
of radicals, and f o r quantitative data on the ef f e c t of structure 
on the "strengths" - that i s , dissociation energies - of bonds 
i n a molecule. 

By I t s use I t has been found possible to produce higher 
a l i p h a t i c radicals, such as propyl (37,38), i n s u f f i c i e n t 
concentration t o make possible a study of t h e i r rate of 
decomposition at various temperatures. 
4. Electron Impact Method. 

Electron Impact methods such as are used i n mass 
spectrometry produce, as a rul e , ionised fragments. These 
cannot be c l a s s i f i e d as free radicals since, by d e f i n i t i o n , a 
rad i c a l has no net charge. 

However, an Ingenious method f o r the production of an 
atomic beam has recently been published (39). I * might prove 
possible to apply i t to the production of a beam of radicals. 

A beam of N + ions was produced, colllmated, and 
accelerated by the usual method. This beam was then bombarded 
with a second electron beam of s u f f i c i e n t i n t e n s i t y to neutralise 
most of the positive ions by electron capture. This prooess did 
not seem to affect the collimation already achieved. The ions 
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not so neutralised were deflected by suitable e l e o t r i c and 
magnetic f i e l d s . The r e s u l t i n g beam of neutral atoms was 
claimed to have a much higher i n t e n s i t y than that obtained by 
the normal effusion method (see Chapter I I ) . 
DETECTION 

This review must of necessity be very b r i e f , because 
of the large amount of work carried out i n t h i s f i e l d (40,41). 

For t h i s reason, attention has been directed f o r the most part 
to the e a r l i e r publications, which l a i d the foundations upon 
which most of the succeeding workers have b u i l t . I t i s proposed 
to conclude t h i s experimental section with a summary of the 
methods available f o r the detection, or estimation, of free 
radicals. 

CHEMICAL methods are the most popular, and can be 
olassed, broadly speaking, into two main groups. We shall c a l l 
these, f o r convenience, the dlreot or lnd l r e o t methods. 

H i s t o r i c a l l y , the i n d i r e c t method was the f i r s t , although 
i t s f u l l significance was only realised when i t had been 
established that free radicals d i d take part I n vapour phase 
reactions. 

This method i s , i n f a c t , an extension of the t r a d i t i o n a l 
methods of chemical k i n e t i c studies, i n which the course of the 
reaction i s in f e r r e d from observations on the I d e n t i t y , and 
r e l a t i v e proportions, of the products of the reaction under 
d i f f e r e n t sets of experimental conditions. 
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Since radicals can react with almost every molecule 
with which they o o l l i d e , the number of products r e s u l t i n g from 
even the simplest system i s l i a b l e to reach bewildering 
proportions, i f radicals are Involved. This effeot can be 
minimised i f i t i s arranged that only a small proportion of 
the s t a r t i n g materials decompose. I n t h i s way the chanoe of 
i n t e r a c t i o n between radical and I n i t i a l product, to form f u r t h e r 
products, i s greatly reduced. 

This can be achieved In one of two ways. I f a s t a t i c 
i 

system i s used, the heating, or the i r r a d i a t i o n , i s allowed to 
prooeed f o r only a short time. The t o t a l pressure i s observed 
at regular i n t e r v a l s during t h i s period. 

A l t e r n a t i v e l y , a continuous flow system i s used. The 
reactants are made to pass quickly through the reaction zone, and 
the mixture of reactants and products i s collected immediately 
afterwards i n a cold trap. 

In both methods, a complete analysis i s subsequently 
carried out. Prom the information so obtained, i t i s possible 
to deduce whloh radicals must be involved, and also something 
about the k i n e t i c s of the process. Hence i t i s possible to 
obtain the aotlvatlon energies of i n i t i a l decomposition reactions 
and subsequent radioal reactions i n many cases (43). 

Although accumulated experience makes i t possible to 
r e j e c t some reactions as Improbable when devising the reaotion 
scheme, a l l possible reactions must be considered i n the f i r s t 
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instance. These would include reaction of the radicals with 
other radicals, with the s t a r t i n g materials, with product 
moleoules, or with c a r r i e r gas i f used. Very often some other 
substance i s introduced i n t o the system i n order to study i t s 
reaction with the radicals. The p o s s i b i l i t y of decomposition 
or re-arrangement of the radicals, or of some re-arrangement 
reaction not involving radicals at a l l , must not be overlooked 
(8-11,29,40-42). 

Thus i t i s obvious that great d i f f i c u l t i e s of 
in t e r p r e t a t i o n can be associated with t h i s method, and, although 
a l o t of information about radicals may be obtained i n t h i s way, 
and even, by deduction, t h e i r concentrations may be estimated, 
objections may be raised about i t s r e l i a b i l i t y as an indi c a t i o n 
of t h e i r presence. I t i s possible, however, to devise variations 
of t h i s method which w i l l do t h i s . 

I f the c a r r i e r gas i s hydrogen, then i t i s possible, by 
the use of hydrogen enriched with deuterium, to i s o l a t e "heavy" 
methane i n the reaction products. This could be taken as 
evidence f o r the formation of methyl radicals, and t h e i r 
subsequent reaction with the c a r r i e r (44)• 

I n cases of chain reactions (24) involving radicals, 
the Introduction of n i t r i c oxide i n t o the reacting mixture has 
been found to slow down the reaction rate to a considerable 
extent (45). At the same time the n i t r i c oxide I t s e l f i s 
slowly consumed, in d i c a t i n g that i t reacts with the radicals, 

- /O -



and thus "breaks" the chain. 
The same effe c t can he obtained by the use of gaseous 

iodine (29,41) and the e f f e c t i s used, i n f a c t , as a te s t f o r 
the occurrence of a chain reaction involving radicals. 

I f radioaotive iodine (37,38) i s used, i t i s possible 
to deteot very small quantities of combined iodine i n the 
products and, by f r a c t i o n a l d i s t i l l a t i o n , to determine the 
i d e n t i t y of the product thus formed. This method gives, then, 
a d i r e c t i n d i c a t i o n of the presence and I d e n t i t y of the radloals 
and, at the same time, an estimate of the number formed. I t i s 
assumed, with some J u s t i f i c a t i o n (29,35), that every c o l l i s i o n 
of a molecule of iodine with a radi c a l results i n reaction. 

This " i n h i b i t o r " method can thus be regarded also as 
an example of the direct method of detection. Direct methods 
of deteotlon most commonly employed, however, are usually 
extensions of the o r i g i n a l Paneth mirror technique. 

In the o r i g i n a l papers, mirrors of B i , As, Sb, Zn, Cd, 
and S were used, as well as Pb (14-19). Subsequent workers 
have used these, and also a number of other substances, suoh as 
Te (20,28), Hg (22,23), Be (17), Se (20). 

Rice and his co-workers used mercury (24) beoause the 
a l k y l products, on reaction w i t h mercuric halides, yielded 
compounds with w e l l defined melting points. This was of 
considerable advantage f o r I d e n t i f i c a t i o n purposes. 



Subsequent workers (37,46,47) have used radioactive 
mirrors, and followed t h e i r reaction w i t h the radicals e i t h e r 
by the detection of a c t i v i t y i n the products (46), or by a 
d i r e c t observation of the decrease In mirror a c t i v i t y with 
time (37). 

There i s one f u r t h e r chemical method of detection 
whioh Is worthy of mention. I t has been known f o r many years 
that hydrogen atoms w i l l reduce the white (or yellow) oxides 
of tungsten and molybdenum to a blue compound of i n d e f i n i t e 
composition. I n 1949, M e l v i l l e and Robb (48), i n the oourse 
of an Investigation of the reaction of hydrogen atoms with 
olefines, used tungsten, or more often molybdenum, oxide as a 
competitor with the oleflne f o r the hydrogen atoms. I n making 
t h e i r calculations- they allowed f o r the p o s s i b i l i t y that free 
radicals, formed by the addition of one hydrogen atom to a double 
bond, could also turn the white oxide blue. A t r i a l i r r a d i a t i o n 
of mercuric d i b u t y l i n the absenoe of hydrogen gas did, i n f a o t , 
produce a blue coloration i n the s o l i d oxide. 

Prom t h e i r calculations they were able to estimate, f o r 
a number of radicals, the r a t i o of t h e i r blueing effeot to that 
of hydrogen atoms ( k R ) . 

I n no case reported by them was t h i s r a t i o less than 
0.3. In some cases i t was muoh larger. I t i s of interest to 
note that complicated radloals seem to be more e f f e c t i v e In t h i s 
regard than simpler ones (49). 

-/2-



Of PHYSICAL properties of radloale used f o r t h e i r 
deteotion, two may be mentioned. The heat evolved (50) when 
radicals impinge on to a platinum surface has been used i n an 
attempt to measure the i n t e n s i t y of free methyls i n a beam. 
The s e n s i t i v i t y of t h i s method inoreases with decreasing 
temperature, and i t has been estimated to respond to about 10 1 2 

to l O 1 ^ radicals cm"*2 seo" 1 at l i q u i d a i r temperature. 
The other method i s based on the p o s s i b i l i t y that the 

ion i s a t i o n p o t e n t i a l of a free radical i s lower than that of any 
other molecule which may be present. Praser (51), i n 1933 was 
the f i r s t to suggest t h i s as a possible method of detecting 
radicals i n a beam, following upon the work of Estermann (52) 
which had been Just previously published. The essence of t h i s 
idea was to allow the beam to impinge on to a s l i t i n a metal 
"oage", along the axis of which lay an e l e c t r i c a l l y heated wire. 
I f the p o t e n t i a l difference between the box and wire i s greater 
than the i o n i s a t i o n p o t e n t i a l of the molecules entering, these 
w i l l be ionised, thus providing an increased current from box to 
wire. 

Under Fraser's d l r e o t l o n , Jewitt (53) oarried out some 
t r i a l s . They found that better r e s u l t s were obtained with 
organic compounds i f the simple "Klngdon Cage" were replaced by 
an io n i s a t i o n gauge. But even so the results showed quite a 
large "soatter". 
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Recent work with mass spectrometers brings out very 
d e a r l y the d i f f i c u l t i e s associated with t h i s method. I n these 
instruments the positive ions are also produoed by eleotron 
bombardment. But, because of the more refined arrangement, the 
conditions are more easily controllable. I t i s found (54) that 
the e f f i c i e n c y of the lon l s a t i o n process depends on the electron 
energy,which i n i t s turn depends on the po t e n t i a l used f o r 
accelerating the electrons. 
I f the i n t e n s i t y (B) of the ion 
beam, f o r a given mass number, 
i s p l o t t e d as a function of 3 
electron accelerating v o l t s (V), 
a curve of the type (a) shown i n 
fi g u r e 1 i s obtained. 

The voltage V a°, at 
which the curve i s no longer Fig. I. 

distinguishable from the V-axis, I s defined as the appearance 
p o t e n t i a l , A R+,of the ion I n question. This w i l l be equal to the 
lon i s a t i o n p o t e n t i a l ( I R + ) i f the ion i s formed by the process 

CH: 13 — • CHj 
I f the prooess i s CH4 — > CĤ *" + H + e", more energy 

w i l l be required, as a bond must then be broken, and 
*GH3*'> lGH 3* + D(CH 3-H). 

One reason f o r the " t a l l " on the appearance p o t e n t i a l 
curve i s that the electrons are not mono-energetic. They are 

e 
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produced by emission from a hot filament and w i l l , therefore, have 
a range of energies s t a t i s t i c a l l y d i s t r i b u t e d about a mean value. 
I t i s to be noted that these energies w i l l be dependent on 
filament temperature. 

At the lowest accelerating voltage, only the more 
energetlo eleotrons w i l l be able to cause ioni s a t i o n . As these 
w i l l be r e l a t i v e l y few i n number, the r e s u l t i n g ion current w i l l 
be small. As the voltage i s raised, the proportion of electrons 
with s u f f i c i e n t energy w i l l increase more rapidly as the "hump" 
of the v e l o c i t y d i s t r i b u t i o n curve becomes involved. 

Let us now consider the curve (b) where the appearance 
p o t e n t i a l i s only s l i g h t l y gTeater than that of our f i r s t 
substance ( a ) , and consider the i m p l i c a t i o n of these two curves 
f o r Fraser's method of beam detection. Here we do not have any 
means of mass selection, and each substance i n the beam w i l l 
s t a r t making i t s contribution to the ion current as soon as the 
po t e n t i a l difference exoeeds i t s appearance p o t e n t i a l . I t I s 
clear that, I f we wish to r e g i s t e r (a) and not(b), the v o l t s must 
be less than V D°. At t h i s voltage the " s e n s i t i v i t y " , that i s , 
the amount of ion current per un i t quantity of material, w i l l be 
r e l a t i v e l y small. The closer i s V b° to V a°, the smaller w i l l 
be the s e n s i t i v i t y attainable f o r (a). 

To take an example, l e t us compare the i o n i s a t i o n 
potentials CĤ , lO.Cy v o l t ; C2H6, 11.7 v o l t ; CH4, 13.3 v o l t (55). 
A l l of these substances are l i k e l y to occur i n a beam of methyl 



radicals. Thus, I f we wish to detect only methyl, our 
co l l e c t i n g voltage must not be greater than 11.7 v o l t , or, 
to be on the safe side, rather less. I t must, however, be 
as close to that value as possible, or else the s e n s i t i v i t y 
w i l l not be very great. A l l variables, such as v o l t s , heater 
current, and so on, w i l l have to be closely controlled. I t i s 
desirable to keep the temperature of the wire as low as possible, 
i n order to minimise thermal cracking of the molecules, which 
would tend to give a false impression of the radical concentration. 
On the other hand, a low filament temperature means low electron 
emission, and, as a consequence, a lower s e n s i t i v i t y to the 
radicals which are present. I f Jewitt's figure (56) of 9.1 v o l t 
f o r the io n i s a t i o n p o t e n t i a l of methyl iodide i s correct, then 
the presence of t h i s substance i n the beam would render the method 
useless f o r the detection of free methyl. 

The f i r s t report on the application of the mass 
spectrometer to radical deteotion was published by Eltenton (57) 
i n 1942. Subsequently (58), i n a more detailed report on h i s 
exploratory experiments, he showed that i t could be applied to 
the estimation of ra d i c a l concentrations i n a v a r i e t y of reactions, 
including combustion. Although, at the present time, some 
caution i s sometimes required i n the i n t e r p r e t a t i o n of results 
obtained with t h i s instrument (59), i t i s capable of giving 
results i n agreement with those obtained by well t r i e d methods 
(59a, 60). 

- 16 -



I t has the great advantages, moreover, of s e l e c t i v i t y , 
given by the p o s s i b i l i t y of measuring the ion current due to 
only one species of ion, and of a great s e n s i t i v i t y which w i l l 
be, no doubt, f u r t h e r increased w i t h i n the near f u t u r e . Even 
at the present time i t i s capable of y i e l d i n g very useful 
information (6l,62). 
PHYSICAL PROPERTIES 

Just as, i n the experimental work, the study of radicals 
i s but a specialised aspect of a much larger f i e l d of study, so 
the t h e o r e t i c a l predictions of t h e i r properties arises almost as 
a by-product of the study of the whole f i e l d of molecular 
structure and properties. 

The most fundamental of these studies i s that of the 
d i s t r i b u t i o n of the valenoy electrons i n the molecule, an 
extension of the wave-mechanical theory of atomic structure. 
As i s well known, t h i s theory was developed i n the early part 
of t h i s century i n order to explain the newly discovered 
phenomenon of r a d i o a c t i v i t y , and the results obtained from 
quantitative measurements on atomio spectra. 

The mathematical complexities of the subject are so 
great that a rigorous treatment has been possible only i n the 
very simplest of cases. Suoh a treatment has been carried out 
f o r hydrogen and helium atoms, the hydrogen molecule, and t h e i r 
ions. For atoms or molecules other than these, i t has been 
found necessary to make some form of approximate treatment. 
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I n the study of molecules two general methods of 
attack have been used (63). I n the one, the valence bond 
method f i r s t developed by H e i t l e r , London, Pauling, and Slater, 
the atoms c o n s t i t u t i n g the molecule are f i r s t considered 
separately. Where necessary, appropriate combinations of 
atomic electronic o r b i t a l s , sometimes excited, are taken i n 
such a way that each o r b i t a l which I s to be Involved I n the 
formation of a bond contains only one electron. This process 
I s known as hybridisation, and the r e s u l t i n g o r b i t a l i s a 
"hybridleed o r b i t a l " . Any o r b i t a l , hybridised or not, i s capable 
of containing two electrons with opposing spins. The next step 
i s based on the postulate that the energy evolved i n the process 
of bond formation i s proportional to the degree of "overlap" of 
the atomic o r b i t a l s of the two electrons, one from eaoh atom, 
forming the bond. Thus the most stable bond i s that one i n which 
the greatest degree of overlap i s attained. The r e l a t i v e 
directions i n space of the bond-forming o r b i t a l s and the degree 
of hybridisation are i n t e r - r e l a t e d . Thus i t i s possible, by a 
long series of calculations, to calculate the most probable 
configuration of a given molecule, and at the same time the 
r e l a t i v e "energy" of a bond. 

Qua l i t a t i v e l y , the picture presented by t h i s method of 
approach i s one which i s readily i n t e l l i g i b l e from the chemist*s 
point of view, and i t s terminology has been absorbed, to a large 
extent, int o chemical language. 
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The other method i s an extension of the o r i g i n a l theory 
of electron configurations i n atoms. I n t h i s , the molecular 
o r b i t a l treatment f i r s t developed by Hund and Mulllken, the 
configuration of the nuclei i s accepted from experimental data, 
and the electrons are "fed i n * one by one. They are thus, i n 
the f i r s t instance, not regarded as being r e s t r i c t e d to the 
neighbourhood of any p a r t i c u l a r bond, but are treated as though 
oapable, i n p r i n c i p l e , of being anywhere at a l l i n the whole 
molecule. I t i s olaimed (63) that t h i s i s the more appropriate 
approximation when i t i s intended to study such phenomena as 
io n i s a t i o n p o t e n t i a l s , or spectral terms. 

Both methods, because of the very complexity of the 
systems under investigation, Involve a considerable number of 
approximations and the answers obtained, i n the e a r l i e r treatments 
i n p a r t i c u l a r , tended to vary a great deal, according to the 
number and type of refinements applied. I n p r i n o l p l e , i f the 
refinements are carried f a r enough, the same possible wave 
functions should eventually be derived from both methods. Both 
methods, however, s t i l l tend to r e l y rather heavily on experimental 
data, to which they are " f i t t e d " i n order to obtain the best 
possible answer (63,64,65). 

Even so, the quantitative predictions i n more recent 
treatments are usually of the r i g h t order of magnitude and, f o r 
a p a r t i c u l a r property i n a series of related molecules, the trend 
predicted agrees with that observed experimentally. Properties 
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which have been Investigated by these methods Include l o n l s a t i o n 
potentials and spectral terms (63,66,67), bond energies (64,65, 
68), v i b r a t i o n a l foroe constants (64), structure, and bond 
p o l a r i t y (69). 

We s h a l l conoern ourselves here only with the l a s t two, 
Dlpole Moments. From a more empirical point of view the 
experimental measurement of molecular dlpole moments has proved 
to be of great value, p a r t i c u l a r l y i n the elucidation of molecular 
structure (70,71). 

I t i s assumed that each bond connecting unlike atoms i n 
a molecule has associated with i t a small e l e c t r i c vector, which 
might be regarded as arising from the unequal d i s t r i b u t i o n of the 
electrons forming the bond, because of differences between the two 
atoms I n t h e i r powers of a t t r a c t i o n f o r the electrons ( e l e c t r o 
n e g a t i v i t i e s ) . The r e s u l t i n g "charges" would, i n general, amount 
to considerably less than unit electronic charge. The product of 
t h i s "charge" times the distanoe between the nuclei i s then termed 
the "bond moment". 

In these empirioal studies i t i s further assumed that the 
bond moment, f o r example, po-H o f < f c h e C-H hond, i s a oonstant f o r 
that bond and independent of the nature of the adjoining bonds 
"attached" to the other three valencies of the carbon atom. From 
an analysis of measured dipole moments of a large number of 
compounds whose structures are known, i t i s then possible to 
assign a value f o r p to every type of bond. I t must be emphasised 
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that t h l e prooedure can only at best be a f i r s t approximation, 
as I t would appear from the theory that I t i s not correct to 
assume that a bond i s un-influenced by I t s environment i n the 
molecule (69,70,72,73). Nevertheless i t has been found i n a 
great many oases that molecular dlpole moments, calculated f o r 
molecules of known struoture by v e c t o r i a l addition of these 
bond moments, agree quite well w i t h the moment as actually measured. 

On the basis of arguments such as these i t i s generally 
accepted that UQ^JJ I S small, and of the order of 0«4D. This 
f i g u r e i s confirmed by Independent estimates obtained, f o r 
instance, from i n f r a red absorption measurements on the methyl 
halldee (74). 

I f we consider the tetrahedral methane molecule, i t can 
be shown by a very simple calculation that the v e c t o r i a l sum of 
three of the C-H bond moments i s equal i n magnitude t o , and i s 
d i r e c t l y opposed to, the moment of the f o u r t h bond. Thus methane 
has no net dlpole moment, a result I n agreement with experiment. 

In free methyl, however, one would, on t h i s basis, expect 
I n general a net moment i n the d i r e c t i o n of the missing hydrogen. 
The magnitude of the moment would depend on the configuration. 
I f the radical preserved the tetrahedral configuration of methane 
(bond angle H&H « 109^°), i t s dipole moment would be 0.4D, i f we 
aocept t h i s f i g u r e as the value f o r the C-H bond moment. I t 
w i l l be shown l a t e r that thi s i s not considered a l i k e l y 
p o s s i b i l i t y . I f , on the other hand, the rad i c a l i s planar 
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(HOH =» 120°), the three C-H bond moments would "cancel out", 
and the t o t a l moment would be zero. For any Intermediate 
configuration (109^° < HCH < 120°), a dipole moment 
0 <JJ<3Hj < °«4 would be expected. 

Although there were a few opinions to the contrary 
(see ref.69), the general consensus of the pre-war opinion was 
that the sign of the C-H moment was C H +. That I s , oarbon was 
thought to be more electronegative than hydrogen. 

I n recent years, however, wave mechanical techniques 
have improved, and results obtained may be considered to be 
f a i r l y r e l i a b l e . Coulson (75), i n 1942, published a f a i r l y 
thorough calculation f o r the C-H bond i n methane, and obtained 
the value pc^jj s 0.4D i n methane, i n agreement with experimental 
values. His calculation Indicated that the d i r e c t i o n of the 
moment I s C+ H". Mueller and Eyring (76), i n a more recent 
cal c u l a t i o n , agree with t h i s conclusion, although the magnitude 
of the moment obtained by them was smaller. 

At the same time, Coulson thought his calculations 
indicated that the value of the C-H bond moment was a "constant 
f o r a l l normal chemical compounds, and Independent of whether the 
carbon atom i s a l i p h a t i c , ethylenlc, or aromatio". I n more 
recent calculations, however (98), he corrects t h i s , and concludes 
that the value of UQ_ h w i l l depend on the degree of hybridisation 
i n the carbon o r b i t a l responsible f o r the C-H bond. Or, as 
Walsh put i t i n h i s most i n t e r e s t i n g paper, (72a), "The more 
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8 oharacter I n a carbon valency, the more electro-negative i s 
the carbon atom i n that valency". 

More recent calculations (73,76) seem to bear t h i s out. 
I t i s of i n t e r e s t to notice i n passing, t h a t , although 

the process of hybridisation involves appreciable energy changes 
(65,98), and we speak of, f o r example, sp 2 and sp3 types of 
hybridisation, which are of d i f f e r e n t energy content, I t seems 
to be generally accepted that degrees of hybridisation between 
any two such d e f i n i t e states are equally possible. 

The small amount of experimental evidence available 
since Gent wrote his review (69) would seem to o f f e r some support 
to these general ideas. Thus Barrow and McKean, i n a study of 
the in f r a - r e d absorption of methyl halides, deduced values of 
PC-H (74). These values tend to vary a l i t t l e . This might 
perhaps be a t t r i b u t e d to s l i g h t changes i n hybridisation because 
of the varying e l e c t r o n e g a t i v i t i e s of the halogen atoms. They 
quote a mean value of 0.4D, and show that there i s some s l i g h t 
evidenoe that the p o l a r i t y i s 0 + H"*. Kelly, Rollefson, and 
Sohurin (77) determined UQ.H i a acetylene, and give i t s value as 
I.05D. Cole and Thompson (78) have reported an extension of the 
work of B e l l , Thompson, and Vago (81) on the analysis of the 
v i b r a t i o n bonds i n the spectra of halogen substituted benzenes. 
Their results indicate t h a t , i n benzene, the p o l a r i t y i s C~ H+. 
The magnitude depends on the nature of the substituent, but, i n 
as f a r as they can speak of an average, i t seems to be I n the 
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neighbourhood of 0.6D. B a r r l o l and Regnler (79) have calculated 
pC-H f o r the substances methane (0.35D), ethylene (0.60D f o r 
lC-H = L 0 6 A, 0.62D f o r lc_H = 1.09 A), benzene (according to 
the value of the atomic p o l a r i s a t i o n accepted, between 0,67 and 
0.36D), acetylene (0.9D). These results are tabulated f o r 
c l a r i t y . 

TABLE I 

Molecule 
C valency 
towards H 

(72) 
Walsh (72) 
postulates 

Observed (D) 

CH P 0 + r e l a t l v e l ; 
large. 

CH4 sp^ C+ small C+0.4(74) .307(80) .35(79) 

C 2 H 4 BP2 0" small O.60 to 0.62(79) 

H H6 BP2 0T small C"0.4(8l) C~0.6 
(78) 

0.36 to 0.67(79) 

C2 H2 sp C" larger 1.05(77) 0.9(79) 

Gent ( r e f . 6 9 , p.388) records other values f o r ethylene 
which were obtained from spectroscopic evidence. They depend 
very markedly on the type of bending mode with which they are 
associated. On the same page he reports the results of calculations 
based on measurements of the dipole moments of polymethylene 
oxides. I n such compounds one might expeot es s e n t i a l l y tetrahedral 
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bonds and, i n f a c t , he deduces a bond moment 0.4D ( C + H~). At 

the end of h i s review he reoords h i s expectation that the C-H 

moment i n ethylene i s l i k e l y to be c l o s e to zero. I t i s 

d i f f i c u l t to envisage how t h i s can be r e c o n c i l e d with the 

r e s u l t s he quotes from s p e c t r o s c o p i c data, and wi t h the r e s u l t s 

of B a r r i o l and Regnier. 

Mulllken (65) claims that h i s c a l c u l a t i o n s l e a d to the 

con c l u s i o n that the CH bond i n the CH r a d i c a l i s not a pure p 
p 

bond, but I s h y b r i d i s e d to the extent t h a t o( = 0.155 (where«< 

i s defined by the equation h^ = <X s + f3 ̂  , h ^ being the 

hy b r i d C o r b i t a l responsible f o r the bond i n the r a d i o a l ) . 

T h i s l e a d s him to the con c l u s i o n that H and C I n t h i s r a d i o a l 

are almost e q u a l l y e l e c t r o n e g a t i v e . H i s treatment seems to be 

very approximate, and t h e r e f o r e , perhaps, i s not to be r e l i e d 

on i n t h i s p a r t i c u l a r case. I t seems to be at v a r i a n c e with 

most other contemporary ideas on bond p o l a r i t i e s ( c . f . ref.72). 

To sum up, then, i t would seem from the a v a i l a b l e 

evidence t h a t the p o l a r i t y i s C + H~ i n methane and I t s simpler 

d e r i v a t i v e s (predominantly sp3 h y b r i d s ) , and C*" H+ I n benzene 

and i t s d e r i v a t i v e s (predominantly s p 2 h y b r i d s ) . I n acetylene 

i t i s l a r g e r numerically, and probably C~ H +, i f we aooept WalshVs 

p o s t u l a t e , which does not appear to be a l t o g e t h e r unacceptable 
( s e e , however, 73^)* 

As we now proceed to consid e r the l i t t l e t h a t has been 

p u b l i s h e d on the problem of the c o n f i g u r a t i o n of the f r e e methyl 
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r a d i c a l , I t would seem that the Important point to bear In 
mind la that a l l properties of a molecule, In as f a r as they 
are related to the arrangement of the eleotrons, w i l l thus be 
related to the degree of hybridisation. This c e r t a i n l y seems 
to be the oase f o r molecular configuration (83), as w i l l be 
apparent from a study of Table I . For methane, we know, Is 
tetrahedral; I n ethylene the two adjacent C-H bonds are at an 
angle of approximately 120° to each other, and the four hydrogens 
are coplanar; and I n acetylene the two hydrogens l i e on the l i n e 
through the two carbon atoms. 

Thus we would expect that a planar methyl r a d i c a l would 
have sp2 hybrid bonds, with a pure singly oocupled p o r b i t a l at 
r i g h t angles to the plane, whereas a non-planar r a d i c a l would 
presumably Involve C-H bonds somewhere Intermediate between sp c 

and 8p3, with the "centre of gravity" of the remaining singly 
occupied o r b i t a l at the apex of the pyramid, and directed away 
from the hydrogens. 

On t h i s basis the value and sign of pc_H I t s e l f would 
depend on the configuration of the r a d i c a l , and would almost 
c e r t a i n l y be not greater than 0.4D. Indeed, f o r a configuration 
somewhere intermediate between tetrahedral and t r i g o n a l , i t would 
seem that J J ^ J J i s l i k e l y to be smaller than t h i s value, with a 
sign depending on whether the rad i c a l Is nearly planar, or 
nearly "tetrahedral", ( c . f . ref . 72a , p.22). 
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I n the absence of a detailed calculation i t i s rather 
d i f f i c u l t to prediot the e f f e c t t h i s would have on the dipole 
moment of the r a d i c a l ae a whole, since the singly occupied 
o r b i t a l may well also have some contribution to make. At 
f i r s t sight, however, i t would appear that even more than the 
usual amount of caution would be needed I n drawing any conclusions 
about the configuration of the radical i f a determination of i t s 
dipole moment yielded an answer indistinguishable from zero. On 
the other hand, i t would seem that p o s i t i v e evidence that i t has 
a moment, however small, could be taken as evidence tha t , whatever 
i t s configuration, the radioal Is not planar. 
Configuration. Experimental evidence about the structure of 
free methyl i s meagre, and at best very i n d i r e c t . One thing 
that does seem quite certain, however, i s that i t d i f f e r s from 
the configuration of the methyl group i n methane (64,82). 

Analysis of the energetics of the successive removal of 
hydrogen atoms from methane i s hampered by the uncertainty about 
the latent heat of vaporisation of carbon. Despite t h i s 
uncertainty i t does seem to be f a i r l y generally accepted that the 
energyof dissociation D(CHj-H) of methane, to give methyl plus 
hydrogen, i s smaller than i t might otherwise be because there Is 
an evolution of energy associated with the "re-organisatlon" of 
the r e s u l t i n g methyl r a d i c a l , Glockler (84), however, i n f e r s 
that there i s l i t t l e reorganisation energy involved i n the 
formation of the free e t h y l r a d i c a l from ethane. I t might be 
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expected that these two radicals should be very s i m i l a r i n t h e i r 
behaviour; although Coulson (85) i n f e r s that a resonance e f f e c t 
i s possible i n free e t h y l , but not i n free methyl. 

Further arguments about the expected configuration have 
been based on the results obtained with organic reactions I n 
solution (see ref . 4 0 , p.175). The argument i s as follows: 

Suppose the reaction to be Investigated i s , f o r example, 
of the type 

H C R ^ R ^ + 012 OlCRxRgRj + HCl 
I t i s assumed that t h i s takes place via the reaction of atomic 
chlorine with the substituted methane. The s t a r t i n g material i s 
o p t i c a l l y active. 

Suppose, fur t h e r , that the reaction takes place through 
the i n i t i a l formation of the r a d i c a l •CR^RgRj and HCl. Then, 
i f t h i s radical i s planar, i t can react with molecular chlorine 
from e i t h e r side of the plane, to y i e l d racemic product and a 
f u r t h e r chlorine atom. I f the r a d i c a l , on the other hand, i s 
not f l a t , or i f the reaction goes d i r e c t l y without radical 
formation, an o p t i c a l l y active product would be expected. 

In the case quoted by Waters the product was racemlo. 
This, then, would imply that complicated radicals such as these 
are planar. I n other examples, however, the opposite r e s u l t 
has been obtained (86). 

In any case, i t i s not at a l l safe to assume that r e s u l t s 
obtained f o r these radicals have any bearing at a l l on the 
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configuration of the free methyl radical I t s e l f . 
At the Faraday Society Discussion on the Labile Molecule 

i n 1947, Walsh (72a) argued that free methyl must be planar by 
the application of his ideas on electronegativity to some results 
obtained by Bak (87), who deduced that the CH-j group i n methyl 
chloride i s f l a t t e r than the same group i n methane. This r e s u l t 
seems to be open to question, however (88). 

U n t i l quite reoently no one seems to have treated the 
matter very thoroughly from the t h e o r e t i c a l point of view, 
although quite a number of attempts have been made to obtain an 
answer by semi-qualitative arguments. Van Vleck (89), and 
Voge (90) came perhaps the closest to a thorough calculation, 
although they both were careful to point out that t h e i r treatments 
were only approximate. Both oame to the sim i l a r conclusion that 
the HCH angle i n free methyl i s greater than the HNH i n ammonia, 
and that the r a d i c a l "may conceivably even be plane" (Van Vleok). 

In even less rigorous arguments, however, Mulliken (67) 

guessed that methyl i s probably pyramidal l i k e ammonia, and 
Lennard-Jones and Pople (68) content themselves with the conclusion 
t h a t i t "may be planar or very nearly planar". Penney (64) also 
used a sim i l a r sort of argument i n deciding on a planar configuration. 

Despite t h i s uncertainty, however, most authors seem to 
have based t h e i r arguments on the planar model (1,2,73b,85,91,92,93), 

although some have been rather more non-committal (94»95)« 
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Bryant ( 2 ) , however, although he used the planar model 
f o r the calculation of the molecular entropy of free radicals, 
pointed out that the adoption of a pyramidal model would not 
af f e c t his answer materially. He quoted Kietiakowsky as having 
expressed the opinion that methyl might "be oloser to tetrahedral" 

Within the l a s t two years, theoretical opinion seems to 
have been tending towards the Idea that the r a d i c a l i s not planar, 

Linnett and Poe (4) concluded, again on the basis of 
,— 

wave-mechanioal argument, that they would expect the HCH angle 
to be intermediate between 109^° and l l 6£° , and Walsh (96), i n 
a preliminary report of some calculations which might appear to 
have been f a i r l y rigorous, claims that "AĤ  molecules containing 
s i x valency electrons should be planar i n t h e i r ground states, 
pyramidal i n t h e i r f i r s t exoited states. AH-j containing more 
than six valency electrons should be pyramidal i n t h e i r ground 
states". 

L u f t (97), i n a disousslon, quotes the HCH angle to be 
113 + 4° i n free methyl, but does not mention a source f o r t h i s 
f i g u r e . 

I t would seem, then, that there i s a f a i r chance that 
the free methyl radioal may be pyramidal. Since t h i s would lead 
us to expect I t to have a dipole moment, i t would appear that, as 
was suggested by Fraser (3) and Linnett and Poe (4), an experiment 
designed to test t h i s point would be of value. 
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A development of the Ideas summarised i n t h i s chapter, 
however, would lead us to expect that the looked f o r moment i s 
probably very small, say of the order of 0.1D. Therefore the 
method used must be capable of detecting very small moments 
indeed. 
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CHAPTER I I . INTRODUCTION (CONTINUED) 

MOLECULAR BEAM METHOD 

Two Important points must be kept i n mind when deciding 
on the method t o be adopted i n t h i s i n v e s t i g a t i o n . 

F i r s t l y , there i s the expectation that the moment w i l l 
be small* 

And secondly, the radic a l i s very reactive. The resu l t 
of t h i s i s that the concentration of radicals w i l l be small, even 
under the most favourable conditions - r e l a t i v e l y low t o t a l pressure 
i n the gas phase, and complete decomposition of the parent substance. 
Thus Forsyth (99), I n experiments on the pyrolysis of acetone 
(0.6 mm.Hg. pressure at the source), estimated that there were 
1.94 10"* gAlt of methyls at a distance of 12.35 cm. from the 
furnace. This would correspond to a pressure of some 2.10**̂  mm.Hg. 
at that point. The pressure at points closer to the furnace would 
be somewhat higher than t h i s . Q-omer and Kiatiakowsky (100) 

i r r a d i a t e d both aoetone and mercury dimethyl with u l t r a v i o l e t 
l i g h t . They estimated t h a t , under the strongest attainable 
conditions of i l l u m i n a t i o n , the methyl concentration was about 
••12 „"7 

10 mole/oo i n a t o t a l gas concentration of 10 ' mole/oc, that 
i s , about 10 J mm.Hg. i n a t o t a l pressure of about a millimeter 
or so of o a r r i e r gas. Lossing and Tiokner (60) attained p a r t i a l 
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pressures of methyl, r e s u l t i n g from the pyrolysls of mercury 
dimethyl at high flow rates, vhloh they estimated to be of the 
order 10"3 t o 10"2 mm.Hg. The conditions i n t h e i r experiments 
seem to have been especially favourable, and t h i s , then, would 
seem to be about the maximum concentration attainable, using 
methods at present available. 

I t would thus seem un l i k e l y that the standard methods 
of dipole moment estimation - by means of d i e l e c t r i c constant or 
refra o t i v e index measurements (101) - would be of muoh a v a i l f o r 
t h i s class of molecule, sinoe muoh higher pressures than these are 
required i n these methods ( c f . 77 > 80). 

Dipole moments are sometimes determined by analysis of 
infra-red absorption spectra ( o f . 74» 78)* The same objection 
applies to t h i s method also. And here, i n addition, the great 
multitude of speotral l i n e s a r i s i n g from the other much more 
abundant molecules present would make the sorting out prooess 
almost impossible. Similar objections may be applied also t o 
the possible application of mioro-wave techniques, and t o other 
less used methods such as e l e o t r o s t r l o t i o n ( r e f . 101, p.38). 

I t would seem, then, that there i s only one method 
which could be of use i n the present in v e s t i g a t i o n . That i s 
the eleotrio d e f l e c t i o n of a molecular beam, f i r s t used f o r the 
analogous magnetio oase by G-erlaoh and Stern (102), and developed 
i n a series of Investigations by Stern and his co-workers i n 
Hamburg during the succeeding years. The technique has been 
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f u l l y desoribed In a mongraph by Fraser (103) (see also ref . 1 0 4 ) . 

PRODUCTION OF BEAM 
Although the underlying prin c i p l e s of molecular beam 

produotlon are very simple, i n praotioe i t i s found that considerable 
att e n t i o n t o f i n e d e t a i l s i s neoessary f o r success i n the technique. 
These conditions were clearly set out by Stern (105) I n 1926, 

I n bareoutline, the 
apparatus consists of a vacuum 
system divided by two p a r t i t i o n s 
i n t o three separate oompartments 
( f i g . 2 ) , which we shall c a l l the 
source, 0, col11nation ohamber, pomp 

C, and target ohamber, T. I n Fig. 2. 

eaoh p a r t i t i o n there i s a narrow s l i t , or aperture, Ŝ  and S 2 

respectively. These s l i t s are ca r e f u l l y aligned and are the 
only means of interconnection between the three ohambers. C 
and T are evaouated Independently by means of fast d i f f u s i o n pumps. 
For most purposes separate pumping of the source i s not necessary, 
as i t s volume i s usually small compared wi t h that of the other two 
ohambers. 

I f the substance with whioh the beam i s t o be formed i s 
not already i n the vapour state, the source must be heated. Since 
t h i s was neoessary In a l l the o r i g i n a l experiments, i t was often 
referred t o as the furnaoe ("Cfen") chamber (105). 



Subjeot to the condition that the mean free path of 
the molecules i n 0 i s not less than the width of the souroe 
s l i t S 1 (oondition f o r molecular e f f u s i o n ) , moleoules passing 
through the aperture i n t o C w i l l continue i n a r e o t i l i n e a r 
path i n t h i s chamber u n t i l they are deflected from t h i s path 
by c o l l i s i o n with other ("stray**) moleoules, or with the walls 
of the chamber. 

For an aperture of negligible "thickness" ( i . e . s l i t 
defined by very sharp Jaw edges), the angular d i s t r i b u t i o n of 
moleoules i n the "penoil" issuing i n t o G i s governed by a 
oosine law, similar i n form t o the i n t e n s i t y d i s t r i b u t i o n of 
l i g h t emitted from a point source. An inorease i n the thickness 
of the s l i t seems (ref . 1 0 3 , p.17) to have l i t t l e or no effeot on 
the i n t e n s i t y along a l i n e from the centre of the s l i t , and 
normal t o i t s face, but resul t s i n a marked diminution of the 
Int e n s i t y at a l l other angles* 

Thus, since the width of Si i s usually of the order 
0,01 to 0.1 mm. (the "length 1 1 of a rectangular s i l t , which may 
be at least 100 times greater, does not seem to be of importance 
i n t h i s regard), the pressure i n 0 must not be greater than, say, 
1 mm.Hg. to 0,1 mm.Hg. Scattering of the "pencil" of molecules 
i n C i s kept to a minimum by ensuring a good vacuum i n t h i s 
seotion. The l i m i t i n g condition i s obviously that the pressure 
must be so low that the mean free path, corresponding to the 
pressure of the stray molecule, i s greater than the distanoe Si Sg. 
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For a dletanoe 3^ Sg of 9 om.t the pressure In G must not be 
greater than about 10™4 mm.Hg. As was pointed out by Knauer 
and Stern (106), i t i s desirable t o have the pressure considerably 
lower than t h i s l i m i t . They quote a maximum pressure of 
5»lcH> mm.Eg. f o r a distance of 12 cm. This can be achieved 
a) by fast pumping, and b) i f the molecules are easily 
condensible, by the introduction i n t o the vacuum of a s u f f i c i e n t 
area of surface whioh i s cooled t o a temperature at which the 
vapour pressure of the substance i s n e g l i g i b l e . 

S l i t Sg, the Image or c o i l 1 n a t o r _ s l i t , permits the 
central portion of the "penoil" to pass i n t o ohamber T. Thus 
a beam i s formed i n T, and i t f i n a l l y impinges on D, the 
detector, or target. As the distance S 2 D i s usually greater 
than Ŝ  Sg by a fa c t o r of about two, the l i m i t i n g pressure 
conditions apply i n T even more s t r i n g e n t l y than i n C. 

The analogy between t h i s system and a system of s l i t s 
used f o r defining a beam of l i g h t i s very marked. I n both cases 
the beam i s not of uniform i n t e n s i t y across i t s oross section, 
but i s strongest at the centre, and f a l l s o f f towards the edges. 
Thus, with molecular beams also, we speak of the portion aa 
(f i g . 2 ) at D as the "umbra", and the portions ab as the "penumbra". 

The dimensions of the beam (umbra and penumbra) at D 
may be calculated simply from the known geometry of the arrangement. 

In t e n s i t y . For a beam of rectangular oross seotlon, 
as defined by s l i t s of that shape, a pl o t of i n t e n s i t y (molecule 
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cm."2 Bee."*1, measured at the detector) as a function of distance 
aoross the width of the beam ( J- i n Fig.3a) would thus be 
trapezoidal i n the ideal oase (dotted l i n e s , fig.3 b ) . I n 
praotioe the in t e n s i t y d i s t r i b u t i o n i s as depicted by the f u l l 
l i n e (curve A i n fig.3 b ) . 

The i n t e n s i t y at the maximum, i . e . d i r e c t l y i n l i n e 
with the oentres of the s l i t s , may be calculated from the 
expression (104, 105, ref . 103 , p.14) 

-2 = (2WRMT)* ' f ^ F molecule cm.~2 eeo.-1 -(2.1) 

where ft i s the source pressure, i n dyne o i , * ^ , CL the source 
p 

s l i t area i n om. ,A. the distance i n om. from the source s l i t 
and the other symbols have t h e i r usual significance. Or, i f 
•/b i s expressed i n the more usual terms of mm.Hg., and constants 
are colleoted together, the expression may be w r i t t e n i n the 
form 

T0 - (jjjrfi'Jf ' ® molecule cm."*2 eeo."*1 ~(2.z) 
For a numerical example, consider a beam of a i r 

molecules (M approx. 29), at a source temperature of 550°K.., 
source pressure 0.5 mm.Hg., s l i t dimensions 0.05 mm. x 3 mm* 
( dm 1.5.10~2 om. 2), and a distance a^D - « 26.6 cm. 

We obtain Ia m 9.6.1013 molecule om."2 sec.**1 

I t i s to be noticed that the in t e n s i t y f a l l s o f f with 
the square of the distance from the souroe s l i t , a f u r t h e r 
s i m i l a r i t y w i t h the o p t i c a l case. 
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Detection. This i n t e n s i t y i s quite small. This 
i s made clear when i t i s expressed as the "pressure of beam" -
that i s , the change i n momentum of the molecules s t r i k i n g u n i t 
area of detector surface i n unit time. As many of the orthodox 
methods of i n t e n s i t y measurement i n molecular beam work oonsist 
of some pressure measuring device, t h i s method of expressing 
beam i n t e n s i t y i s i n s t r u c t i v e i n that i t gives an idea of the 
s e n s i t i v i t y which must be attained i n the design of these devices. 

For an example, l e t us round o f f the figure we obtained 
above f o r I0 and c a l l i t 10U molecule cm.~2 sec."*1. This i s 
a t y p i c a l value. 

The moleoulee, although u n i d l r e o t l o n a l , are moving i n 
the beam w i t h thermal v e l o c i t i e s corresponding t o the temperature 
i n the source chamber. Thus we can w r i t e down the root mean 
square v e l o o i t y , c = (3RT/M)/Z' where /?,T, Mt are the gas 
constant (8.31»10^ erg deg"*1 mole"*1), absolute temperature (°K.) 
and molecular weight, respectively. 

The mass of an in d i v i d u a l moleoule i s ^/N,where N 

i s the Avogadro number (6.02.10 2^). 

Since, to a close approximation, a l l molecules i n 
the beam w i l l Impinge normally on to D, the change of momentum 
of a single moleoule on impaot (assuming a perfect gas, i . e . , 
e l a s t i c c o l l i s i o n ) w i l l be of the order of Z{3RTM)'/Z/N . 

The t o t a l change of momentum per square centimeter 
per second due to the impact of the beam w i l l be 1(A4 times 
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t h i s , and i f we take once more T - 550°K., M » 29 ( t o a close 
approximation, a i r or e t h y l ) , and convert from C.G-.S. un i t s t o 
mm.Hg., we obtain that the "pressure of beam" i s of the order 
of 5.10-7 mm.Hg. 

This i s the pressure at the axis of the beam. I t i s 
desirable that the detector should be capable of measuring 
pressures at least one hundred times smaller - i . e . of the 
order 10-9 to 10~ 1 0 mm.Hg. 

Pressures as small as t h i s are much smaller than the 
overall pressures usually attainable i n practice. However, i f 
the manometric devioe i s placed behind a t h i r d s l i t (target s l i t ) 
i t has been shown ( r e f . 3 , p.9» ref . 103 , p.34) that the whole 
scale of pressures to be measured can be raised by a factor of 
10 f o r an "ideal" s l i t (no thickness), and by a f u r t h e r f a c t o r 
of at least 10 i f the target s l i t i s given"oanal" form. Thus, 
i n t h i s l a t t e r case, the pressure measured by the manometer may 
be of the order of 10"*̂  mm.Eg., and differences of 10""̂  mm.Hg. 
must be deteotable. This i s then quite possible. 

Among the manometric devices whloh have been used f o r 
t h i s purpose are hot wire gauges of the P l r a n l type (107, 108, 

109) and the i o n i s a t i o n gauge (53)* The MoLeod gauge may be 
used f o r the permanent gases, although i t has the disadvantage 
that i t does not give continuous readings. 

Other quantitative devices have been described from 
time to time (see, f o r example, ref . 104 ) . Of these we r e c a l l 
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one (50) whioh has been applied to a beam of radicals. This 
measures thermal effects r e s u l t i n g from the condensation, and 
sometimes recombination, of the atoms or molecules i n the beam 
on the ta r g e t . The method has been used successfully f o r 
hydrogen atoms (110, 111). The heat of dissociation of 
molecular hydrogen i s 103*3 Koal/mole. For comparison, the 
heat of the reaction OgH^ —=>• 2CHj i s ~ 85 Kcal/mole. I t ought, 
therefore, t o be possible t o apply t h i s method t o the detection 
of a beam of methyls, i f the int e n s i t y i s s u f f i c i e n t l y great 
(of. ref . 5 0 ) . 

I n the early experiments (102, 106, 112, f o r example), 
"condensation" targets were used. These consist merely of some 
suitable f l a t surfaoe which i s held at a temperature s u f f i c i e n t l y 
low for the rate of condensation to be large compared w i t h the 
rate of removal of moleoules, either by re-evaporation or by 
surface migration. Under the r i g h t conditions an Image, of 
calculable dimensions, appears as the molecules condense. The 
"time of appearanoe" I s taken to be l i n e a r l y .dependent on the 
reciprocal of the i n t e n s i t y . The s e n s i t i v i t y of the method i s 
high, with experienced operators, and can be even f u r t h e r 
increased by the use of radioaotive methods (113). I t i s not 
very suitable, however, f o r quantitative measurements of the 
Intensity d i s t r i b u t i o n i n the beam, p a r t l y beoause surface 
migration takes place even at r e l a t i v e l y low temperatures 
(of . ref . 1 0 3 , P*90), and also because the personal faotor, whioh 
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varies from time t o time even with the same operator, i s so 
important i n "time of appearanoe" measurements. The condition 
of the surface, also, seems t o be important, and to vary from 
time to time i n a not very consistent manner which, very generally, 
seems to depend on i t s previous h i s t o r y . The method i s , however, 
very useful as a preliminary, q u a l i t a t i v e , cheok on the technique 
used* 

One other early type of detector i s worthy of mention. 
This i s the Mchemloal n t a r g e t , a f l a t surfaoe coated with some 
substance which reacts i n a v i s i b l e way (e.g. change of oolour) 
w i t h the beam material. one example i s a surface coated with 
white molybdenum (or tungsten) oxide, whloh turns blue when 
hydrogen atoms c o l l i d e w i th i t (114). 

DIPOLE MOMENTS 
I f the i n d i v i d u a l , e l e c t r i c a l l y neutral, atoms or 

molecules which constitute the beam have a permament moment, 
either e l e c t r i c or magnetio, they w i l l be deflected from t h e i r 
r e c t i l i n e a r course i n T (fig. 2 ) when an inhomogeneous f i e l d 
( e l e o t r i o or magnetio respectively) i s plaoed between Sg and D 
i n such a way that the inhomogeneity i s perpendicular to the 
d i r e c t i o n of the beam. 

A small energy change i s associated with the entry of 
the p a r t i c l e s i n t o the f i e l d . Thus the number of directions i n 
space which they can take up with respect t o the f i e l d d i r e o t l o n 
i s l i m i t e d by quantal considerations. This i s true whether the 



f i e l d i s homogeneous or not. I n the presenoe of an inhomogeneity 
there i s a net force on the p a r t i c l e s , whloh w i l l suffer e i t h e r 
a positive or a negative de f l e c t i o n i n the dlr e o t i o n of the 
inhomogeneity according to the directions they take up with 
respect to the f i e l d . These statements, so f a r , apply equally 
well to either the magnetic or the e l e o t r l c case. 

The simplest example, and the one whioh was f i r s t 
investigated (102), i s that of an atom w i t h one unpaired electron. 
Because there are two possible spin states f o r t h i s electron, the 
res u l t i n g magnetio moment can have only one of two possible 
orientations i n a magnetic f i e l d . Both of these orientations 
are almost equally probable. I f , therefore, an inhomogeneous 
magnetio f i e l d i s applied across a beam of these atoms, i t i s to 
be expected that they would be deflected i n equal proportions t o 
each side of the posit i o n of the undeflected beam. Such, indeed, 
was found t o be the case. Silver (102) and hydrogen atoms (114) 

were among the many atoms studied (see 103, PP«134 f f . ) . 
The atoms i n the beam are not of uniform v e l o c i t y , but 

have a range of v e l o c i t i e s d i s t r i b u t e d about a mean value 
aooording to the usual Maxwellian d i s t r i b u t i o n law. The 
deflection suffered by an individual atom w i l l depend on the 
time i t spends under the influence of the inhomogeneity - that 
i s , on i t s v e l o c i t y . As a re s u l t the two re s u l t i n g beams are 
each more d i f f u s e than the o r i g i n a l , undeflected beam. This 
effeot would apply with equal force t o moleoules. 



The d i s t i n o t s p l i t t i n g of the beam can only be observed, 
however, w i t h atoms. 

For moleoules the number of possible quantum states i s 
immediately increased because of the contributions t o the t o t a l 
energy of the r o t a t i o n states. The effe c t now obtained when an 
inhomogeneous f i e l d i s applied i s a general symmetrical broadening 
of the beam, with a consequent diminution of in t e n s i t y at the 
maximum. This has been observed both f o r the magnetic case w i t h 
molecular oxygen (115)* and f o r the e l e c t r i c case with a large 
number of molecules (e.g. ref . 103 , chap.VI; ref . 112 ) . Because 
of the symmetry of t h e i r structure, atoms can not have an e l e c t r i c 
moment. I t has, however, been possible to observe a small 
asymmetric defleotion of atomlo beams i n an e l e o t r i c f i e l d . This 
has been ascribed to t h e i r " p o l a r i s a t i o n " , ( c f . r e f . 3 , p.65). 

This e l e c t r i c p o l a r i s a t i o n e f f e o t , whioh i s very small 
f o r most atoms, w i l l i n general be larger f o r moleoules, although 
smaller than the defleotion caused by the in t e r a c t i o n of the 
inhomogenelty w i t h the resultant of the permanent moment i n the 
f i e l d d i r e c t i o n . The re s u l t i n g d e f l e c t i o n , where present, i s 
always i n the d i r e c t i o n of increasing lnhomogeneity. I t s 
magnitude w i l l be dependent on the f i e l d strength. 

Fraser ( r e f . 3 , P«54) quotes a f i g u r e f o r t h i s induoed 
moment of 5.10"*22 E.S.U. ( i . e . , 5.10"^ Debye units) f o r a 
moleoule of average p o l a r l s a b i l i t y i n a strong f i e l d o f 500 E.S.U. 
(150 kV cm.* 1). I n the following disoussion i t w i l l be seen that 
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a moment of t h i s order i s smaller than even the most unfavourable 
oase of a r i g i d Bdumb-bell" type molecule. For the "symmetrical 
top" moleoule, to which class belongs the free methyl, the 
resultant of the permanent moment i s much larg e r , and the 
pola r i s a t i o n effect may be neglected i n most cases (111). This 
i s very convenient, f o r i t means that i t i s not necessary to plot 
the complete peak shape every time f o r both the deflected and 
undeflected beams. Expressions have been derived which makes 
i t possible to determine the dipole moment simply from the r a t i o 
of peak heights with and without the defleoting f i e l d . 

For t h i s i t i s necessary t o use a quantitative method 
of i n t e n s i t y measurement. I t i s , however, possible t o make an 
estimate of the order of magnitude of the moment by using the 
o r i g i n a l type of detector. This i s done by estimating the width 
of the deflected image, which i s compared with that of the image 
f o r no f i e l d . 

The actual form of the expression to be used In 
deriving the value of the moment from the experimental data i s 
determined by two sets of conditions. The f i r s t i s the geometrical 
arrangement of the electrodes which produce the inhomogeneous f i e l d -
i n p a r t i c u l a r , the relationship between the f i e l d d i r e c t i o n and the 
di r e c t i o n of the inhomogeneity. The seoond i s the geometry of the 
molecule I t s e l f - that i s , the r e l a t i v e orientations of the axes of 
symmetry, the axes of r o t a t i o n , and the moment axis of the moleoule. 
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I n making these derivations, most authors have 
si m p l i f i e d matters i n the f i r s t instance by considering the 
deflection suffered by a single moleoule i n i t s path through 
the f i e l d . The expression i s then generalised to take account, 
f i r s t l y , of the d i s t r i b u t i o n functions, at the temperature of the 
experiment, of the energies of t r a n s l a t i o n , Et , and r o t a t i o n , 
and of the o r i e n t a t i o n of the molecules w i t h the f i e l d , <j> ) 

and seoondly, of the actual cross sectional shape of the beam, 
whioh i s treated up to t h i s point as though i t were of i n f i n i t e l y 
small width. I t i s then found convenient t o express the res u l t 
i n terms of a parameter S„ (or sometimes a~ = %o )t where s 
i s the deflection suffered by any given moleoule, taking the 
centre of the undefleoted beam as the o r i g i n , and Sc , the 
"normal" d e f l e c t i o n , i s the deflection suffered by a moleoule i n 
a p a r t i c u l a r state, often taken to be ££=-^T) E/L=4T/ 4?=<7 

(116, also 103, pp.161 f f . ) . The r a t i o of maximum i n t e n s i t i e s 
^0Vlo

 f o r t h e d e fl e°ted beam , I(O) / and f i e l d free beam ,1a , 
can then be expressed as a function of sa (or cr) , and, a f t e r 
some very lengthy arithmetic, i t i s possible t o calculate the 
required moment yu. 

F i e l d Geometry. The effect of f i e l d geometry w i l l 
be considered f i r s t . 

I n general terms we may note t h a t , i f a molecule, from 
any oause whatsoever, has an eff e c t i v e moment JU i n the d i r e c t i o n 
of the f i e l d X then the change i n energy which results when i t 
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comes under the influence of the f i e l d i s A W - p X , and 
the components of the force acting on the molecule i n three 
directions mutually at r i g h t angles w i l l be 

In a homogeneous f i e l d , therefore, where dX-In a homogeneous f i e l d , therefore, where ^X_£X-£X = # 
there w i l l be no d e f l e c t i o n . 

I t i s often found convenient t o arrange the axes of 
referenoe so that one of them, say the x d i r e o t i o n , l i e s along 
the axis of the beam, and the other two are p a r a l l e l to the 
boundaries of the rectangular s l i t . We s h a l l consider the ̂  
direotion to be p a r a l l e l to the length of the s l i t (fig. 3 a ) , 

and the y d i r e o t i o n t o be p a r a l l e l to the width of the s l i t * 
The d e f l e c t i o n , 5, w i l l thus be i n the ̂ d i r e c t i o n f o r maximum 
s e n s i t i v i t y . 

Two types of f i e l d arrangement are found t o be 
convenient. In the f i r s t , which i s the e l e c t r i c a l analogue of 
the o r i g i n a l Stern-Gerlach magnetic experiments, the directions 
of X and are the same. 

This can be aohieved i f the two electrodee are arranged 
as two ooaxial cylinders whose axis i s p a r a l l e l t o , and l i e s close 
t o , the axis of the beam. The central cylinder must be of small 
radius, so that the lnhomogeneity i n i t s neighbourhood may be as 
great as possible. A f i n e wire has often been used f o r t h i s 
purpose. Sinoe only one side of the cylinder i s used, i t i s 
clear that neither electrode need be completely c i r c u l a r i n 
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orosa section. Indeed Scheffers 
(117) has used electrodes of cross 
section shown i n f i g . 4 . These 
are conveniently held i n place by 
hard rubber (117) or amber (109) 

spacers, whioh also serve as 
in s u l a t i o n . 

F,s. 4. 

Arrangements of t h i s type have the advantage that both 
X and ^ ^ a r e calculable from a knowledge of the voltage supplied, 

and the geometry. 
The defleotion S of a molecule, energy of t r a n s l a t i o n 

Et i f l given by the relationship 

where - / i s the length of 

path i n the f i e l d , or by 

s 
(hEt as 1 1,1 as m ( 2 -3j 

where A i s the length of path i n the f i e l d , and £ x i s the 
length of path between the point where the moleoule leaves the 
f i e l d , and the detector. 

The major disadvantage of t h i s arrangment i s t h a t , i n 
order to obtain a s u f f i c i e n t l y high inhomogeneity the beam must 
be sent very close to the central electrode, which i t s e l f must, as has 
already been pointed out, have as small a radius as possible. 
This l a t t e r oonditlon places a l i m i t , beoause of "spark over" 
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t o the voltage which may be applied, and the former i s 
objectionable beoause the inhomogeneity i t s e l f a l t e r s rapidly 
w i t h the distance from the axis i n t h i s region. Thus, i f a 
beam of long, narrow cross section i s employed i n an attempt 
to increase the i n t e n s i t y , the defleotion i s not uniform along 
the length of the "trace". 

Soheffers, nevertheless, prefers t h i s arrangement to 
that of the second type, which was f i r s t put forward by Rabi, 
f o r the magnetio oase i n the f i r s t instance (118). I n t h i s 
type, X ty/ds a r e a* right; angles to each other. This 
i s aohieved by the use of a p a r a l l e l plate condenser, arranged 
i n suoh a way that the beam passes symmetrically between the 
plates, whioh are reotangular 
i n shape, and are arranged i n 
suoh a way that the f i e l d between s' 
them i s p a r a l l e l t o the length of + 

the s l i t s , and the axis of the beam 
makes a small angle 6 with one edge /-r. 5. 

( f i g . 5 ) . I n t h i s p a r t i c u l a r case the axes of reference are 
often taken p a r a l l e l to the condenser plate edges. Since 0 

i s small, however, t h i s i s very nearly equivalent to the 
convention adopted above. 

Subject to the condition that the beam traverses 
completely the region of inhomgeneity at the edge of the 

e 
ax 
2>S 
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oondenser, the defleotion i s given by 
XI 

where X i f l the "corrected", or averaged, value of the f i e l d 
over the path of the beam, and £ i s the length of the path i n 
the f i e l d X • I t i s assumed that the f i e l d continues r i g h t 
up t o the detector. Provided that the gap i s appreciably 
greater than the length of the beam cross section, the 
inhomogeneity i s sensibly oonstant i n the d i r e c t i o n of the 
f i e l d . This oonfers the advantage that the defleotion i s 
uniform along the whole length of the r e s u l t i n g image. I t 
has also been claimed f o r t h i s arrangement t h a t , sinoe the 
distance between the eleotrodes, and the voltage, are r e l a t i v e l y 
easy to measure aocurately, I t i s muoh more r e l i a b l e than the 
other f o r absolute measurements. However, the s e n s i t i v i t y of 
t h i s arrangement i s not so great as that of the other, f o r the 
smallness of 9 which i s possible i s l i m i t e d by the oondltion, 
mentioned above, that the beam must traverse the whole of the 
Inhomogeneity. And the magnitude of the deflection depends 
quite markedly on the glancing angle when t h i s i s small. 
Moreover, small angles are not easy to measure aocurately, and 
t h i s then Introduces a serious souroe of error. 

A s l i g h t l y more complicated system of three eleotrodes 
was proposed by McMillan (119) i n 1931. I t was claimed f o r t h i s 
that the de f l e c t i n g force would be independent of the p o s i t i o n of 
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the molecule i n the f i e l d . I t does not, however, seem t o have 
reoeived any fur t h e r a t t e n t i o n , possibly because of the technical 
d i f f i c u l t i e s Involved i n the construction of such a system. 

I t i s therefore t o be concluded that the f i r s t 
arrangement i s t o be preferred, p a r t i c u l a r l y as only a small 
moment i s to be expected. 

Molecular Type. Next t o be considered i s the actual 
value of p- , which depends on the geometry of the molecule. 

In the general case, f o r a polyatomic molecule, there 
are thme moments of i n e r t i a , JA , > , about three mutually 
perpendicular d i r e c t i o n s , and a dipole moment, f<- . The quantum 
number f o r the t o t a l angular momentum i s denoted by n> . This 
has a component (quantum number ^ ) i n the d i r e o t i o n of the moment^. 
n. has a component /> i n the di r e c t i o n o f the applied f i e l d . 
The quantum r e s t r i c t i o n s are - n ^ /> $ } ~n ^ < + n. . 

The mathematical d i f f i c u l t i e s of a general solution 
to oover a l l possible cases are much too great. Attention w i l l 
be confined to oases where l i e s along one of the figure axes. 
There are two special oases of t h i s f o r which treatments have been 
published. They are;- 1. the l i n e a r r o t a t o r , or dumb-bell, type 
molecule ( r e f . 3 , ohap.IV, ref . 103 , chap.VI, 107), and 2. the 
symmetrical top type moleoule ( r e f . 3 , ohap.IV). 

The treatment published by Scheffers (116) f o r both these 
cases i s , perhaps, the most rigorous t o appear so f a r . The 
following summary i s based i n the main1; on t h i s paper. 

so 



Oaae 1. (e.g. HCl) JA = J8 = J} Jc ̂ O. No r o t a t i o n about 
the f i g u r e (dipole) axis. Thus the t o t a l angular momentum has no 
component I n t h i s d i r e c t i o n , and = o 

When a molecule of t h i s type passes through the f i e l d , 
the molecular dipole w i l l , to a f i r s t approximation, have an 
orienta t i o n opposed to the f i e l d d i r e c t i o n f o r the same length of 
time as i t i s oriented i n the f i e l d d i r e c t i o n , provided that the 
time of f l i g h t through the f i e l d i s long oompared with the period 
of the r o t a t i o n . Thus, to a f i r s t approximation, the moleoule 
suffers no defleotion as i t passes through the f i e l d . 

To a second approximation, however, i t i s found that the 
f i e l d has the effect of perturbing the r o t a t i o n a l motion. There 
i s a s l i g h t acceleration as the dipole comes i n t o alignment with 
the f i e l d , and a corresponding deceleration as i t swings i n t o 
opposition t o the f i e l d . Thus there results a "time averaged" 
moment which i s proportional to the f i e l d strength. This moment 
is not to be confused w i t h the small induced moment r e s u l t i n g from 
po l a r i s a t i o n of the electronic structure. They w i l l , I n f a c t , be 
of opposite sign. 

Mathematical analysis yields the result that 

where A i s Planok1 s constant. 
Provided that the temperature i s high enough, so that 

A % I // I and provided also that <<( I 
*rj 'AT « 1 > > 
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(Boltzmann* e c o n s t a n t t h i s expression reduces to 

where coo <f> » % f being the angle which the r o t a t i o n axis 
makes with the f i e l d d i r e c t i o n . 

Combining 2.3 and 2.5, we obtain 

Or, f o r the "normal" def l e c t i o n (p.4£) 

/.X .AS. (2.1) 

This Is the class of moleoule which has most often been 
Investigated In the past (107, HO, 117; see also r e f . 3 , 103). 

I t I s to be notloed that the deflection depends on both X and 
(°r» f o r t h e p a r a l l e l plate arrangement, upon X * ) . 

Soheffers c a l l s t h i s the quadratic e f f e c t . As I t I s only a second 
order e f f e c t , the time averaged moment I s small. 

Thus, f o r the "normal" molecule, ^ -ATj <t> =0. 

I f we take T « 300°K.,/< - l.D = 10"*18 E.S.U., X - 500 E.S.U., 
we obtain JL • 6.10~3 p# This I s s t i l l l arger, by an order of 
magnitude, than the induced moment r e s u l t i n g from electronic 
p o l a r i s a t i o n , whloh we saw was of the order of 5«10~4 D. 

The r e s u l t i n g deflection i s also small. Thus again, 
f o r T « 300°K, *% s« 104 E.S.U. cm."*1, 10 om., £x = 0, we 
obtain S0 & 4.10"*2 cm. 
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Eatermann and Fraaer (107), using the Rabi f i e l d , 
obtained normal defleotions whioh were somewhat lower, of the 
order of 10 J cm. 

Case 2. (e.g. CH^Cl, NĤ ) JA * J8 # Jc , Jc * O . 

I t I s t h i s type with which we are concerned i n t h i s investigation. 
I t can be shown that 

When Jc^o/ <p ~ o , the f i r s t term vanishes, and 
only the second term remains. This i s then the dumb-bell case 
once more. In most oases where Jc ^ o , the second term i s 
small compared with the f i r s t , and can therefore be neglected. 

Whence ~ ±El} f* , (2.9) 

or, i f the temperature i s high enough (^rj 'jfy I ) to 
us? the c l a s s i c a l expression f o r the d i s t r i b u t i o n of r o t a t i o n a l 
energies, we may put CQV Y = 000 $ ~ where ~4> i s 
the angle between fi g u r e axis (^ direotion) and the axis of t o t a l 
angular momentum, and (p the angle between the t o t a l angular 
momentum axis and the f i e l d d i r e c t i o n . 

Whenoe Jl & /* <** f ^ V • (2.10) 

Since, t o a f i r s t approximation, the " e f f e c t i v e " moment 
is independent of the f i e l d strength f o r t h i s type of molecule, the 
deflection suffered w i l l be d i r e c t l y proportional to the f i e l d 
strength. Scheffers c a l l s t h i s the l i n e a r e f f e c t . 
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Since £ and /& (or "V and <̂> ) are equally capable of positive 
or negative values, these equations once more imply that 
deflections to either side of the undefleoted beam are equally 
probable. That i s , application of an inhomogeneity w i l l once 
more result i n a "flattened"peak, symmetrically placed about the 
point of maximum i n t e n s i t y i n the undeflected beam. The 
broadening, f o r a given value of applied f i e l d , w i l l be considerably 
greater than that obtained f o r the dumb-bell type molecule, f o r the 
effect we are now considering i s a f i r s t order one. For a molecule 
w i t h the properties £t^^T} <p^Y^=oJ fco = ^ ^ ^ 

say, 1.0 D (10~ 1 8 E.S.U.), and other values as before, we obtain 
deflections of the order of 1.0 cm. 

The i n t e n s i t y diminution at the maximum w i l l be 
correspondingly greater. Thus i t should be possible t o detect 
small moments i n molecules of t h i s type w i t h r e l a t i v e ease. 

For the ammonia moleoule, which e x h i b i t s , according t o 
Scheffers (109), a moment of about 0.5 D under these conditions, 
a 30$ reduction i n peak height was obtained w i t h a f i e l d of only 
79 E.S.U. With 158 E.S.U. the reduction was nearer t o 65$. 

These figures are to be compared w i t h the res u l t s obtained f o r 
dumb-bell type molecules. Thus Soheffers (117), using K I , which 
has a moment m 6.8 D, obtained a 53$ reduction i n peak height 
with the use of a f i e l d of 179 E.S.U. The difference between the 
two classes of moleoule i s even more apparent when i t i s noticed 
that i n these e a r l i e r experiments the condenser was almost twice 
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as long as the one used i n the ammonia experiment. At the same 
time the inhomogeneities through whioh the beam passed i n the two 
cases (^%s) was 1.55.105 E.S.U. (Kl) as against 732 E.S.U. (NH^). 

His t h e o r e t i c a l treatment l e d Scheffers to postulate 
t h a t , i n the symmetrical top case, some 22$ of the molecules i n 
the beam would remain undeflected. There i s some evidence, 
according t o his discussion of the experimental r e s u l t s , t o support 
t h i s . This high proportion of undeflected molecules means that the 
in t e n s i t y diminution t o be expected i n the second case w i l l be less, 
i n comparison with the dumb-bell case, than that predicted from the 
S0 value. 

Resolving Power. Equation 2.3 may be w r i t t e n , f o r the 
"normal" molecule (se -'• -&~r) t j . n the form 

So = /* C 
where C, the apparatus constant, « ^ (,+* j^) S fe.ll) 

Soheffers next considers, f o r s i m p l i c i t y , an undeflected 
beam whose i n t e n s i t y d i s t r i b u t i o n i s a rectangle of height I0 , 

width 2-#, l y i n g symmetrically about S=0, and obtains the re s u l t 
that the in t e n s i t y at a point s i n the deflected beam, I(s)} 

i s a function, p a r t l y exponential, of the r a t i o 5o/^-}ot the form 
( f o r s ^ o ) , 

I(O) = AI0 e (/ + Syfr) t 

(2.12) 

That i s , the r e l a t i v e diminution produoed at the 
beam centre w i l l depend on the r a t i o of the "normal H deflection to 



the half width of the undeflected beam. For a symmetrical top 
molecule the ef f e c t i v e moment i s , as we have seen, Independent 
of f i e l d strength, and so the "normal" d e f l e c t i o n depends only 
on C. the apparatus constant (eqn. 2.11). 

Hence M°)/lQ depends on the r a t i o C/& , which we might 
c a l l the "resolving power" of the apparatus, and which must be as 
large as possible. 
APPARATUS SPECIFICATIONS 

We have now s u f f i c i e n t information t o enable us to 
specify the conditions f o r obtaining maximum s e n s i t i v i t y i n our 
search for a possible dipole moment In a molecule, at least i n as 
f a r as Instrument design i s concerned* 

F i r s t l y , & must be as small as possible. We have 
seen, however, that one of the d i f f i c u l t i e s i n the molecular beam 
teohnique l i e s i n obtaining i n t e n s i t i e s of s u f f i c i e n t magnitude, 
even f o r the undeflected beam. X> depends on the produot ft**-
(eqn. 2.1). The maximum possible source pressure i s l i m i t e d by 
the mean free path condition f o r molecular effusion (see p.35), 
i . e . \ <^ 2 where, i n the system t o be investigated here, 
\ and must refer t o the t o t a l pressure of gas i n the source, 

and not merely t o the p a r t i a l pressure of the radicals In which 
we are interested. Thus we must combine the condition of minimum 
possible width of source s l i t with maximum possible area. 

Throughout t h i s disoussion the beam-forming apertures 
have been referred t o as s l i t s . A long narrow s i l t ,1s, i n f a c t , 

-se -



the best solution to this problem. I t has the fur ther advantage 

that the beam intensity i s Independent of s l i t width. For, as 

the width is reduced, the pressure may be increased by an amount 

Just su f f i c ien t to compensate fo r this reduction, so that Tc 

remains unaltered (of . ref .103, p . l5)» 

The length of the s l i t , however, and henoe the number 

of moleoules arr iving at the deteotor in unit time, is l imited by 

a fur ther consideration - that the beam must traverse a region of 

the f i e l d which is as nearly uniform as possible, both i n X 
and along the length of the s l i t . For a long narrow beam 

t ravel l ing paral le l t o , and Just above, a charged wire, th i s 

condition is even approximately sat isf ied only i n the central 

portion of the beam. Hence the amount of deflection obtained 

w i l l vary along the length of the trace. This i s not par t icular ly 

of importance when only a quali tat ive answer is required from the 

inspection of a v is ib le trace. I t i s , however, extremely important 

i f more quantitative methods of p lo t t ing peak shapes are envisaged. 

Furthermore, exact alignment of the s l i t s becomes more 

c r i t i c a l , and more d i f f i c u l t , as the length of the s l i t s i s increased. 

The use of optical methods, suoh as a microscope with cross-wires, 

i s permissible with re la t ive ly short s l i t s (ref .103, P»52), but this 

i s not su f f i c i en t l y rel iable f o r longer, narrower s l i t s . 

The seoond condition f o r maximum sensi t iv i ty is that the 

apparatus oonstant C (eqn. 2.11) should be as large as possible. 
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The condition that be large i s quite evident, and 

has already been discussed. I t i s preferable to arrange that 

th i s condition be sa t i s f ied f o r the minimum possible X $ in 

order to keep polarisation effects as small as possible. ^ / , 

the length of path through the f i e l d , should be as large as can 

be conveniently arranged. I f , however, the wire i s too long, 

i t may happen that, f o r large deflections, i t w i l l encroach on 

the l ine of f l i g h t of the moleoules. In this case i t might be 

preferably to place a l i m i t on ^ , and set the detector baok a 

distance from the end of the wire. The effect ive deflection 

at the detector w i l l be correspondingly increased. There i s , 

however, a l i m i t to this as w e l l , for the intensity f a l l s o f f with 

the square of the distance from the source. The sens i t iv i ty of 

the deteotor thus places a l i m i t on the t o t a l length of beam which 

i s practicable. F ina l ly , the temperature of the source must be as 

low as possible. 

SUMMARY 

Thus we require 

1. A method of radioal production, at as low a temperature 

as possible, which gives the highest possible y ie ld of 

radicals. 

2. A sensitive detector which responds only to radicals i n 

the beam. 

3. For the formation of the beam, narrow s l i t s of medium 

length. 
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An e f f i c i e n t pumping system. 

For the deflection of the beam, a high inhomogeneity 

combined with not too high a f i e l d strength, and of 

reasonable length. 
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CHAPTER I I I . EXPERIMENTAL 

RADICAL PRODUCTION 

The two major factors which must be considered In 

the choice of production method were indicated at the end of 

the last chapter. Of these, the most c r i t i c a l one i s 

undoubtedly the requirement of the maximum possible radical 

concentration, oombined with the lowest possible concentration 

of other types of moleoule i n the resulting beam. Only when 

th is has been sa t i s f ied oan the preference f o r a re la t ive ly 

low temperature be exercised. I f a ohoice s t i l l remains 

a f t e r th i s , ava i l ab i l i t y of start ing materials and ease of 

operation are worth considering. 

Furthermore, i t is desirable to choose a method 

which oan be easily modified to produce radioals other than 

methyl. For i t may turn out that the methyl moment i s too 

small to be detected. This answer would be of more significance 

i f i t could be shown that the apparatus i s capable of detecting 

the moment of , say, the e t h y l radical . Because of i t s asymmetry, 

thiB radical should have a small moment, quite independent of 

the configuration of the 'CH^ group. 

Thus, of the production methods reviewed i n Chapter I , 

that of photolysis oan be ruled out, f o r the maximum 
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concentration obtained i n t h i s way seems to be much less than 
the concentrations obtained by other methods. 

Pyrolytlc methods have the advantage of s implici ty 

of operation, and of the possible s tar t ing materials, four 

seem to be worthy of fu r ther consideration:-

1. Lead tetramethyl was, as we have seen, the or ig ina l 

source of radicals used i n the experiments which demonstrated 

the i r existence. Unfortunately this material does not appear 

to be manufactured i n this country. Sinoe i t s high v o l a t i l i t y 

makes par t icular ly serious the well-known toxic hazards 

associated with these metal alkyls , and also because the 

standard method of preparation seems to involve a def in i te 

r i sk of explosion, i t was f e l t that the preparation and use 

of th is material was to be avoided i f possible. Furthermore, 

the temperature required f o r oomplete decomposition seems to 

be re la t ive ly high. The results obtained by Eltenton (57) 

indicate that th is takes place only at about 730°0. The 

results of Hippie and Stevenson (61) would seem at f i r s t sight 

not to agree with this f i gu re . I n the i r apparatus they had 

no means of measuring the pyrolysis temperature, and therefore 

the temperatures they quote are only rough estimates. They 

obtained a maximum ion current f o r m/e « 15 at around 300-350°C 

I t i s not at a l l oertain, however, that the change i n ion 

current with pyrolysis furnace ourrent whioh they obtained 

bears any real relationship to the degree of pyrolysis at these 
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temperature a, f o r they obtained a very sharp maximum at the 

temperature quoted. Their results, however, are of interest 

i n that they show very olearly that insuf f i c ien t heating gives 

rise to a wide variety of fragments, and also that the desired 

radioal i s not necessarily, the major component in the beam. 

Nevertheless, since a sample of lead tetraethyl was 

available i n the- laboratory, this material was sometimes used 

i n the preliminary experiments when a source of radicals was 

required quickly, f o r the extra apparatus required was very 

simple. Some of these experiments and the equipment used 

w i l l be described in the next ohapter, i n connection with the 

account of the investigations into methods of detection. 

2. Mercury dimethyl has been used successfully by 

Lossing and Tiokner (60) f o r the production of re la t ive ly high 

radical concentrations. However, i t also is toxio and does 

not decompose u n t i l re la t ive ly high temperatures are attained. 

Ingold and Loesing (59b) estimate that i t does not decompose 

at temperatures lower than about 600°C*, and that complete 

decomposition occurs only at about 800°C. 

Moreover, the moleoular beam apparatus to be described 

i n Chapter V contains a considerable area of brass exposed to 

the vacuum. Consequently any compound capable of yielding 

mercury vapour i s to be avoided wherever possible. 

3. Di - te r t -bu ty l peroxide (Bu2*02). Since the 

dlsoovery (120,121) that this material decomposes to yield 
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almost exclusively two methyls ana two acetone moleoules per 

molecule, i t has oome into increasing use as a convenient 

source of these radicals. The corresponding di-amyl compound 

yields ethyls i n the same way. I t i s , moreover, olaimed f o r 

th is material that decomposition takes place at re la t ive ly low 

temperatures. Durham and Steacie (47) used temperatures 

around 325°C, whereas Mllas and Surgenor (120) and Raley, Rust, 

and Vaughan (121) used even lower temperatures (250 to 300°C, 

and 2250c. respectively). However, i t would seem that , under 

conditions of very high flow rate, muoh higher temperatures 

than this are needed. Thus Lossing and Tickner (60) found 

that the maximum concentration of methyls from th i s material, 

i n t he i r arrangement, was obtained at about 850°C. Some 

preliminary t r i a l s carried out in the present investigation 

would seem to support th i s (of . p . /55) . Results quoted by 

Lossing and Tiokner also indioate that the concentration of 

radicals obtained from th is substance was not as high as that 

obtained by the use of mercury dimethyl. This result is not 

altogether surprising since, with Bug t0 2 , the i n i t i a l 

decomposition step i s the rupture of the 0-0 bond, and the 

methyls are formed la te r by decomposition of the fragments. 

I f these have an appreciable half l i f e , methyl formation w i l l 

only take place af ter the fragments have been swept away from 

the reaction zone and from the neighbourhood of the aperture 

leading to the ionisat lon chamber of the i r mass spectrometer. 



In the case of mercury dimethyl, however, free methyl Is 

an immediate product of the decomposition step. 

4* Azomethane has also been used as a souroe of 

methyls, and would seem (25) to decompose at the re la t ive ly 

low temperature of 400°C. This material, however, was not 

immediately available and has not been considered any fur ther 

up to the present. 

The other poss ib i l i ty to be considered was some 

modification of the sodium flame technique, whioh should, 

conceivably, be capable of high i n i t i a l yields of radicals 

provided that the co l l i s ion eff ic iency of the reaction is 

su f f i c i en t l y great. This condition is sa t i s f ied i n the case 

of the iodides (30). Results have been obtained (cf .ref .123) 

whioh indicate that in the vapour state reaotion of sodium 

and methyl iodide, one In every 1.5 col l is ions results i n 

reaction (34) and, i n the ease of the sodium - ethyl iodide 

reaction (122), one i n every 2.5 col l is ions i s e f fec t ive . 

Eff ic iencies of th is order were ample f o r the arrangement 

envisaged f o r , at a pressure as low as 10 mm.Hg., the mean 

free path i s s t i l l only about 1 mm. As the reaotion zone i s 

several centimeters In extent, every iodide molecule w i l l 

almost certainly have a ohanoe to react. Thus, i n conditions 

of sodium excess, none of the iodide should reach the 

neighbourhood of the s l i t , and the beam should consist only 

of the radioal and the products of i t s reaotion wi th I t s e l f . 
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The sodium iodide la re la t ive ly invo la t i l e at the temperatures 

used, and deposits on the walls almost immediately adjacent to 

the zone of reaction. I f the s l i t housing and the walls of 

the reaction vessel olose to i t are not heated, most of the 

excess sodium deposits there. I t was found that, with the 

arrangement used, l i t t l e i f any sodium deposited on the s l i t 

i t s e l f . 

A sodium vapour lamp placed near the reaction vessel 

provides v is ib le proof that the sodium excess i s being 

maintained, f o r the whole reaotion space i s f i l l e d with a 

yellowish-white glow under these conditions. I f the vapour 

pressure of the iodide i s increased s u f f i c i e n t l y the glow i s 

immediately extinguished. This i s a very sensitive test, f o r 

th i s glow i s v i s ib le i n a darkened room f o r sodium pressures 

as low as 10~5 mm.Hg. or less (35)« As the reaction proceeds, 

v i s i b i l i t y becomes less because the heavy layer of sodium 

iodide tends to obscure the view. I t was, however, found 

possible to use th i s check even a f te r 15 to 20 hours running 

time, once experience had been gained. 

The temperature of the reaction i s determined by the 

vapour pressure of sodium required. At 400°C. th is is about 

0,35 mm.Hg.; at 440°C, about 1.0 mm.Hg. Pressures rf th is 

order should be more than su f f i c i en t and thus, i n th is respect, 

the method has a d is t inc t advantage over the pyrolysis methods, 

while being, i n pr lnoiple , at least the i r equivalent i n 
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potential y ie ld of radicals. 

Since this method seemed to sa t is fy most of the 

requirements quite wel l , and the materials were readily 

available, i t was decided to use i t as the major source of 

radicals. I t had the added advantage that i t had been used 

stxooe8sfully f o r other purposes by people at work In this 

laboratory. I n one respect only i s i t i n f e r i o r to pyrolysis 

methods. I t is not so simple to operate, f o r i t is neoessary 

to introduce fresh sodium into the apparatus by d i s t i l l a t i o n 

at regular intervals . This i s a tedious procedure. 

I t has already been mentioned that the f i n a l aim 

was to obtain a beam containing the fewest possible number of 

molecular species. For th i s reason i t was resolved to vary 

the usual prooedure and to work, i f possible without the use 

of carr ier gas. T r i a l experiments i n a simple apparatus, 

containing no s l i t s , seemed to indicate that th is was possible 

( c f . p. /23). As long ago as 1933, Horn,Polanyi, and Style 

(35) had observed that appreciable baok d i f fus ion of the 

reaotants i s obtained under these conditions. This has been 

amply confirmed In the present investigations, but was not 

considered to be serious so long as the build-up of sodium 

iodide did not impede the f low. I t would now seem, however, 

that a oarrier gas i s necessary. The conditions at the In le t 

of a mass spectrometer, suoh as that used by Lossing and 

Tickner (60), bear a very close resemblance to those obtaining 
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i n a molecular beam source. This work, published In 1952, 

indicates that the concentration of methyl radicals resulting 

from the pyrolysis of mercury dimethyl drops away very rapidly 

as the flow rate on the "high"pressure side of the source 

s l i t i s diminished. I n the absence of carrier gas, very low 

methyl concentrations were obtained even when separate pumping 

was maintained on the souroe side of the s l i t . 

These results must be taken into account when future 

development of the molecular beam apparatus is being considered. 

APPARATUS AND MATERIALS 

In a l l descriptions of glass apparatus i n th i s and 

succeeding chapters i t may be assumed that pyrex glass was 

used, unless otherwise specified. 

Source Pressure Control. 

Whlohever of these production methods i s used, the 

f i r s t requirement i s some means of regulating the pressure, 

and of measuring i t . 

With the exception of the sodium, a l l the s tar t ing 

materials disoussed are re la t ive ly vo la t i l e l iquids under 

normal conditions. I t i s possible to control the pressure 

i n the reaction chamber by maintaining the l i q u i d reservoir at 

some temperature at which the vapour pressure i s much higher 

than required (say at room temperature or Just below i t ) , and 

to rely on the "resistance" of a oapillary connection to reduce 

the pressure to the desired value. Used by i t s e l f this method 
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i s re la t ive ly In f l ex ib l e , and controlled variat ion of the 
pressure Is not easily carried out. 

I f the l i q u i d i s maintained at constant temperature, 

use of a valve or tap is the only means of pressure variat ion 

which presents i t B e l f . The simplest method i s to modify an 

ordinary glass tap by scoring two grooves on the ground 

surface of the key. Each groove is at the level of the side 

arms on the barrel , and runs, i n the same direct ion, from one 

end of the central hole about half way round towards the other 

end. The length of the capil lary leak thus formed can be 

altered by a s l ight turn of the tap key. The length of the 

grooves i s l imi ted so that there i s one setting of the tap 

where I t cuts o f f completely. One disadvantage of th is control 

method is that the groove tends to get clogged up with grease. 

The other is that a l l of the vapours whose use i s proposed 

dissolve very readily In hydrocarbon tap greases (e.g. Aplezon 

products). These oannot, therefore, be used, f o r the stage i s 

very quiokly reached where the vapour pressure of the substance 

i n the reaction zone is appreciable even when the tap i s shut. 

Within a few days the grease becomes so mobile that I t runs out 

of the tap, wi th deleterious effeots on the vacuum. Lead 

tetraethyl was found to be par t icular ly bad i n th i s respect. 

Other tap greases were t r i e d . F i r s t , a sample of 

the old-fashioned Bsugar t t grease was obtained from Dr.L.Tordal. 

This grease had the composition mannitol (1.7), dextrol (3«5)> 
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glyoerol (12.0), where the figures In braokets represent 

parts by weight. This mixture Is quite resistant to the 

a lky l halides, but I t has two disadvantages. F i r s t l y , i t 

rapidly becomes s t i f f , and needs replacement at frequent 

intervals . Secondly, i t i s extremely hygrosooplo. During 

i t s preparation, therefore, oare must be taken both with 

start ing materials and with experimental conditions. And 

i n subsequent storage i t must be protected as f a r as possible 

from the atmosphere. Even so, i t seems to absorb water vapour 

a f t e r a time. When th is has happened a good vacuum is almost 

impossible of achievement. I f th is grease is used i t must be 

proteoted from the atmosphere by a l i be r a l coating of petroleum 

Jel ly placed on the outside of the tap at points where the 

grease would otherwise be exposed. The use of th i s grease was 

also discontinued a f te r a time. 

Dow-Corning silicone grease (high vacuum quality) was 

also used. This grease has the general disadvantage that i t 

tends to "run", but i t seems to be f a i r l y resistant to organlo 

vapours (see, however, p . /57) . This grease was used on the 

main apparatus on the tap isola t ing the iodide reservoir from 

the rest of the apparatus during "shut down" periods. At 

these times the storage vessel was kept immersed i n a Dewar 

f lask whioh was replenished, at least once or twice a day, with 

l i q u i d nitrogen. 
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A variety of designs f o r "greaseless" valves has 

been published. These often seem to be rather complicated 

i n design, or f r a g i l e , and the simpler ones often Involve 

the use of mercury, which was to be avoided i n these 

experiments as f a r as possible. A new greaseless " c u t - o f f n 

valve, employing a plast ic diaphragm i n an otherwise a l l 

metal construction, has recently oome on to the market. I t 

can be sealed to a glass apparatus by means of "Housekeeper" 

copper to glass seals. I f the plast ic diaphragm proved 

i n s u f f i c i e n t l y resistant to these vapours, a metal one could 

be used. This, however, i s not quite so vaouum t i g h t . 

This tap would, however, prove very useful on the high 

pressure storage side of a system such as the one under 

consideration, as i t would obviate the neoesslty f o r the 

da l ly v i s i t s to r e f i l l the Dewar f l a sk . 

For aotual pressure control, however, attention was 

directed to the poss ib i l i ty of regulating the temperature of 

the l i q u i d . I f this i s satisfactory, re la t ive ly wide 

oonneotions between storage vessel and source are s u f f i c i e n t . 

The ef fec t on pressure of minor temperature f luctuations can 

be reduced by the introduction of a "ballast" vessel into 

the l ine ( o . f . f i g . 2 6 ) . 

Lead tetraethyl , methyl iodide, ethyl iodide, have 

a vapour pressure of 0.1 mm.Hg. at temperatures approximately 

-8, -98, -79°C, respectively. The figures f o r the iodides 
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were obtained by graphical extrapolation on semi-log. paper 

of data taken from a paper by S tu l l (124), and checked with 

f igures given In Sanderson's book (125). Neither of these 

figures are absolutely certain, although of the two, more 

reliance can be placed i n the one f o r ethyl Iodide. The 

melting point of this substance i s -105°C, and thus the 

only uncertainty is involved i n the rather long extrapolation 

to temperatures well below those f o r whioh experimental data 

are available. At -98°C, methyl Iodide i s so l id (M.P. 

- 6 4 ° C ) . Since no figures are available f o r vapour pressures 

i n t h i s state, estimates are correspondingly less re l iab le . 

Three figures f o r the bo i l ing point of lead tetraethyl were 

found, one from each of three d i f fe ren t standard reference 

books (Landolt-Bornstein, Lange's handbook, and I . C . T . ) . 

Vapour pressure estimates f o r th is compound were made by 

extrapolation of these three figures In the same way as f o r 

the iodides. In this case there seems to be no recorded 

melting point, presumably because the substanoe must always 

freeze to a vitreous condition. 

"Slush" baths may be devised (125) which w i l l provide 

a steady temperature f o r periods of about half an hour. They 

are not suitable f o r longer periods, however, as violent 

temperature fluctuations are oaused during the process of 

re-freezing. Moreoever, at temperatures below about -6o°C, 

there are few organic l iquids which are suitable f o r the 
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maintenance of a steady pre-determlned temperature, and the 

Intervals between available temperatures are rather large, 

and do not constitute regular steps, 

A moderately satisfactory control was achieved 

i n the fol lowing manner. The storage vessel, which was 

constructed of glass tubing about 2 cm. diameter, was 

surrounded by a pleoe of copper tubing, closed at one end 

and rather larger in diameter. The intervening space was 

f i l l e d with f i n e l y granulated copper i n order to provide some 

sort of thermal contact. This assembly was cooled down with 

either l i q u i d nitrogen or an acetone-solid carbon dioxide 

bath. The Dewar vessel which contained th is could be raised 

or lowered as the need arose. The tube was f i r s t cooled 

rapidly by raising the Dewar as f a r as i t would go. When 

the temperature had f a l l e n almost to the required value, the 

f lask was lowered by stages u n t i l the heat loss from the tube 

to the coolant was Just balanced by the heat gained by the 

exposed part of the copper tube from the surroundings. 

Alternat ively, the coolant could be maintained at a constant 
i 

height, and the heat input varied by passing current through 

a few turns of nlchrome wire wrapped round the top of the 

tube. The heater was insulated from the copper with a few 

layers of asbestos paper. Control was not very close, 

however, as the arrangement has an appreciable time lag 

because of i t s re la t ive ly high thermal capacity. The best 
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c o n t r o l a t t a i n e d was a b o u t + 3 ° a t - 5 5 ° C . o v e r a p e r i o d o f 

abou t an h o u r . To a t t a i n even t h i s t h e a r rangement r e q u i r e d 

c o n s t a n t a t t e n t i o n , p a r t i c u l a r l y when l i q u i d n i t r o g e n was 

u sed , s i n c e an a p p r e c i a b l e d r o p i n t h e c o o l a n t l e v e l had t h e 

same e f f e c t as was o b t a i n e d by l o w e r i n g the f l a s k . The r a t e 

o f consumpt ion o f l i q u i d n i t r o g e n was h i g h . 

The d e v i c e i n s t a l l e d on t h e ma in a p p a r a t u s was, 

however , much more s a t i s f a c t o r y . Two o f t he se were 

c o n s t r u c t e d . The f i r s t , w h i c h was used i n t h e m o l e o u l a r 

beam e x p e r i m e n t s , was a f a i r l y c l o s e copy o f t h e d e s i g n 

p u b l i s h e d by Comstock and R o l l e f s o n (126) . The second, 

w h i c h was used o n l y on t h e a u x i l i a r y a p p a r a t u s , i n c o r p o r a t e d 

some s l i g h t m o d i f i c a t i o n s i n an a t t e m p t t o i m p r o v e i t s 

o p e r a t i o n even f u r t h e r . A s i m i l a r p i e c e o f equ ipment has 

been used by M i l l e r and S t e a o l e (127) , who c a l l i t "a t r a p 

s i m i l a r t o t h e Ward s t i l l " ( 1 2 8 ) . I n t h e p r e s e n t i n v e s t i g a t i o n s 

i t has been named a l o w t e m p e r a t u r e t h e r m o s t a t . 

I n b r o a d p r i n c i p l e i t s mode o f o p e r a t i o n bea r s some 

s i m i l a r i t y t o t h e d e v i c e a l r e a d y o u t l i n e d . T h a t i s , the 

t e m p e r a t u r e i s m a i n t a i n e d by b a l a n c i n g t h e h e a t i n p u t a g a i n s t 

t h e h e a t l o s s t o t h e c o o l a n t . B o t h o f these v a r i a b l e s a r e , 

however , much more f i n e l y c o n t r o l l e d , o v e r a much g r e a t e r 

range o f t e m p e r a t u r e s . 

The l i q u i d s t o r a g e v e s s e l was s e a l e d I n t o a g l a s s 

o u t e r J a c k e t t o w h i c h was a t t a c h e d a two-way g l a s s t a p ( f i g . 2 6 ) . 
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One l e a d o f t h i s t a p was conneo ted t o t h e a u x i l i a r y h i g h 

vacuum sys tem a t A ( f l g . 1 3 , V."2- ) , t h e o t h e r was drawn 

down t o a c a p i l l a r y o p e n i n g w h i c h made i t p o s s i b l e t o l e t 

any d e s i r e d q u a n t i t y o f a i r s l o w l y i n t o t h e J a c k e t space . 

The whole assembly was immersed i n a c o o l a n t , u s u a l l y l i q u i d 

n i t r o g e n . 

S ince t h e c o n d u c t i v i t y o f t h e a i r space depends 

on t h e p r e s s u r e , a t l o w p r e s s u r e s , t h e r a t e o f h e a t l o s s f r o m 

t h e r e s e r v o i r t o t h e c o o l a n t c o u l d t h u s be c o n t r o l l e d . Hea t 

i n p u t was p r o v i d e d by a s h o r t l e n g t h o f n lchrome t ape 

( r e s i s t a n c e about 12 S).) wrapped a r o u n d t h e r e s e r v o i r , and 

s i l v e r s o l d e r e d t o two coppe r l e a d s w h i c h were waxed i n t o 

c a p i l l a r y s i d e a rms . W i t h l i q u i d n i t r o g e n as c o o l a n t , a 

t e m p e r a t u r e o f -50°C« w a s e a s i l y m a i n t a i n e d w i t h a h e a t e r 

c u r r e n t o f about 0.2 amp and a good vacuum i n t h e J a c k e t 

( < 10~4 m m . H g . ) . The hea t i n p u t was t h e r e f o r e o f t h e o r d e r 

o f 1/2 w a t t , and t h e c o n s u m p t i o n o f c o o l a n t was q u i t e l o w . 

The r e s e r v o i r t e m p e r a t u r e , as measured by a c o p p e r - c o n s t a n t a n 

t h e r m o c o u p l e i n s e r t e d down t h e t h i n r e - e n t r a n t t u b e l y i n g 

be tween r e s e r v o i r and h e a t e r , seemed t o be r e l a t i v e l y 

i n s e n s i t i v e , between q u i t e wide l i m i t s , t o t he c o o l a n t l e v e l . 

The method o f o p e r a t i o n was as f o l l o w s : S u f f i c i e n t 

a i r was l e t i n t h r o u g h t h e two-way t a p t o g i v e a p r e s s u r e o f 

a f e w m i l l i m e t e r o f m e r c u r y , as measured by a m e r c u r y manometer 

a t t a o h e d t o t h e s i d e - a r m ( f i g . 2 6 ) . The a r rangement was t h e n 
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immersed i n t h e c o o l a n t u n t i l t he t e m p e r a t u r e was as l o w as 

p o s s i b l e . i t was necessa ry t o w a i t abou t 15 t o 20 m i n u t e s 

a f t e r t h i s h a d been a t t a i n e d b e f o r e p r o c e e d i n g t o t h e n e x t 

s t e p , t o be su re t h a t t h e i n t e r i o r o f t h e d e v i c e had become 

p r o p e r l y c o o l . Then t h e h e a t e r o u r r e n t was a d j u s t e d t o 

t h e r e q u i r e d v a l u e and t h e J a c k e t pumped p u t t o t h e r e q u i r e d 

p r e s s u r e . Once e q u i l i b r i u m was a t t a i n e d , t h e t e m p e r a t u r e 

r ema ined s e n s i b l y c o n s t a n t f o r as l o n g as t he s u p p l y o f 

c o o l a n t was m a i n t a i n e d . The t e m p e r a t u r e d i d t e n d t o d r o p 

s l i g h t l y when v a p o u r was b e i n g w i t h d r a w n , bu t t h i s c o u l d 

e a s i l y be compensated by a s l i g h t a d j u s t m e n t o f t h e h e a t e r 

c u r r e n t . 

B e f o r e t h e d e v l o e was f i n a l l y i n s t a l l e d , a comple t e 

c a l i b r a t i o n was c a r r i e d o u t . The r e s u l t s a re i l l u s t r a t e d i n 

f i g u r e 6, w h i c h shows t h e J a c k e t p r e s s u r e as a f u n c t i o n o f 

t he rmocoup le t e m p e r a t u r e f o r a s e r i e s o f h e a t e r o u r r e n t s up 

t o 0.35 arcp* T n e t he rmocoup le had been r o u g h l y c a l i b r a t e d 

a g a i n s t a pentane t h e r m o m e t e r . The t h e r m o s t a t c a l i b r a t i o n was 

c a r r i e d o u t u s i n g b o t h l i q u i d n i t r o g e n and ace tone - " d r l k o l d " 

as c o o l a n t s . I t w i l l be seen t h a t a much g r e a t e r t e m p e r a t u r e 

range i s a v a i l a b l e when l i q u i d n i t r o g e n i s u s e d . C u r r e n t s 

g r e a t e r t h a n 0.3 amp. a re n o t d e s i r a b l e as t h e y cause the 

c o o l a n t t o b o l l away r a t h e r t o o r a p i d l y . When r e l a t i v e l y 

h i g h t e m p e r a t u r e s a re r e q u i r e d , t h e r e f o r e , i t i s b e t t e r t o 

change o v e r t o t h e " d r i k o l d " m i x t u r e . L i q u i d n i t r o g e n i s 
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more c o n v e n i e n t ten use , however . The 0.C5 amp. c u r v e l i e s 

v e r y c l o s e t o t h e c u r v e f o r no c u r r e n t a t a l l . 

T h i s c h a r t was f o u n d v e r y u s e f u l f o r d e o i d i n g on 

t h e o p e r a t i n g c o n d i t i o n s . The t e m p e r a t u r e neeessa ry f o r 

t h e r e q u i r e d vapour p r e s s u r e was d e t e r m i n e d by c o n s u l t i n g 

t h e s e m i - l o g e x t r a p o l a t i o n s r e f e r r e d t o on p . 7/ . Economy 

o f c o o l a n t was a o h l e v e d by c h o o s i n g t h e Jaoke t p r e s s u r e 

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

The d e v i c e responded f a i r l y q u i c k l y t o changes I n 

h e a t e r o u r r e n t , and t h e r e f o r e i t was f o u n d n e c e s s a r y t o use 

a s t a b l e v o l t a g e s u p p l y . T h i s was, f o r a t i m e , a c h i e v e d b y 

means o f a " V a r l a c " c o n n e c t e d t o t h e s t a b i l i s e d 240 V . s u p p l y . 

The o n l y a v a i l a b l e V a r l a c d i d n o t , however , a l l o w f o r v e r y 

f i n e c o n t r o l . I t was t h e r e f o r e changed f o r a f i x e d t r a n s f o r m e r , 

c o n n e c t e d s t i l l t o t h e s t a b i l i s e d 240 V . , whose 6.3 V . and 4 V . 

w i n d i n g s were c o n n e c t e d so as t o g i v e a p p r o x i m a t e l y 10 V . o u t p u t . 

The c u r r e n t was c o n t r o l l e d by means o f a r h e o s t a t o f about 

100 - f t . t o t a l r e s i s t a n c e . 

The o n l y o b j e o t l o n t o t h i s d e v l o e was t h a t t h e 

sou rce p r e s s u r e , as measured by t h e t h e r m o c o u p l e gauge 

d e s c r i b e d i n t h e n e x t s e o t l o n , seemed t o depend t o a c e r t a i n 

e x t e n t on t h e q u a n t i t y o f l i q u i d i n t h e r e s e r v o i r . T h i s 

c o u l d be a s o r i b e d t o uneven h e a t i n g b y t h e n l c h r o m e w i r e 

because o f t he p o o r t h e r m a l c o n d u c t i v i t y o f t h e p y r e x g l a s s . 
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I n t h e seoond model an a t t e m p t was made t o overcome 

t h i s d e f e c t . The h e a t e r w i r e was r e p l a c e d b y a g l a s s t u b e 

w h i c h s l i p p e d o v e r t h e s t o r a g e v e s s e l , and e x t e n d e d f r o m some 

d i s t a n c e be low i t ( b u t w e l l c l e a r o f t h e b o t t o m o f t h e J a c k e t ) 

a l m o s t t o t h e t o p s e a l . T h i s t u b e was o o a t e d , f o r most o f 

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

by " b u r n i n g I n " a t h i n c o a t i n g o f " l i q u i d b r i g h t p l a t i n u m " 

s o l u t i o n o b t a i n e d c o m m e r c i a l l y ( c . f . method f o r mak ing " o f e n " 

h e a t e r s , r e f . 1 0 8 , p . 7 6 7 ) . By a p r o c e s s of t r i a l and e r r o r i t 

was f o u n d p o s s i b l e t o p roduce a c o a t i n g , about 13 cm. l o n g , 

w h i c h was r e a s o n a b l y u n i f o r m and had a r e s i s t a n c e o f 10 . 

I f t h e r e s i s t a n c e was t o o l o w , i t c o u l d be r a i s e d s l i g h t l y by 

h e a t i n g w i t h a f l a m e , b u t c a r e was needed because t h e p l a t i n u m 

o o a t e d g l a s s r a p i d l y became h o t enough t o b e n d . Once t h i s 

happened, a f r e s h s t a r t had t o be made. Adequate o o n t a o t 

w i t h t h i s d e p o s i t was o b t a i n e d by f i r s t b u r n i n g i n s e v e r a l 

t h i o k c o a t i n g s o f p l a t i n i s i n g s o l u t i o n a t each e n d , t h e n 

t w i s t i n g a p l a t i n u m l e a d round the t h i c k e n e d p o r t i o n , and 

f i n a l l y b u r n i n g i n a n o t h e r f e w c o a t i n g s a t t h e s e two p l a c e s . 

The p l a t i n u m l e a d s were t h e n s e a l e d i n t o c a p i l l a r y s i d e arms 

on t h e vacuum J a c k e t w i t h b l a c k wax as b e f o r e . These l e a d s 

s e r v e d a l s o as s u p p o r t s f o r t he h e a t e r t u b e . 

A t t h e same t i m e t h e c o n s t r u c t i o n o f t h e I n n e r 

r e s e r v o i r was s i m p l i f i e d . The " t r a p " f o r m o f t h e f i r s t mode l 

was n o t r e a l l y n e c e s s a r y . I n s t e a d , t h e t h e r m o c o u p l e w e l l 
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was p l a c e d down t h e c e n t r e o f t h e t u b e , so t h a t I t s end r e s t e d 

I n t h e l i q u i d . T h i s had t h e advantage t h a t , n o t o n l y was t h e 

t h e r m o c o u p l e now w e l l away f r o m t h e h e a t e r , t h u s measu r ing t h e 

a c t u a l t e m p e r a t u r e o f t h e l i q u i d , and n o t s o m e t h i n g a p p r o x i m a t i n g 

t o i t , b u t t h e a r rangement was now c o m p l e t e l y s y m m e t r i c a l about 

a v e r t i c a l a x i s , w i t h a c o r r e s p o n d i n g Improvement i n t h e 

t e m p e r a t u r e g r a d i e n t s . 

T h i s model a l s o worked w e l l b u t , because o f t h e 

g r e a t e r t h i c k n e s s o f g l a s s , i t s response t o c h a n g i n g c o n d i t i o n s 

was s l o w e r . I n some r e s p e c t s t h i s i s an advantage - e . g . when 

a s t e a d y t e m p e r a t u r e i s t o be m a i n t a i n e d - b u t i t g r e a t l y 

i n c r e a s e d the s t a r t i n g up t i m e . P r o v i d e d t h a t a more s u i t a b l e 

method o f mak ing f i r m c o n t a c t w i t h t h e c o a t i n g can be d e v i s e d , 

a f u r t h e r improvement w o u l d be t o d e p o s i t t h i s o o a t l n g d i r e o t l y 

on t o t h e o u t s i d e o f t h e r e s e r v o i r b e f o r e c o n s t r u c t i o n i s 

c o m p l e t e d . 

Source P r e s s u r e Measurement 

S ince t h e source p r e s s u r e i s such a c r i t i c a l f a c t o r 

i n m o l e c u l a r beam w o r k , i t was deemed necessary t o p r o v i d e 

some means o f m e a s u r i n g i t d i r e c t l y , and n o t s i m p l y t o r e l y on 

t h e i n d i r e o t method o f measu r ing t h e t e m p e r a t u r e o f t h e l i q u i d . 

I n any system where a gas i s b e i n g pumped a l o n g a t ube t h e r e 

i s a s t e ady f a l l o f p r e s s u r e . I t i s t h e r e f o r e d e s i r a b l e t o 

p l a o e t h e manometer as o l o s e t o t h e s i l t as p o s s i b l e . W i t h 

t h e appa ra tus as c o n s t r u c t e d ( C h a p t e r V ) t he c l o s e s t p o s s i b l e 
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p o s i t i o n was some c o n s i d e r a b l e d i s t a n c e f u r t h e r away t h a n i t 

s h o u l d be f o r p r e f e r e n c e . S ince t h e geomet ry o f t h e 

ar rangement i s r a t h e r c o m p l i c a t e d , no a t t e m p t has been made 

t o e s t i m a t e t h e e x p e c t e d p r e s s u r e d r o p between t h e manometer 

and the r e a c t i o n chamber. B u t , as t h e s l i t i s w i t h o u t doub t 

t h e n a r r o w e s t p a r t o f t h e sys tem, i t was c o n s i d e r e d p o s s i b l e 

t h a t i t i s n o t g r e a t . 

Beoause o f t h e i m p o r t a n c e o f h i g h s o u r c e c o n c e n t r a t i o n s , 

however , t h i s i s a m a t t e r w h i c h s h o u l d r e c e i v e f u r t h e r a t t e n t i o n 

when an a p p a r a t u s o f new d e s i g n i s b e i n g c o n s i d e r e d . 

The p r e s s u r e range t o be measured i s an awkward one 

f r o m an i n s t r u m e n t a l p o i n t o f v i e w . What i s r e a l l y r e q u i r e d 
. 2 

i s a d e v i c e w h i c h i s most s e n s i t i v e i n t h e range 1.0 t o 10 

mm.Hg. 

The McLeod gauge canno t be used , f o r i t i s d e s i r e d 

t o measure t he p r e s s u r e o f c o n d e n s i b l e v a p o u r s a n d , i n any 

case , m e r c u r y canno t be a l l o w e d i n t h e main vacuum sys tem. 

I t i s p o s s i b l e , w i t h t h e a i d o f s u i t a b l e e l e c t r o n i c 

d e v i o e s , t o e x t e n d the range o f t h e B o d e n s t e l n q u a r t z s p i r a l 

gauge. T h i s i s b e s t u sed , however , as a n u l l I n s t r u m e n t , and 

w o u l d l e a d t o u n d e s i r a b l e c o m p l i c a t i o n s i n an a p p a r a t u s w h i c h 

i s a l r e a d y s u f f i c i e n t l y e l a b o r a t e . 

The b e s t s o l u t i o n was t h o u g h t to be a h o t w i r e 

manometer o f t h e P i r a n i t y p e . I n t h e i n t e r e s t s o f s i m p l i c i t y 

I t was d e c i d e d t o s a c r i f i c e a o e r t a i n amount o f s e n s i t i v i t y and 
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t r y t h e t h e r m o c o u p l e gauge . 

T h i s i s a m o d i f i c a t i o n o f t h e P l r a n i gauge i n w h i c h 

t h e t e m p e r a t u r e o f t h e h e a t e d w i r e i s measured by means o f a 

t h e r m o c o u p l e a t t a o h e d t o I t s o e n t r e . I f no g r e a t s e n s i t i v i t y 

i s r e q u i r e d i t i s s u f f i c i e n t t o connec t t h e t h e r m o c o u p l e l e a d s 

d i r e o t l y t o a mlcroammeter ( o r m l l l l v o l t m e t e r ) . The o n l y 

o t h e r equipment r e q u i r e d i s an a c c u m u l a t o r (2 V . o u t p u t ) , a 

m e t e r t o measure t h e h e a t e r c u r r e n t , and a r h e o s t a t t o 

c o n t r o l i t . The e x t e r n a l c i r c u i t i s shown i n f i g . Z6f 

a t t a o h e d t o a d r a w i n g o f t he most r e c e n t model c o n s t r u c t e d . 

I t was f o u n d t h a t t h e most s e n s i t i v e range o f t h i s 

gauge i s f r o m 10"*̂  t o l C f " 2 mm.Kg. I t w i l l , however , i n d i c a t e 

p r e s s u r e s f r o m about 4.10"**'' t o 2.10""̂  mm.Hg. w i t h r e a s o n a b l e 

c e r t a i n t y . The s e n s i t i v i t y i n t h e h i g h p r e s s u r e range can be 

i n c r e a s e d by t h e use o f a s u i t a b l e e l a b o r a t i o n o f the a s s o c i a t e d 

e i r c u l t ( see 129,130,131). 
I n d e s i g n i n g such a gauge, t h e c o n d i t i o n s f o r 

maximum s e n s i t i v i t y w i l l be v e r y s i m i l a r t o t h o s e s e t ou t b y 

F r a s e r ( r e f . 103 , PP.37-40) f o r t h e P i r a n i gauge . 

"End e f f e c t s " a re m i n i m i s e d by mak ing t h e w i r e s , b o t h 

h e a t e r and t h e r m o c o u p l e , as l o n g and as f i n e as p o s s i b l e . 

T h i s ensures t h a t hea t l o s s e s by gaseous c o n d u c t i o n p r e d o m i n a t e 

o v e r m e t a l l i c c o n d u c t i o n . T h i n r i b b o n l i k e w i r e s , by i n c r e a s e d 

s u r f a o e a r e a , w o u l d i n c r e a s e t h i s t endency even more ( o . f . , 

however , 131). P i n e n i c k e l r i b b o n w h i c h c o u l d be used f o r 
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t h e h e a t e r was a v a i l a b l e , b u t t h e r e was l i t t l e p o i n t i n u s i n g 

such a t h i n h e a t e r when e q u a l l y t h i n m a t e r i a l f o r t h e t h e r m o 

c o u p l e was n o t a v a i l a b l e . The h e a t e r was t h e r e f o r e 

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

( a p p r o x i m a t e d i a m e t e r 0 .C8 mm. ) , and t h e the rmocoup le of one 

l e n g t h o f t h i s w i r e and a l e n g t h o f c o p p e r w i r e o f comparable 

d i a m e t e r . B o t h t y p e s o f w i r e were c o a t e d , t h e one w i t h 

c o t t o n , t h e o t h e r w i t h l a c q u e r . T h i s i n s u l a t i o n was o a r e f u l l y 

s c r aped o f f b e f o r e a s sembly . 

Heat l o s s by r a d i a t i o n must a l s o be k e p t t o a 

minimum. T h i s i s a o h i e v e d , f i r s t l y , b y u s i n g w i r e s w h i c h 

a re as h i g h l y p o l i s h e d as p o s s i b l e , and s e c o n d l y , by o p e r a t i n g 

a t t h e l o w e s t c o n v e n i e n t t e m p e r a t u r e . The ease w i t h w h i c h t h e 

v a p o u r s a re p y r o l y s e d a l s o p l a c e s an uppe r l i m i t on t h e amount 

o f h e a t e r c u r r e n t . As a g a i n s t t h i s , i f t h e w i r e t e m p e r a t u r e , 

f o r t h e l o w e s t p r e s s u r e s , I s n o t v e r y g r e a t , t h e maximum r e a d i n g 

on t h e t h e r m o c o u p l e m e t e r w i l l n o t be s u f f i c i e n t t o a l l o w o f 

adequate s e n s i t i v i t y i n t h e p r e s s u r e r e a d i n g s . I n p r a c t i c e , 

s i n c e t h e w i r e s were f i x e d t o g e t h e r w i t h s o f t s o l d e r (MP ^ 

2 0 0 ° C ) , t h e h e a t e r c u r r e n t was r u n a t a v a l u e w h i c h 

e x p e r i e n c e showed was J u s t i n s u f f i c i e n t t o m e l t t h e s o l d e r a t 

p r e s s u r e s l e s s t h a n 10~4 mm.Hg. When a p p r e c i a b l e p r e s s u r e s 

o f i o d i d e were p r e s e n t , t h e t e m p e r a t u r e was c o r r e s p o n d i n g l y 

l e s s . A f t e r one y e a r ' s o p e r a t i o n t h e r e was no v i s i b l e 

ev idenoe o f i o d i n e l i b e r a t i o n unde r t he se c o n d i t i o n s . The 
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o n l y m e t e r a v a i l a b l e had an I n t e r n a l r e s i s t a n c e o f 186 -A. 

(-50 t o 0 t o 4 50 j o A . ) . A me te r w i t h l o w e r r e s i s t a n c e 

w o u l d g i v e a s l i g h t I n c r e a s e o f s e n s i t i v i t y . 

The t e m p e r a t u r e o f t h e w a l l s must be as l o w as 

p o s s i b l e . T h a t i m m e r s i o n i n l i q u i d n i t r o g e n has an a p p r e c i a b l e 

e f f e o t was d e m o n s t r a t e d w i t h some o f t h e e a r l i e r t r i a l models 

d u r i n g c a l i b r a t i o n runs w i t h a i r . However, t h i s i s n o t 

p o s s i b l e when o o n d e n s l b l e gases a r e b e i n g u s e d . I t was 

f o u n d a l s o t h a t v a r i a t i o n s i n room t e m p e r a t u r e had an 

a p p r e c i a b l e e f f e c t on t h e r e a d i n g . T h i s i s due , no d o u b t , 

p a r t l y t o t h e e f f e c t on t h e t e m p e r a t u r e g r a d i e n t f r o m w i r e t o 

w a l l m e n t i o n e d by F r a s e r , and a l s o t o t h e e f f e o t o n t h e v i r t u a l 

c o l d J u n c t i o n o f the t h e r m o c o u p l e , w h i c h w o u l d be e i t h e r a t t h e 

m e t e r t e r m i n a l s o r a t t h e t u n g s t e n s e a l s l e a d i n g i n t o t h e 

vacuum. T h i s e f f e o t was k e p t t o a minimum i n t h e f i n a l model 

by s u r r o u n d i n g i t w i t h a w a t e r J a c k e t w h i c h was i n s e r i e s w i t h 

t h e d i f f u s i o n pump w a t e r s u p p l y . The t u n g s t e n s e a l s f o r t h e 

t he rmocoup le l e a d s were mounted i n a r e - e n t r a n t s e a l i n o r d e r 

t h a t t hey s h o u l d be w e l l w i t h i n t h e body o f t h e gauge. 

There i s one f i n a l p o i n t no t m e n t i o n e d b y F r a s e r 

( c . f . 1 3 1 ) . S ince t h e s e n s i t i v e range of t h e gauge seems t o 

be i n t h a t p r e s s u r e r e g i o n where t h e mean f r e e p a t h o f the gas 

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

an a t t e m p t was made t o c o n s t r u c t a gauge where t h i s d i s t a n c e 

was as s m a l l as p o s s i b l e . T h i s s h o u l d s h i f t the s e n s i t i v e 
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range t o s l i g h t l y h i g h e r p r e s s u r e s . W i t h i n t h e l i m i t s 

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

o f t h e two d e s i g n s , t h e v a r i a t i o n was i n t h e e x p e c t e d d i r e c t i o n . 

Of t h e d e s i g n s t r i e d , o n l y two were a t a l l 

s u c c e s s f u l . The m a j o r f e a t u r e o f t h e f i r s t was t h a t i t was 

mounted w i t h a l l f o u r t u n g s t e n s e a l s a t t h e one e n d . These 

f o u r w i r e s were a r r a n g e d a t t h e o o r n e r s o f a square i n t h e 

w e l l o f a r e - e n t r a n t s e a l a f f i x e d t o a B .29 g l a s s cone . 

The s ea l p r o t r u d e d s l i g h t l y be low t h e end o f t h e oone . The 

w e l l was f i l l e d w i t h E v e r e t t 1 s wax, w h i o h s e r v e d t o p r o t e c t 

t h e s e a l s f r o m breakage b y h o l d i n g t h e copper l e a d s f i r m l y , 

and a t t h e same t i m e was an " i n s u r a n c e " a g a i n s t t h e deve lopment 

o f c r a c k s i n t h e g l a s s . The t u n g s t e n w i r e s were i n p a i r s , a t 

o p p o s i t e c o r n e r s o f t h e squa re . The two l o n g ones , o f 1 mm. 

d i a m e t e r f o r r i g i d i t y , were h e l d a p a r t a t t h e f r e e end w i t h a 

g l a s s space r . I m m e d i a t e l y b e l o w t h i s t h e h e a t e r was s o l d e r e d . 

The two t h e r m o c o u p l e w i r e s were s o l d e r e d t o t h e s h o r t t u n g s t e n 

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

f a c i l i t a t e d by p r i o r a p p l i c a t i o n o f a l a y e r o f s i l v e r s o l d e r . 

C o n n e c t i o n t o t h e vacuum was made t h r o u g h t h e f r e e end o f t h e 

c o r r e s p o n d i n g s o c k e t , w h i c h s e r v e d as t h e o u t e r w a l l o f t h e 

gauge . T h i s model h a d t h e advantage t h a t , s h o u l d t h e w i r e s 

b u r n ou t o r become u n s o l d e r e d , i t was a s i m p l e m a t t e r t o 

r e p l a o e t h e m . I t had t h e d i s a d v a n t a g e t h a t t h e w i r e t o w a l l 

d i s t a n o e was r e l a t i v e l y l a r g e , and t h a t t h e presenoe o f t h e 
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J o i n t n e c e s s i t a t e d the use o f some s e a l i n g compound. I t 

was f o u n d t h a t b l a c k wax was t h e l e a s t o b j e c t i o n a b l e p r o v i d e d 

t h a t i t was n o t p e r m i t t e d t o e x t e n d r i g h t up t o t h e vacuum 

s i d e o f t h e J o i n t . Even t h i s , however , was c a p a b l e o f 

a b s o r b i n g q u a n t i t i e s o f t h e v a p o u r i f t h e p r e s s u r e were 

a l l o w e d t o r i s e t o o f a r . 

When e x p e r i e n c e h a d been a c q u i r e d i n t h e o p e r a t i o n 

o f t h e gauge i t was no l o n g e r n e c e s s a r y t o p r o v i d e f o r t h e 

r e - m o u n t i n g o f t he w i r e s . I n t h e l a t e r m o d e l , t h e r e f o r e , t h e 

two p a i r s o f l e a d s were s e a l e d i n a t o p p o s i t e ends . The 

l e n g t h o f t h e w i r e s was a t t h e same t i m e 1 no r eased , and t h e 

o t h e r improvements a l r e a d y m e n t i o n e d were i n c o r p o r a t e d (see 

f i g . 2 6 ) . 

The gauges were c a l i b r a t e d w i t h a i r a g a i n s t a 

McLeod gauge on t h e t e s t a p p a r a t u s ( f i g . 1 3 ) . The t r a p was 

k e p t c o l d t o p r e v e n t me rou ry f r o m r e a c h i n g t h e t e s t s e c t i o n . 

T y p i c a l c u r v e s a re shown i n f i g u r e 8. Curve a i s t h a t f o r 

t h e f I r s t t y p e , c u r v e b j f o r the l a t e r one . 

As F r a s e r p o i n t s o u t , however , t h e response o f t h e 

gauge s h o u l d depend t o a c e r t a i n e x t e n t on t h e m o l e c u l a r 

w e i g h t and s p e c i f i c h e a t o f t h e g a s . The e x p r e s s i o n i n v o l v e s 

o n l y t h e square r o o t o f t he m o l e c u l a r w e i g h t , and i t m i g h t 

t h e r e f o r e be e x p e o t e d t h a t the e f f e c t wou ld n o t be l a r g e . 

N e v e r t h e l e s s i t was d e c i d e d t o t e s t t h i s p o i n t by a f u r t h e r 

c a l i b r a t i o n o f t h e second m o d e l , u s i n g e t h y l i o d i d e . The 
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vapour pressure curve previously referred to was taken as 
s u f f i c i e n t l y accurate f o r t h i s purpose. The follo w i n g 
melting points were also assumed to be oorrect: Toluene 
(Analar grade), -95°C; trichlorethylene, -86°C; n-butyl 
acetate, -76.8°C; chloroform, -63.5°C. (Lange«s Handbook). 

The arrangement i l l u s t r a t e d i n figure 9 was sealed 
to the " t e s t " vacuum l i n e (see figures 13,22). The taps were 
lubri c a t e d with silloone grease. 

The ethyl iodide was stored over anhydrous magnesium 
sulphate, together with a l i t t l e s i l v e r powder, i n vessel A. 
I t was frozen with l i q u i d nitrogen and the space above i t was 
pumped u n t i l the gauge showed maximum reading. Then, with 
tap T^ olosed, i t was allowed to melt. This procedure was 
repeated u n t i l no more gas bubbles formed on melting. I t was 
then assumed to have been out-gassed. 

A semi-froten slush of toluene was then prepared 
at the temperature thus defined (-95°C), ethyl iodide has a 
pressure of about 1*6 . lOn^and. i s i n the l i q u i d state. I t 
I s therefore safe t o pump i t continuously without r i s k of any 
great loss of material. This was done f o r several hours u n t i l 
the gauge reached a constant reading. I t was then assumed 
that the et h y l iodide was sensibly pure. With tap T 2 closed 
the e t h yl iodide was then transferred to vessel B. This was 
constructed with a re-entrant well Just wide enough to 
aooommodate oomfortably a pentane thermometer. This vessel 
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was then surrounded with a toluene slush bath, the taps were 
shut, and the pentane thermometer was plaoed i n the we l l 
together with a l i t t l e ethanol to provide thermal oontaot, 
A second pentane thermometer was plaoed i n the toluene bath 
close to the outside of the vessel, and i t s height was 
adjusted so that the two thermometer bulbs were approximately 
at the same l e v e l . The bath was s t i r r e d . As the toluene 
bath warmed up, the gauge and the two thermometers were read 
at frequent i n t e r v a l s . 

I t i s well known that pentane thermometers are not 
to be r e l i e d on f o r any great accuracy, neither over an 
appreciable temperature range nor f o r the same temperature on 
d i f f e r e n t days. To guard against t h i s the toluene melting 
curve was not followed f o r more than about ten degrees above 
i t 8 melting point. The temperature at which each thermometer 
remained steady f o r several readings was assumed to be the 
true melting point. ( I t was necessary that at least part of 
the two " f l a t s " should overlap i n time) The other readings 
were then corrected on th i s assumption. 

The same procedure was carr i e d out using cooling 
baths made with the other three compounds whose melting points 
were l i s t e d above. 

As was to be expected, the two thermometer readings 
did not always t a l l y , even when corrected f o r the appropriate 
steady temperatures. For, even though the temperature changed 
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only slowly, i t was quite l i k e l y that the i n t e r i o r of the 
well should lag behind the bath. I t was assumed, however, 
that the " e f f e c t i v e " temperature of the ethyl iodide would 
l i e somewhere between the two measured l i m i t s . The gauge 
readings at the actual steady temperatures f o r the four 
cooling baths were taken, however, to be d e f i n i t e f i x e d 
points* 

The pressures corresponding to a l l the recorded 
temperatures were read o f f from the vapour pressure curve, 
and were p l o t t e d against the appropriate gauge reading. 
Where the two pressures f o r the one observation set d i f f e r e d , 
the two points were Joined by a v e r t i c a l l i n e . The 
c a l i b r a t i o n curve was then drawn as the l i n e of best f i t which, 
at the same time, passed through the four f i x e d points. The 
re s u l t i n g curve, without a l l the separate points, i s shown i n 
f i g u r e 8 (T0IJ)» The crosses represent the four f i x e d points. 
The oiroles I l l u s t r a t e the e f f e c t of a s l i g h t increase of a 
few degrees i n the water Jacket temperature (curve b j , a i r 
16°C, water 15.2°C; c i r c l e s , a i r 19°C, water 20.5°C). 
Reaction Unit 

A number of points had to be considered i n the design 
of the source u n i t f o r the beam apparatus. The sodium, which 
should be i n exoess over the whole reaction zone, should not 
oondense on the s l i t i t s e l f , but on the walls immediately 
preceding I t . The reaction chamber should have the largest 
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possible surface area I n order to minimise the density of 
the sodium Iodide deposit. The a l k y l Iodide should be 
Introduced at a point immediately opposite the s l i t , and as 
near to i t as i s consistent with other oonstruotlonal 
requirements. Provision must be made f o r heating i t , and 
f o r measuring i t s temperature. Since the whole u n i t was 
inside the collimator chamber, i t had to be designed so that 
i t could be removed, cleaned, and replaoed with the minimum 
of disturbance to the rest of the apparatus. Since the 
vacuum had to be l e t down to atmospheric pressure each time 
t h i s cleaning process was necessary, some means had to be 
devised f o r d i s t i l l i n g , and storing i n vaouo, the sodium 
metal, and f o r opening t h i s sodium to the reaction chamber 
by remote control once the vacuum had been restored. 

The early sodium flame experiments on the t e s t 
vacuum l i n e ( p p . ^ / 2 3 ) were carried out with a reaction un i t 
of the design shown I n f i g u r e 10a. The c a p i l l a r y was provided 
between the sodium chamber (lower) and the reaction chamber I n 
order to i n h i b i t baok d i f f u s i o n of the a l k y l iodide i n t o the 
sodium chamber during operation. For i t was thought that, i f 
a crust of sodium iodide were formed on the surface of the 
sodium, the rate of evaporation would be so muoh diminished 
that i n s u f f i c i e n t sodium would reach the reaction zone at the 
normal operating temperatures ( o . f . , however, p . # 9 ) . 
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When a c a r r i e r gas i s passed over the sodium, t h i s 
o a p l l l a r y serves i t s purpose very w e l l . However, i n these 
experiments i t was found that, i n the absence of a oar r i e r gas, 
the greatest amount of deposition took place on the end of the 
c a p i l l a r y with the re s u l t that i t soon became blocked. I n 
l a t e r (horizontal) models t h i s c a p i l l a r y was omitted altogether. 

The small well was placed i n the sodium chamber so 
that a thermocouple (chromel-alumel) could be placed close to 
the sodium. 

The reaction u n i t used i n the l a t e r t r i a l experiments 
(p./35), and i n the moleoular beam apparatus, was of the form 
i l l u s t r a t e d i n f i g u r e 10b. The reaotlon ohamber was blown 
out to a roughly spherical shape, s l i g h t l y f l a t t e n e d on top. 
The a l k y l iodide entered v i a the small bent tube whose o r l f i o e 
was plaoed d i r e c t l y opposite the s i l t . The distance from t h i s 
point to the s l i t was about 6 om. 

The extreme l e f t hand end was l e f t open u n t i l the 
sodium capsule had been introduced. I t was then sealed, 
taking care to avoid heating the capsule as f a r as possible. 
The unit was not, therefore, annealed a f t e r t h i s prooess. 
This omission did not subsequently prove to be deleterious. 
Connection to the s l i t system was made by means of an 
"extended" B.14 cone which f i t t e d i n t o a brass sooket, 
attached to the s l i t backing by means of a metal bellows. 
The Joint was l i g h t l y greased with s i l i c o n e . The glass 
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elongation served, to a certain extent, t o prevent the 
radicals from ooming i n t o contaot with the metal of the 
bellows. At the same time i t protected the bellows from 
the condensing sodium. 

Since the heating element was inside the vacuum 
ohamber, none of the usual types of i n s u l a t i o n could be used, 
A c o i l of stout "Kanthai" wire was f i n a l l y employed. This 
wire, approximately 1 mm. diameter, was s u f f i c i e n t l y r i g i d to 
support i t s own weight when hot. The c o l l s were arranged so 
that they were closest together at the sodium chamber end, 
and opened out s l i g h t l y towards the s l i t . This ensured that 
the temperature was greatest at the sodium capsule, where i t 
was needed to produce a good supply of vapour, and at the same 
time I t prevented the s l i t from beoomlng too hot. The 
reaction zone temperature was high enough to prevent the 
deposition of sodium i n that region. Most of the sodium 
deposited on the cone and i t s extension. The heater 
resistance was 5.9 J l ( c o l d ) . Current was drawn from the 50 V. 
A.C. supply, and controlled with a high watt "step" variable 
resistance. Maximum current used was Just under 4 emp* 

At the temperatures thus attained the walls of the 
sodium ohamber quite r a p i d l y became brown, probably by reaotlon 
with the hot sodium vapour. This phenomenon was observed i n 
a l l sodium flame experiments whenever the temperature 
approached 400°0. f o r any length of time. When the coloration 
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was removed by prolonged soaking I n water or ethanol, v i s i b l e 
signs of attack on the glass oould be observed. 

The oonstriotion between the reaction and sodium 
chambers served as an anohorage s i t e f o r the thermocouple, 
which was strapped i n t o plaoe with a length of f i n e borated 
copper wire. The thermocouple, the wire strap, and the 
heater leads, were a l l threaded through glass sleeving to. 
ensure th a t no accidental contacts took place. The Junction 
of the thermocouple was not at the hottest part of the furnaoe 
(see above). The sodium pressures estimated from the 
recorded temperatures are therefore l i k e l y to be low. This 
would only prove Important, however, i f quantitative measure
ments were to be undertaken. For q u a l i t a t i v e experiments, 
such as those undertaken i n t h i s work up to the present, i t 
i s probably s u f f i c i e n t to adjust the a l k y l halide pressure to 
the desired amount, and then to adjust the sodium furnace 
current u n t i l the resonance glow p e r s i s t s . The thermocouple 
i s then needed only as a guide to the temperature attained. 

The whole unit was, i n the beam apparatus, surrounded 
with a glass shield. This was constructed from tubing of 
s u f f i c i e n t diameter to enoompass the heater wire. A sl o t 
was "pulled" along the underside so that i t oould be s l i d well 
forward over the iodide lead. Shield and reaction unit were 
adjusted to be roughly co-axial by means of three supporting 
•feet". Two were poked i n t o the top of the s l i t end of the 
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shield, and rested on the f l a t t e n e d top of the reaction 
chamber. The t h i r d , at the bottom of the opposite end, 
was shaped to f i t over the Iodide lead at that point. This 
shield served, to some extent, to concentrate the heat from 
the c o l l on to the u n i t . 
Sodium P u r i f i c a t i o n 

When I t was t o be used f o r reactions on the te s t 
apparatus, the sodium was d i s t i l l e d d i r e c t l y i n t o the ohamber 
aocordlng to the f o l l o w i n g procedure: A piece of glass tubing 
was shaped, as I l l u s t r a t e d I n f i g u r e 11a, I n t o a series of 
f a i r l y thick-walled bulbs separated by "seal o f f " c o n s t r i c t i o n s . 
The l a s t c o n s t r i c t i o n was sealed to the reaction chamber. At 
the other end about 6 cm. of the o r i g i n a l tubing was l e f t 
unaltered. 

Lump sodium was out in t o small pieces and melted 
under b o i l i n g toluene. This removed the outer "skin" of the 
sodium, and l e f t i t as f a i r l y clean spheres. When the toluene 
had cooled I t was poured o f f , the sodium was washed several 
times with small quantities of petroleum ether (low-boiling 
f r a c t i o n ) , dried roughly w i t h f i l t e r paper, and transferred to 
the open end of the glass side arm. This was then sealed o f f 
and pumped out. 

The sodium was then gently heated w i t h the hand 
torch, using a luminous gas flame. As i t melted there was 
considerable evolution of gas. This probably oame from traces 
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of the various solvents whloh had been i n contact with the 
sodium and had not been completely removed by the f i l t e r 
paper. This explanation was supported by the formation of 
black deposits, which could be carbon and other decomposition 
produots, on the walls of the section i n t o which the sodium 
was f i r s t introduced. 

These deposits were v i s i b l e before the development 
of the brown coloration referred to above, and were cle a r l y 
distinguishable from i t . When t h i s i n i t i a l heating was not 
carried out very gently the sodium was often f o r o i b l y ejeoted 
along the ohaln of bulbs int o the sodium chamber. I t was 
also neoessary t o take care that the constrictions ahead of the 
heated zone were not blocked by condensing sodium. As each 
bulb was cleared of sodium, i t was sealed o f f and removed. 

Since t h i s was a very time consuming operation, 
alternative methods of d i s t i l l a t i o n were t r i e d . None was 
e n t i r e l y s atisfactory. Perhaps the best was t o replace the 
chain of bulbs by a v e r t i c a l pot. Near the bottom of t h i s 
a side arm was attaohed, v i a a seal-off oonstrlotIon, and 
arranged so that i t sloped s l i g h t l y down towards the pot. 
The sodium, cleaned as before, was placed i n t h i s side arm. 
When melted, i t r o l l e d down i n t o the pot, and the side arm 
was removed. D i s t i l l a t i o n i n t o the sodium chamber was ca r r i e d 
out by e l e c t r i c a l heating of the pot, which was sealed o f f and 
removed when s u f f i c i e n t quantity of sodium had been removed. 
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This process took place much more smoothly, but i t took 
rather longer and i t was s t i l l necessary to keep a constant 
watch on the co n s t r i c t i o n to make sure i t d i d not become 
blocked. When th i s occurred, i t was cleared by gentle 
heating with a f i n e gas flame. 

When required f o r use i n the beam apparatus, olean 
sodium was d i s t i l l e d i n t o a s l i g h t l y modified version of a 
device described by Sherwood (132). This consisted ( f i g . l l b ) 
of a small Dewar shaped vessel, approximately 4 cm. i n length 
and 2 cm. outside diameter, to which two connecting tubes were 
attached, by means of seal o f f constrictions. One was 
attached to the end where the "nipple" i s usually found on a 
Dewar f l a s k , the other was attached to the rim of the Dewar 
seal, 

A short length of duralumin rod was turned down on 
the lathe, f i r s t to a diameter which was Just too large to f i t 
i n the well of the capsule, and then i t was given a very s l i g h t 
taper. A "head" of rather larger diameter was l e f t at the 
thicker end. This provided a c y l i n d r i c a l surface which could 
be held f i r m l y i n the lathe f o r the " f i n i s h i n g " operations, 
and also proved useful as a fi n g e r hold during the f i n a l 
manipulations i n the laboratory. A hole was d r i l l e d down the 
centre to provide an e x i t path f o r water and carborundum during 
the grinding, and f o r a i r during subsequent evacuation. This 
tapered plug was then ground i n t o the wel l of the capsule with 



f i n e carborundum u n t i l i t s t i p Just started to mark the 
bottom. The carborundum was then thoroughly washed out. 
I f , on drying, the plug did not f i t t i g h t l y i n t o the w e l l , a 
small amount was removed from i t s t i p on the l a t h e . 

The capsule was then attached to the a u x i l i a r y 
vacuum system (figs.13,22) by one lead, usually at the Dewar 
seal end, and to the other end was attached one or other of 
the sodium d i s t i l l a t i o n systems already described. When 
su f f i c i e n t sodium had collected i n the capsule i t was sealed 
o f f and stored f o r subsequent use. 

When i t was desired to s t a r t an experiment, the 
"sodium furnace" was heated. Because of i t s high expansion 
c o e f f i c i e n t the duralumin usually succeeded i n cracking the 
capsule at some temperature between 100 and 200°C, as 
Intended. I n t r i a l experiments with empty oapeulee t h i s worked 
very w e l l , and the capsule was completely shattered. When i t 
contained sodium, however (usually to not more than one t h i r d 
of I t s l e n g t h ) , i t d i d not shatter quite so w e l l . The i n i t i a l 
oracks appeared on the w e l l at the expected temperature, but 
they did not spread very w e l l to the outside. I f the 
temperature was raised s u f f i c i e n t l y , however, a strong 
resonance glow eventually f i l l e d the reaction chamber. One 
possible explanation f o r t h i s i s that these oapsules had been 
too w e l l annealed a f t e r manufacture. I t had been found that 
a large number developed small cracks during the grinding 
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process, and so they were annealed by e l e c t r i c a l heating In 
an attempt to out down the wastage of e f f o r t . I t seems 
probable that a certain residual s t r a i n i n the glass i s 
desirable. 

In the course of experiments on the main apparatus 
i t was necessary to l e t the vacuum down every time a target 
was changed. Since contact with ordinary damp a i r would 
very quickly cause the oracks i n the oapsule to blook up, 
"special" nitrogen, oxygen free, was always used to f i l l the 
apparatus to atmospheric pressure onoe the. capsule had been 
broken. This was a slow process, but was well worth while 
i n that i t permitted the use of the one capsule f o r several 
runs. 
Preparation and Storage of A l k y l Iodide Samples 

A glass tap greased with silicone was the only means 
of i s o l a t i n g the storage section, which included the low 
temperature thermostat, from the rest of the souroe. Because 
the only pumping path was through the s l i t i n t o the collimator 
ohamber (see f i g . 24-), evaouation of the whole eouroe section 
was a slow process, especially when glass blowing had recently 
been oarried out. 

I t was therefore desirable to provide some arrangement 
whereby the a l k y l iodide oould be sealed on to the supply l i n e , 
and kept Isolated while the rest of the apparatus was being 
pumped down. A glass "break seal" was the most convenient 
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method of attaining t h i s obje otlve. Furthermore, the 
storage side of t h i s seal should also be evacuated, so that 
no rush of a i r takes plaoe when the iodide i s admitted to 
the apparatus. 

This was conveniently achieved on the a u x i l i a r y 
vacuum l i n e . A series of traps (fig.12) was set up, with a 
connection at each end to the vacuum l i n e , eaoh connection 
containing a glass tap (T2, T3). These taps were lubricated 
with "sugar" grease In e a r l i e r operations, w i t h silicone i n 
l a t e r ones. Trap A was the storage vessel f o r the system, 
and was Isolated from the rest by tap T^, lubricated i n the 
same manner as the others. Trap D was the f i n a l storage 
vessel. Attached to i t s side arm was a break-seal u n i t , and 
both tubes connecting i t to the rest of the apparatus were 
provided with seal o f f constrictions. This vessel was some
times of the type shown, and sometimes of the "well" type when 
the use of a pentane thermometer was intended (see f i g . 9 ) . 
Some s i l v e r powder, to take up any free iodine formed, and some 
dehydrating agent, formerly calcium metal, l a t e r anhydrous 
magnesium sulphate, were plaoed i n the bottom of eaoh trap. 
I t was found to be advisable to place some sharp bends between 
taps and traps when the l a t t e r dehydrating agent was used, as 
i t i s very f i n e l y divided and tends to f l y about as the l a s t 
traces of l i q u i d evaporate from i t . When a thermocouple 
gauge was available i t attached i n the position shown. As 
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I n a l l other operations, the "pump section" ( f i g . 1 3 ) was 
separated from the "test section" by ooollng the main trap 
with l i q u i d nitrogen. 

The methyl and ethyl iodide samples used I n t h i s 
work were obtained from Mr.H.C.Sutton, who had p u r i f i e d them 
by d i s t i l l a t i o n when working I n t h i s laboratory. A f t e r 
p u r i f i c a t i o n they had been placed i n blackened glass bottles 
and stored I n a dark cupboard. 

The l i q u i d sample was Introduced down the oentral 
tube of trap A by means of a funnel. This was then Just 
frozen with l i q u i d nitrogen, the tube was sealed, and the a i r 
pumped out. The sample was then outgassed by alternate 
freezing with Ti open, warming with shut ( c . f . p. 85"). 
Then trap B was cooled, and s u f f i c i e n t l i q u i d f o r one charge 
was transferred from A* T^ was subsequently kept shut. The 
sample was then transferred from trap to trap a number of times. 
Taps Tg and Tj were operated so that the d i r e c t i o n of pumping 
was always the same as the d i r e c t i o n of transfer. Thus there 
was always a trap at l i q u i d nitrogen temperature between the 
l i q u i d and the main trap . This process was continued u n t i l 
the McLeod gauge lndloated that a satisfactory pressure ( < 10"5 

mm.Hg.) had been attained. The l i q u i d was then f i n a l l y 
transferred to D, which was sealed o f f , removed, and stored. 

This process was probably not r e a l l y adequate to 
remove ethane (a possible decomposition product). For Immediate 
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purposes t h i s was not, however, so very Important, as long as 
oxygen was removed* For more recent samples of e t h y l Iodide, 
the method of continuous pumping at «.o,50C. (p. 85 ) was 
employed. The low temperature thermostat would toe well 
suited f o r such operations. 

The free end of the break seal could then be 
attached to the source supply l i n e on the main apparatus 
( f i g . 26). Then, when the Iodide was needed, the low 
temperature thermostat was adjusted and the septum broken 
with steel b a l l s placed I n a side arm I n the l i n e during 
assembly. During "shut down" periods the I s o l a t i n g tap was 
closed, and the l i q u i d was returned to the o r i g i n a l storage 
vessel, which was kept cool with l i q u i d nitrogen. 



CHAPTER IV. EXPERIMENTAL. 
RADICAL DETECTION 

In a l l molecular beam work great a t t e n t i o n must 
be paid t o the choice of detector, f o r , as has been shown 
i n chapter I I , the i n t e n s i t i e s encountered are small. A 
number of techniques has been used f o r t h i s purpose, and 
the more recent ones are very satisfactory f o r most types 
of beam. None, however, with perhaps one exception, i s 
suitable for the detection of a beam of radioals. 

The manometric devices can be rejeoted immediately, 
f o r they can measure only the t o t a l i n t e n s i t y a r i s i n g from 
a l l types of molecule. Even i f c a r r i e r gas i s not used, 
the radicals w i l l be accompanied by t h e i r decomposition or 
reaotion products. The concentrations of these can, i n 
some oircumstanoes, be considerably greater than the 
concentrations of the radicals themselves ( 6 l ) . Moreover, 
unless the conditions i n the reaction chamber are chosen 
properly, there may also be present either the s t a r t i n g 
material i t s e l f or one of the produots of i t s incomplete 
reaotion (e.g. PbMe^, PbMe^, PbMe from the p'yrolysis of 
PbMe ( 6 l ) ) . Thus, even i f the methyls were deflected 

4 
i n an lnhomogeneous f i e l d , the deflection could remain 
undetected by one of these devices because of the low 
proportion of radicals i n the beam. Or, i f some of the 



other constituents also possess a moment, the d e f l e c t i o n of 
these oould also mask the radical e f f e c t . 

chosen detector must reaot strongly to radioals, and as 
l i t t l e as possible to a l l other moleoular types. 

I t may be possible, under some circumstances, to 
use a device which depends f o r I t s action on the r e l a t i v e l y 
low l o n l s a t l o n p o t e n t i a l s of the radicals ( e . f . chapter I ) . 
Borne suoh device may yet prove to be the best f o r quantitative 
r a d i c a l beam In t e n s i t y measurements. 

mentioned (see p. A3 ) . I t I s understood that t h i s method 
has been t r i e d , and found to be I n s u f f i c i e n t l y sensitive f o r 
the radioal concentrations encountered (50 b ) . I t might, 
however, be useful I f more intense souroes oan be achieved. 

considered that the best ohanoe of success lay i n the ohoice 
of a detector which r e l i e d on some specifio ohemloal property 
of the r a d i c a l s , w i t h preference f o r a method which oould 
eventually be made quantitative i n i t s aotlon. The f i r s t 
methods considered involved the application of t h e i r w e l l -
known property of attacking metallio mirrors. Suoh methods 
have two v i r t u e s f o r the present purpose. F i r s t l y , they 
w i l l deteot nothing but radicals, and secondly, i f a radioaotive 
mirror i s used, the s e n s i t i v i t y would seem to be governed 

From these considerations i t i s apparent that the 

The bolometrio type of device, also, has been 

When t h i s i nvestigation was being planned, i t was 
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u l t i m a t e l y by the speciflo a c t i v i t y , or isotopio p u r i t y , of 
the metallio deposit. 

A numerioal example i s i n s t r u c t i v e . 
In a calcu l a t i o n I n chapter I I (p. 37 ) i t was 

estimated that the beam i n t e n s i t y at the deteotor might be 
of the order of 10̂ -4 molecule O D T 2 seo~^ f o r a source pressure 
p » 10"*1 mm.Hg. The radio a l oonoentratlon i n the sou roe 
would probably amount t o only one tenth of t h i s under the 
most favourable conditions. Say I0 molecule cm*"2 

sec" 1. 
Suppose, now, the target to be a t h i n wire, 5 mm* 

long and 0.2 mm. diameter, and l y i n g p a r a l l e l to the s l i t s . 
The surface presented to the beam w i l l then be 10~3 om2. 
Thus the number of molecules a r r i v i n g at t h i s surfaoe per 
second w i l l be 1 0 1 0 molecule seo" 1. 

I f the wire can be ooated w i t h l s o t o p i o a l l y pure 
RaE (210 B 1 ) ^ t h e r a ( i l o a l s would combine wi t h t h i s t o form 
BiMej. Thus a beam of t h i s i n t e n s i t y would be capable of 
removing 3* 

io9 atoms of bismuth per second. 
Now suppose the a c t i v i t y of the wire, immediately 

a f t e r i t had been ooated, was 4000 c/m. I f we assume a 
counting efficiency of one i n twelve (probably too high), 
t h i s gives a f i g u r e of 800 disintegrations per seoond, 

= d-N/dt i n the decay equation, ^ = - \ N0 t 
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where /Va i s the number of atoms present at zero 
time t=o . 

The half l i f e , X , of RaE i s 5,0 day (133)f i . e . 4.32.10 5 seo. 
Thus, since A , the decay constant, » .693/r » w e obtain that 

o 
N0 * 5.10 atoms (of Bi) on the wire. 

Thus a beam of the assumed i n t e n s i t y should be 
capable, under i d e a l conditions, of removing suoh a deposit 
i n about 10""* seoond, and not much longer than f i f t e e n minutes 
should be taken t o remove a l l t h i s a c t i v i t y by a beam with an 
in t e n s i t y as low as l ( r molecule om. seo. . 

I t i s not neoeesary that a l l the a c t i v i t y be removed. 
The radical beam i n t e n s i t y oan equally well be estimated by 
following the decrease i n a c t i v i t y over a period of time. This 
should make i t possible to measure even smaller i n t e n s i t i e s , and 
the l i m i t of detection oould be lowered f u r t h e r s t i l l by the use 
of a more active target. Beoause of t h e i r high r e a o t i v i t y , the 
"background" concentration of scattered radicals should be 
ne g l i g i b l e . 

The detectable I n t e n s i t y thus calculated w i l l be a 
lower l i m i t , f o r i t i s not at a l l ce r t a i n that the RaE ooatlng 
w i l l be absolutely uncontaminated by inactive bismuth, although 
i t should be possible to make i t substantially so. 
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This example i l l u s t r a t e s one possible method of 
u t i l i s i n g the mirror technique f o r beam detection which has been 
considered* The major a t t r a c t i o n of t h i s method lay i n the 
p o s s i b i l i t y of i t s use f o r p l o t t i n g the beam peak-shape; I f 
t h i s proved feasible i t would f u r n i s h a means, of estimating 
the dipole moment by the standard procedure o u t l i n e d i n 
chapter I I * 

A deteotor arrangement designed f o r t h i s purpose 
w i l l be described i n the next chapter* I t consists of some 
means f o r traversing the f i n e wire across the beam i n small 
steps, and an end-window counter placed inside the vaouum 
behind the wire, and perpendioular to the d i r e c t i o n of the 
beam; I t i s clear that i t i s necessary to use a /3 or f 
aotive isotope* I f the wire i s small enough i t s absorption 
of the p rays w i l l be small* • Thus i t should not matter 
tha t the surface from whioh the a c t i v i t y i s being removed i s 
on the f a r side of the wire from the counter. 

I t i s necessary, however, to ensure by previous 
experiment th a t s u f f i c i e n t a c t i v i t y can be deposited on such 
a wire, and that t h i s a c t i v i t y can be removed by the aotion of 
radicals. Moreover the rate of removal must be proportional 
to the r a d i c a l i n t e n s i t y . The desired relationship i s of the 
form d'^/dt ~ t where 4 i s a constant f o r the 
the deteotor, N the number of detector atoms a t time ~t and I 
the radical i n t e n s i t y . N may conveniently be represented 



by the measured a c t i v i t y of the detector, suitably corrected 
f o r the natural decay rate of the isotope used. I n the 
following pages the measured a o t i v l t y at time t i s represented 
by the symbol A , and B i s used f o r the a c t i v i t y which the 
detector would have had i f no removal by radicals had occurred. 
For any time t a f t e r the i n i t i a l count the 
r a t i o (&//\0) % may be read o f f from a semi-log. p l o t of the 
deoay curve oaloulated from the accepted f i g u r e f o r the h a l f -
l i f e of the isotope (133)* From t h i s , B may be obtained, and 
the corrected a c t i v i t y i s represented by the r a t i o 

Thus the detector w i l l have the desired characteristics 
i f a s t r a i g h t l i n e i s obtained when ^/g i s p l o t t e d as a function 
of t , f o r constant I , and i f the slope i s proportional to -£. 
I f these conditions are s a t i s f i e d , i t would be neoessary to make 
two, or at most three, a c t i v i t y measurements f o r eaoh se t t i n g of 
the wire as i t i s traversed across the beam. Then the slope of 
the A/q — t curve may be taken to represent the i n t e n s i t y , and 
may be p l o t t e d against the wire p o s i t i o n to give the peak shape 
of the beam. 

Another possible application of the mirror teohnique 
was also considered. I n t h i s , which bears a close resemblance 
to the o r i g i n a l molecular beam target techniques, the active 
mirror i s deposited on a f l a t surface which may be either metal 
or glass* This i s then placed w i t h i n the apparatus i n the 
usual target position - i * e . , perpendioular to the beam d i r e c t i o n . 
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A f t e r i t has been exposed to the beam f o r a time whioh i t i s 
estimated w i l l be long enough f o r almost complete removal of 
the a c t i v i t y from the area Impinged on by the beam, the p l a t e 
i s removed from the apparatus and an autoradiograph i s 
prepared. I n the ideal case, the r e s u l t w i l l be a "negative" 
image of the beam, with a minimum of blaokenlng on the photo-
graphlo p l a t e where the rad i c a l i n t e n s i t y a t the target was 
greatest. This method i s , i n the f i r s t instance, purely 
q u a l i t a t i v e i n nature, although i t might prove possible to 
obtain at l e a s t semi-quantitative r e s u l t s w i t h a mioro-
densitometrio scanning of the photographic image. I t has 
the advantage i n p r i n c i p l e that i t should be possible to form 
several images, s l i g h t l y displaced from each other on the one 
target, before the photographic exposure. This i s of importance 
when the apparatus has to be shut down, and a i r l e t i n , each time 
a target i s changed. 

Should i t happen, however, that surface migration takes 
place to any appreciable extent on the target at the temperature 
at whioh i t i s maintained, the method would be useless. This 
migration oould be e i t h e r of the o r i g i n a l aotive deposit, of the 
radicals themselves, or of the p a r t i a l products of the reaction. 
I t would appear that migration of bismuth i s not very great at 
room temperature. I t might seem, however, that formation of 
the f i n a l products would involve a oertain amount of migration 
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a t some stage of the reaotion with the radicals. For t h i s 
reason the method would require exhaustive t e s t i n g before any 
oonfidenoe could be placed i n the r e s u l t s i t yielded* 

I n contrast w i t h the wire method, an (X -active 
isotope i s to be preferred i n t h i s method, i n order that the 
density d i s t r i b u t i o n i n the photograph may oorrespond as closely 
as possible to the I n t e n s i t y d i s t r i b u t i o n i n the beam ( c f * 134). 

The most obvious ohoioe f o r t h i s purpose i s the thoron aotlve 
deposit. 

Some preliminary experiments on both of these procedures 
are described i n the following pages. Neither i s , i n i t s present 
form, e n t i r e l y satisfactory* 

Some experiments on the use of a molybdenum oxide 
deposit w i l l also be described, and a report i s also made of 
a single t r i a l of a new method suggested by Mr.G.R.Martin. 

I f i t should prove possible to make i t s u f f i c i e n t l y 
sensitive, t h i s l a t t e r technique has i n t e r e s t i n g p o s s i b i l i t i e s . 
I t should be insensitive to the presenoe of traces of atmospherio 
oxygen - an advantage which i s not shared by mirrors of lead or 
bismuth - and should be suitable f o r the wire teohnique. 

Iodine reaots very r a p i d l y w i t h a l k y l radicals (38), 

and I s therefore a useful detector f o r them, p a r t i c u l a r l y i f a. 
radioactive Isotope (e.g. I , T= 8 day) i s employed. 
However, because i t i s so v o l a t i l e , i t I s not conveniently 
applicable to beam deteotion. I t s use might be possible, 
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TABLE I I 

Radical 
H£, at 25°0, i n Kcal/mole AH, reaotion, 

Kcal/mole 
Radical 

R(g) + A 6 l ( B ) - ^ R I ( g ) + A«(s) 

AH, reaotion, 
Kcal/mole 

32.0 - 14.91 m 4.9 + 0 •0.2.19 

C2H5 22.0 - 14.91 - -1 + 0 -8 (approx^ 

The value f o r ethyl iodide i s not c e r t a i n , as only 
that f o r the l i q u i d (-7.4 Kcal/mole) i s l i s t e d i n the l i t e r a t u r e 
(136, 137). From i t s heat of vaporisation at 72.3°C 
(7.15 Kcal/mole), and by analogy with methyl iodide, f o r which 
values f o r both states are l i s t e d , I t i s assumed that the value 
used i s correct to w i t h i n one or two k i l o o a l o r l e s . 

Closely agreeing values f o r methyl r a d i c a l are given 
i n r e f s . 2 (32.0 Kcal/mole, calculated) and 43 (32.5 Koal/mole, 
from experiment). Those f o r ethyl d i f f e r rather more, being 
25.2 Koal/mole'(ref . 2 , calculated) and approximately 22 Kcal/ 
mole (ref.135 , from experiment). The less favourable value 
i s used here. 

The other values were obtained from references 136 

and 137. 
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however, I f I t oould be " f i x e d 0 by some means whloh would lower 
i t s e f fective vapour pressure without at the same time making i t 
Impossible f o r the radicals to react w i t h i t . 

I t i s known tha t olean m e t a l l i c s i l v e r i s a very 
e f f i c i e n t method of removing elementary iodine from organlo 
solvents, and i t was considered l i k e l y that t h i s oould take 
place also from aqueous solutions. I f i t i s assumed that the 
iodine deposits on the s i l v e r as Agl, a rough thermoohemical 
calculation should indioate whether i t oould be removed by 
free radicals. S u f f i c i e n t information i s now available f o r 
the calculation of the heat of the reaotion 

R ( g ) + A g l ( s ) — • R I ( g ) + A g ( 8 ) ; 

where R i s e i t h e r ethyl or methyl. 
The calculations are presented i n table I I . 
Thus i t would seem that both radicals are l i k e l y t o 

reaot with s i l v e r iodide. Of the two reaotlons, that of methyl 
i s probably the more favourable. 

BISMUTH TRACER TECHNIQUES 
P R E L I M I N A R Y TOCPERTMTCNTS WITH RaE 

I n most previous applications of the mirror technique 
the deteotor metal has been deposited on a glass or s i l i c a 
surface and has, moreover, been present i n s u f f i c i e n t quantity 
to be r e a d i l y v i s i b l e . I n the method now proposed the conditions 
are very d i f f e r e n t , as a fu r t h e r extension of the numerical 
example (p./02) w i l l show. 
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The t o t a l surface area of the wire i s of the order 
of 3.10-2 o m . 2 # 0 n t h l 8 ^ e r e 5 # 1 o8 atoms of 210 Bi. 
Thus the area of surface "occupied" by each atom I s 6 .10" 1 1 

cm.2, i . e . 6#105 A 2 . The area covered by a single atom 
of neutral bismuth ( r = 1*46 A ) i s 6*7 A 2 . The smallest 
number of atoms needed to form a barely discernible trace i n 
atomlo beam experiments w i t h metals ( o f . 106) corresponds to 
a closely packed deposit of two atoms average thickness. 
The average inactive mirror used f o r rad i c a l detection w i l l 
usually oontain even more atoms per u n i t area. 

I t was necessary, therefore, to carry out some 
experiments to determine whether such a sparse deposit oould, 
i n f a c t , be removed from a metallic surface by radicals. At 
the same time t h i s i nvestigation was of value i n that i t 
provided an opportunity to gain some experience i n the produotion 
of radioals as well as t h e i r detection, and also of general 
operating conditions, suoh as those required f o r the vacuum 
handling of organlo vapours. I t has already been shown i n 
the previous chapter that special conditions arose i n t h i s l a s t 
connection, f o r the conventional type of mercury cut- o f f control 
could not be used I n the f i n a l arrangement. 

Sinoe was readily available from "stale 1 1 radon 
capsules, and inactive bismuth has ofte n been used i n the past 
f o r radioal detection, i t was decided to carry out the f i r s t 
experiments w i t h t h i s material. 2 1 0 P b (RaD) i s dissolved, w i t h 
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some ordinary lead chloride as c a r r i e r , i n d i l u t e (0.2$) 

hydroohlorio acid. The daughter element 2 1 0 B l w i l l accumulate 
i n t h i s s olution, and w i l l have reaohed 79$ of i t s maximum 
concentration w i t h i n ten days of the p u r i f i c a t i o n of the lead* 
The Isotope p u r i t y of t h i s bismuth w i l l depend only on the amount 
of bismuth impurity i n the added lead c a r r i e r * 

I f a pleoe of clean niokel i s then Immersed I n t h i s 
solution, i t has been found (133 p.218; 138 p.52) that a large 
proportion of the bismuth w i l l deposit electroohemlcally on the 
ni c k e l , whereas the lead i s almost exclusively l e f t i n the 
solution. The presence of the c a r r i e r lead ensures that, I f 
any of the lead i s deposited, the amount of RaD w i l l be 
r e l a t i v e l y small. 
Preparation of RaD Solution. 

The source of RaD was two small glass capsules 
obtained from Woolwloh which had, twelve months previously, 
contained 1020 mc and 98O mc of radon, respectively* They 
also oontalned some charcoal, and were about one t h i r d f u l l 
of mercury. I t was neoessary to carry out a preliminary 
wet-way separation of the mercury from the lead, since meroury 
i s said (139) to i n t e r f e r e w i t h the anodic deposition of Pb0 2. 
The procedure i s fu r t h e r complicated by the necessity f o r 
dissolving the charcoal, and the glass i t s e l f , i n order to 
ensure the highest possible a c t i v i t y i n the f i n a l solution* 
I t was found that a considerable proportion of the a c t i v i t y 
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was retained by the glass i f i t were merely ground up and 
leached w i t h a b o i l i n g mixture of concentrated n i t r i c and 
perchloric acids. 

The procedure used was as follows: 
1. The oapsules were ground to a f i n e powder i n a 

mortar, and washed into a small beaker. The 
grinding was oarried out i n a "perspex" dust 
box* 

2* Concentrated n i t r i o acid, and some concentrated 
perchloric aeld, were added, and the solution 
was simmered f o r several days u n t i l a l l the 
charcoal had disappeared. 

3* About $0 mg. Analar q u a l i t y lead n i t r a t e was 
then added and, a f t e r some f u r t h e r heating, the 
solution was d i l u t e d and f i l t e r e d * The f i l t r a t e 
was set aside, a f t e r f i r s t evaporating i t to a 
small volume. 

4* The powdered glass, which was s t i l l very active, 
was transferred to a platinum crucible, s o l i d 
ammonium f l u o r i d e was added, and the crucible 
was heated, gently at f i r s t , u n t i l a l l the 
ammonium f l u o r i d e had sublimed. This process 
was carried out three times. 

5* The residue was then fumed to dryness several 
times w i t h concentrated perchlorio acid to ensure 
complete removal of f l u o r i d e , a c r y s t a l of lead 
n i t r a t e was added, and the material was transferred 
to a s i l i c a evaporating dish. I t was then fumed 
to dryness several times w i t h concentrated n i t r i o 
aoid, and f i n a l l y dissolved i n a small quantity of 
water. 

6. The two fra o t i o n s (3 and 5) were then transferred 
to a oentrifuge tube, and the lead p r e c i p i t a t e d 
w i t h a few drops of d i l u t e sulphuric aoid* This 
was oentrifuged Immediately and the mother-liquor 
drained o f f . By t h i s means most of the mercury 
was separated from the lead* 

-///-



T n 
B 

n 
Rotary 

T,st 
rump 

Section 

pump 

i 



7* The lead sulphate, a f te r washing, was dissolved I n 
a strong acid solution of ammonium ni t ra te formed 
by mixing concentrated ammonium hydroxide with 
exoess of concentrated n l t r l o acid* Solution was 
rather slow. At this stage a test was made, wi th 
a clean copper rod, f o r the presence of mercury* 

8. The concentration was then adjusted to give a 15$ 
n i t r i c acid solution, and the lead was oollected-
on a platinum s t r ip by e leotrolyt lc deposition as 
Pb0 2 . (2 V, about 0,2 amp. c f . r e f . 139). 

9» This deposit was dissolved In d i lu te n i t r i c acid 
by the addition of a few drops of hydrogen peroxide 
solution. The resulting solution was evaporated to 
dryness, and converted to chloride by repeated 
evaporation to dryness of 5N hydrochloric add ; 

10. F ina l ly , su f f i c i en t 0.2$ hydrochloric acid was added 
to dissolve the lead chloride, and the solution was 
divided Into three portions, which were stored I n 
glass containers. 

Since each run usually lasted at least three to four 

days, I t was therefore possible, by using each solution I n 

rotat ion, to ensure that su f f i c ien t time was allowed f o r the RaE 

to accumulate before I t was needed again. 

Apparatus. 

The vaouum was produced by means of a small e l ec t r i ca l ly 

heated al l-metal mercury d i f fus ion pump (Edwards Type 3), backed 

by an Edwards "Speedivac" single stage rotary pump. The pump 

and gauge section, which was separated from the experimental 

eeotlon by the main trap I s I l l u s t r a t ed In f igure 13. This 

section was subsequently transferred to the new laboratory, and 

used on the auxi l iary or test , apparatus. The vaouum jackets 

of the low temperature thermostats were connected to this 

pumping system at A. 
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The apparatus used f o r the f i r s t experiments i s 

i l l u s t r a t ed i n f igure 14. 

The main section oonsisted of a long straight tube, 

about 25 nun. bore and 1 metre long* The small electr ic 

heater (the reducing furnace) next to the pumping lead was 

formed by winding nichrome tape over asbestos paper on to a 

cyl indr ica l brass former. I t s resistance was 22 -0- . 

The central B19 side arm held the small nickel 

spiral used f o r collecting the RaE from the solution. The 

ao t iv i ty could then be evaporated on to a metal f o i l placed 

underneath the sp i ra l . Copper connections were provided between 

the spiral and tungsten seal* This permitted adjustment of the 

position of the spiral i n the tube, while at the same time being 

s u f f i c i e n t l y r i g i d to ensure that the setting, once made, would 

not suffer any unintentional a l te ra t ion . The external leads were 

again copper. A l l metal connections were made by s i lver soldering 

the ends of the wires in to nickel sleeves. The external we l l 

was f i l l e d wi th soft wax to give mechanical protection to the 

seals. A piece of mica was placed around the spira l i n such a 

way that i t protected as much as possible of the surroundings 

from contamination when the spiral was heated. In this way 

the background count was kept down to some extent. 

An end-window counter (made by G.E.Co.) was mounted 

over the mica window which was fu r the r along the tube. The 

mica, thickness 17 mg. om.~ 2, was supported by a circular brass 
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platform which f i t t e d over a "blown "out" section of the tube; 

The rim of th is "blow out" was ground f l a t , "Sucking i n M of 

the mica was Inhibi ted by placing over I t a brass guard r ing 

(see Inset a, f i g . 14). The whole assembly was held together 

and rendered vacuum t i g h t by means of Aplezon W ( nblack") wax* 

Provision was made f o r building a "castle" of lead bricks 

round the counter and th is section of the tube. 

To this end of the tube was attached a tube of 

narrower bore, into which the s i l i c a pyrolysis tube Just 

f i t t e d * This also was sealed i n wi th black wax, and was 

f i t t e d with a small heater - the pyrolysis furnace - narrower 

I n diameter than the reduoing furnace, but of similar con

struction* 

Temperature measurmments on both furnaoes were 

carried out wi th a narrow gauge chromel-alumel -thermocouple, 

connected through oopper leads to a micro-ammeter* Junctions 

were effected by means of s i lver solder. The arrangement was 

roughly calibrated against a mercury-quartz thermometer* 

The source of lead tetraethyl i s shown attached* 

The i n i t i a l method of pressure control , by means of a scored 

tap, was described i n ohapter I I I * 

To the other side arm on the long tube, near the 

s i l i c a tube, was attached the hydrogen l ine* This incorporated 

a discharge tube with conical aluminium electrodes f o r the 

production of hydrogen atoms, a charcoal trap which could be 



immersed i n l i q u i d nitrogen i f pure hydrogen was required, 

and a system of taps, pinched nickel capil lary leaks, bubbler, 

and blow-off tube, to control the f low rate. Cylinder hydrogen 

was used as a source of supply. 

Subsequently, when a satisfactory thermocouple gauge 

had been b u i l t , i t was attached to the pumping lead at A; 

This gauge was i n use during the sodium flame runs (6 - 14) 

with methyl radicals. For these l a t t e r experiments the 

s i l i c a tube was removed, and the f i r s t type of reaction 

chamber ( f i g . 10a) was sealed on i n i t s place. A well type 

reservoir, similar to that shown i n figures 9 and 14, was again 

used. This time i t was isolated by Just one tap, and 

lubricated with "sugar" grease. 

I n most of th is series of preliminary runs the 

pressure was governed by a rough temperature oontrol exercised 

by attempting to keep the reservoir at approximately the same 

height above a small quantity of l i q u i d nitrogen i n the bottom 

of a Dewar f l a s k . In one or two of the la te r runs (13 - 14) 
r 

the methyl iodide temperature was controlled by immersion i n 

an aoetone-solid carbon dioxide bath. The oontrol methods 

described i n the las t chapter were not developed u n t i l some 

time l a te r . 

Detector Preparation. 

The ohoioe of the metal to be used as the support 

f o r the BaE i s governed, i n the f i r s t place, by two considerations. 
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Fi r s t l y , the radicals must be able to remove the deposit from 

th i s support. Secondly, i t i s preferable to deposit the 

a c t i v i t y d i rec t ly on to the wire, f o r i t would seem unlikely 

that a s u f f i c i e n t l y high ao t iv i t y oould be transferred from, 

say, a nickel wire to some other f i ne wire by vacuum evaporation. 

This transference i s , i n general, only practicable when the 

receiving surface i s large, although a technique has been 

proposed (l/J-O) i n a recent publication which might be adapted 

f o r the transfer to smaller surfaces. Alternatively, i t should 

be possible to deposit RaE on to any metal by an e lec t ro ly t ic 

method, provided that none of the many in te r fe r ing ions are 

present. This would be most suitably performed by the elec

t ro lys is of a oarrler f ree solution of pure RaE. A method f o r 

the preparation of suoh a solution has recently been published 

(141). However, the whole procedure, starting from the RaD 

solution, would have to be carried out each time a target was 

required. 

Niokel i s the most obvious ohoioe i n the f i r s t place, 

as has already been indicated. But should i t prove d i f f i c u l t 

to remove the ao t iv i ty from i t , platinum could be used. A 

method has been published (I42) by whioh bismuth and polonium 

can be oolleoted on a platinum surface whioh has been saturated 

wi th hydrogen. 

Since, therefore, i t may have proved necessary to t r y 

a number of metals as support f o r the RaE, the apparatus had to 
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be arranged, as described, so that th i s could be done* Foi ls 

were used, f o r i t i s easier to evaporate a useful ac t i v i t y on 

to a large surface, and, besides, a variety of metal f o i l s was 

available i n the laboratory* 

The design of the apparatus required that the f o i l 

could be moved from place to place along the main tube between 

successive operations* This was achieved by means of the l i t t l e 

mild steel " t ro l ley" i l l u s t r a t e d i n f igure 14, inset b . The 

f o i l was s i lve r soldered to a length of 0*5 mm. tungsten wire, 

bent as shown* This bend served to support the f o i l at a f i xed 

distance from the walls of the tube, and hence from the counter 

when measurements were being taken. I t was necessary that the 

supporting wire should be th in , so that the area exposed to the 

evaporating RaE should be small compared with the area of the 

f o i l , and long to ensure that l i t t l e a c t i v i t y was received on 

the t r o l l e y . The length was also arranged so that the t r o l l e y 

projected from the lead castle. This permitted the adjustment 

of the f o i l without the necessity f o r removing the castle. The 

t ro l l ey was moved from outside the tube by means of a small 

permament magnet. The posit ion of the f o i l under the counter 

was defined by a scratch mark on the tube* 

The sequence of operations was as fol lows: 

With the apparatus evacuated, a stream of hydrogen 

was pumped by way of the l i q u i d nitrogen cooled charcoal trap, 

and su f f i c i en t current was passed through the nickel spiral to 
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raise I t to a red heat* This ensured a clean surface. The 

spiral was then removed from the apparatus and placed In one 

of the RaD solutions* The silver-soldered Joints proved to 

be a great disadvantage at this stage, f o r I t seemed to be 

very d i f f i c u l t to remove the last traces of f l u x from them; 

Interaction of the f l u x with the lead eventually produced 

a deposit at the bottom of the solution, and th is had the 

e f f ec t of reducing the amount, of available RaE i n the solution. 

Thus the solutions had to be re-treated from time to time* 

Spot-welding, rather than s i lver soldering, of the wires would 

obviate th i s d i f f l o u l t y . 

The rate of deposition depends, f o r a small area of 

niokel and a large volume of solution, on the rate of d i f fu s ion 

of the RaE to the surfaoe. Immersion f o r periods as short as 

hal f an hour without s t i r r i n g was found, however, to give ah 

adequate a c t i v i t y . The spiral was then withdrawn, washed with 

water and alcohol, dried with a ourrent of warm f i l t e r e d a i r , 

and i t s a c t i v i t y was checked by placing i t momentarily under a 

counter* I t was preferable that the ao t iv i ty should, at 

th is stage, be su f f i c i en t to nJamn the scaler, I . e . > 40,000c/m, 

when the wire was several oentlmeters from the oounter window; 

The spiral was then replaoed in the apparatus, the 

t ro l l ey wi th i t s attached f o i l was Inserted through the end B24 

Joint, and pumping was re-started. The f o i l was then maintained 

at about 500 to 55°° 0 i by means of the reducing furnace, i n a 
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stream of p u r i f i e d hydrogen f o r at least half an hour. I t 

was then moved into posi t ion under the mica window, and the 

background oount was reoorded as the l as t of the hydrogen 

was being pumped away. 

The f o i l was then moved back to a posi t ion d i rec t ly 

under the sp i ra l , which was e lec t r i ca l ly heated to a du l l red 

f o r a maximum of about 6 minutes. The "background" was again 

oounted, the f o i l was returned to i t s position under the counter, 

and the experimental run was begun. 

I n the las t two runs (13 and 14) wi th th i s apparatus, 

the f o i l was replaced by a loop of nickel wire. The BaE was 

then deposited d i rec t ly on the loop, and the procedure was 

modified.accordingly. 

Testing Procedure. 

Two sets of experiments were carried out with th i s 

arrangement* 

The results of three of the f i r s t set (runs 2, 3» 5)» 

using ethyl radicals from lead te t raethyl , are shown i n f igures 

15, 16, 17* The annotations indicate the operations which 

were oarrled out during these runs. Times were taken from 

the laboratory clock* Each deposit was used u n t i l the a c t i v i t y 

became too low ( ~ 1000 to 2000 c/m) f o r convenient measurement 

wi th short counting times. One or two minute oounts were 

preferred, wi th the proviso that a ifo s t a t i s t i c a l accuracy 

(10,000 t o t a l oounts) was aimed at* The results so obtained 
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were oorrected f o r the "normal" deoay according to the procedure 

set out on page 105, and plotted as shown* No correction was 

made f o r counting losses at high counting rates. The usual 

counting arrangement was used, but one or two minor variations 

i n procedure should be noted. 

I t was shown that movement of the t r o l l e y , f o r the 

purpose of taking frequent background oounts, was not desirable 

as i t was very d i f f i c u l t to replaoe i t i n exactly the same 

posit ion each time. These s l igh t ly d i f f e r i n g positions showed 

up as exoessive deviations of the recorded count from the value 

to be expected from the "normal" deoay rate. Slnoe, i n these 

early experiments, the control over radical in tensi ty was not 

good, i t was deoided to neglect the background count i n the ca l 

culation of the results. That this makes comparatively l i t t l e 

difference, par t icular ly at high counting rates, can be seen i n 

f igure 15, where the broken l ine was calculated a f t e r f i r s t 

correcting the ac t iv i t i e s with reference to a background count 

taken at the end of the run. The background at any given time 

was calculated from the observed f igure by assuming that i t 

arose, f o r the most part , from RaE contamination on the Inside 

glass walls, and applying the 5 day half l i f e correction. In 

a l l other curves, where the background has been neglected, the 

percentage drop in a c t i v i t y w i l l appear to be s l i gh t l y less 

than i t r ea l ly i s . 
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I t was found, also, that the starting voltage of 

these commercially made counter tubes had a very high temperature 

coef f ic ien t , being upwards of 80 v f o r a 5° (C) r ise i n room 

temperature. A standard source superposed on the f o i l a c t i v i t y 

would be of l i t t l e value because of the large counting losses at 

high rates of count. I t was therefore assumed that the counting 

rate at a given position on the "plateau", re la t ive to the 

start ing voltage, would be reproduoible from day to day wi thin 

a suf f ic ien t degree of accuracy. Before each oount, therefore, 

the oounter voltage was found f o r whioh the counting rate was 

approximately half the "plateau" counting rate, and the 

measurements taken at a setting exactly 100 v higher than t h i s . 

This procedure was possible because the "plateau" extended over 

some 250 v, and the operating voltage was thus well away from the 

ends of the plateau. This "half counts" voltage was chosen i n 

preference to the s tar t ing voltage, f o r the counter oharaoteristio 

ourve changes very rapidly i n this region, and the reference 

point was thus more olosely defined. When th is technique was 

used, i t was found that individual measurements remained wi th in 

the expected s t a t i s t i ca l error unless some other,chemical, e f fec t 

was occurring. 

The sequence of operations was decided during the 

oourse of the experiments, and was altered periodical ly i n order 

to check on the possible causes of the phenomena observed. The 

resul t of the possible operations on the decay rate, when lead 

tetraethyl i s being used, should be as follows: 
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1* "Normal" 5 clay half l i f e when the vacuum system 

I s shut down. I f appreciable amounts of RaD 

are collected, th is should not be so* 

2. Again, normal half l i f e on continuous pumping, 

wi th the reservoir tap shut, whether the 

pyrolysis furnace is hot or oold. 

3* Continuous pumping, reservoir tap open, pyrolysis 

furnace cold - s t i l l no e f f e c t . 

4* As i n 3» but pyrolysis furnace on - l inear drop 

i n ao t iv i ty , wi th slope dependent on radical 

concentration* 

However, i t i s well known (of . 41) that traces of 

oxygen i n h i b i t the removal of lead or bismuth by radicals. 

The standard technique f o r overcoming th is , when the mirror 

i s deposited on the walls of a tube, i s to move the mirror up 

and down the tube a few times by gently warming i t i n a stream 

of pure hydrogen gas. Although th i s i s not possible when the 

"mirror" i s deposited on a wire or f o i l , i t i s said that 

hydrogen atoms from a dlsoharge are equally effect ive* The 

disoharge tube shown i n f igure 14 was Instal led f o r this purpose. 

Final ly , therefore, i t was necessary to investigate 

5. The effect of dlsoharge alone on the a c t i v i t y 

should not be large, but i t might f a c i l i t a t e the 

removal of the ao t iv i ty by radicals* 
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When i t had been shown that ethyl r a d i c a l s would 
remove at l e a s t some of the a c t i v i t y , and a possible explan
ation obtained for some other of the observed e f f e c t s , the 
whole experimental section of the apparatus was taken down 
and thoroughly cleaned. After i t had been re-assembled, 
pumping was oontinued for a period of two to three weeks, 
before the second set of experiments was begun,(i.e. with 
methyl r a d i c a l s produced by the sodium flame technique). 

The combinations of operations investigated were 
si m i l a r to those outlined for lead t e t r a e t h y l . In some of 
the runs, p a r t i c u l a r l y when te s t s were being made of the e f f e c t 
of the discharge on the a c t i v i t y (no r a d i c a l s ) , the n i c k e l 
f o i l was replaced by a platinum one* Figures 18 and 19 
(runs 13 and 14) represent the r e s u l t s obtained for the action 
of methyls on RaE deposited on a loop of nickel wire. 
Discussion* 

Although they d i f f e r i n d e t a i l i n numerous respects, 
the curves shown i n figures 15 - 19 have one important feature 
i n common. I n most of the oases where a sharp i n i t i a l drop 
was obtained - presumably by r a d i c a l attack - only a proportion 
of the a c t i v i t y was removed, and the sharp drop was followed 
by a " t a i l i n g off". 

Thus, although there i s some sl i g h t indication from 
the sodium flame r e s u l t s that the i n i t i a l slope does depend on 
the methyl intensity, the other condition for the use of t h i s 
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method as a beam deteotor I s not f u l f i l l e d , at any rate under 
the conditions which are obtained i n these experiments. That 
i s , **/dt i s not constant. Indeed, i n some cases 
the " t a i l i n g off 1 1 occurred as the methyl iodide pressure was 
increasing. 

I n these experiments the conditions were continuously 
adjusted so that a s l i g h t haze was always v i s i b l e i n the reaction 
chamber when i t was illuminated with a sodium vapour lamp. That 
i s , the conditions were always of s l i g h t sodium excess. Sinoe 
the c a p i l l a r y through which the sodium emerged tended to become 
blocked with sodium iodide deposit, the methyl iodide temperature, 
rather than the reaction temperature, should be taken as a rough 
indication of the r e l a t i v e r a d i c a l i n t e n s i t i e s . Thus i n figure 
18, the r a d i c a l intensity i n curve a (-66°C) was probably greater 
than i t was i n curve b (-71°C). I t should be noted that, a t 
these temperatures, methyl iodide i s s o l i d . Thus the extra
polation procedure mentioned on page 7/ can only give, at best, 
a very approximate idea of the probable vapour pressures; 
Bearing t h i s i n mind, the pressures a t these two temperatures 
w i l l be of the order of 2 i l and 1.4 mm.Hg. respectively. 
However, the pressures i n the reaction chamber were sure to 
be much l e s s than t h i s , f o r the methyl iodide was pumped 
through some 14 om. of c a p i l l a r y tubing with bore rather l e s s 
than 1 mm. The thermocouple gauge indicated pressures of 

10-3 mm.Hg. 



There are a number of possible explanations of the 
" t a i l i n g o f f " prooess. F i r s t l y , i t may be that small traces 
of oxygen are i n some way being continuously introduced into 
the system, and that t h i s oxygen progressively reacts with the 
bismuth u n t i l the stage i s reached when i t i s no longer possible 
f o r the r a d i c a l s to react with i t . I f th i s i s so, treatment 
with hydrogen should regenerate the surface, which would then 
be available for further reaotion u n t i l i t once more became 
oxygenated* Some of the re s u l t s with methyls could be taken 
to support t h i s explanation. No p a r t i c u l a r precautions were 
taken to ensure that completely clean sodium was transferred 
into the sodium chamber, and the methyl iodide was outgassed 
by the usual technique of freezing and pumping u n t i l no further 
bubbles were evolved on re-melting. This i s u sually taken to 
be s u f f i c i e n t , but the amount of EaE i s so small that very s l i g h t 
traoes of oxygen could cause the e f f e c t . 

Curve a i n figure 18 might indioate that the methyls 
remove the a c t i v i t y but only very slowly, when they are not 
preceded by hydrogen atom treatment. This i s shown again i n 
the l a t t e r part of curve b. On the other hand i t can be seen 
(curves b and o) that previous discharge treatment r e s u l t s i n 
a much sharper f a l l , whose slope also varies i n the expected 
direction with methyl iodide temperature. The same effect 
can also be seen in figure 19. Moreover i n 19b i t can be seen 
that a second sharp drop i s obtained when the discharge treatment 
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i s applied a f t e r the f i r s t " t a i l " has been reached. In 
t h i s curve can also be seen an example of a phenomenon which 
sometimes ocourred i n the preceding runs with f o i l s , whose 
r e s u l t s are not shown. Discharge treatment by I t s e l f can 
give r i s e to a drop in a c t i v i t y . This does not happen every 
time, and i s usually not very large. I t cannot be ascribed 
i n a l l oases to the formation of r a d i c a l s in the discharge, 
even though t h i s explanation could be advanced f o r the l a s t 
steep drop i n 19b, I n some of the e a r l i e r runs t h i s e f f e c t 
was obtained before any methyl iodide had been introduced 
into the system. I t may be that the discharge, whose 
conditions of hydrogen flow rate were not exaotly reproducible, 
sometimes produced atoms I n s u f f i c i e n t quantity to cause 
appreciable heating of the f o i l and thus evaporate the bismuth. 
I t i s said ( r e f , 41, p. 48) that t h i s metal does not form a 
hydride by d i r e c t reaction with hydrogen atoms. 

Evidence which appears to be in contradiction with 
t h i s oxygen hypothesis I s presented, however, by the curves 
from the lead tetraethyl experiments. I n figures 15 and 16 
a number of examples may be found of sharp drops which were 
not preceded by discharge treatment of the f o i l . Indeed, i n 
15^» the i n i t i a l portion of the curve shows what occurred when 
an a i r leak developed i n the rese r v o i r tap. The curve did 
indeed f l a t t e n out, and only the normal decay occurred during 
the time when the whole system was a t atmospheric pressure 
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while the tap was re-greased. Immediately the vacuum was 
restored, however, and the lead tetraethyl was once more 
being pyrolysed, another sharp drop, although smaller, was 
obtained* This one ooourrenoe by I t s e l f seems to oast 
considerable doubt on the v a l i d i t y of the oxygen hypothesis 
(of*, however, figure 17a) • 

explained by assuming that, i n addition to the v o l a t i l e 
metal a l k y l s whose formation i s responsible for the decrease 
i n a c t i v i t y , some are formed which are r e l a t i v e l y l n v o l a t i l e 
and prevent any further reaction by "clogging" the surface. 
Discharge treatment could then perhaps generate s u f f i c i e n t 
heat to v o l a t i l i s e these compounds* This i s quite f e a s i b l e , 
p a r t i c u l a r l y for methyls, for Paneth (19) has recorded that 

of the reaction of methyls with a hot bismuth mirror. I t 
i s not inconceivable that small traces of t h i s oompound are 
foraed on a mirror a t room temperature. Ho s i m i l a r oompound 
seems to have been I s o l a t e d i n the case of ethyl r a d i c a l s , 
although only a very small amount would be needed to 
explain the r e s u l t s . This explanation i s very d i f f i c u l t to 
prove or disprove with the available data, although, once 
again, the i n i t i a l portion of figure 15b i s d i f f i c u l t to 
reoonoile with i t , unless the supposed i n v o l a t i l e material 
i s destroyed on contact with the a i r . I f , however, the 

Alternatively, t h i s " t a i l i n g off" could be 

the oompound 
2 has been isolated as a product 
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explanation I s that l n v o l a t i l e ethyl compounds are not formed, 
some other explanation f o r the " t a i l i n g " off must s t i l l be 
sought. 

A t h i r d possible explanation i s associated d i r e c t l y 
with the sparse d i s t r i b u t i o n of the bismuth atoms on the 
surface. With the f o i l s t h i s i s even greater than was 
lndioated by the numerical i l l u s t r a t i o n previously given i n 
t h i s chapter. The surface area of the f o i l was of the order 
of 1 cm.2. Thus, even with a counting rate of 40,000 o/m, 
and a counting e f f i c i e n c y of only 1$, the area occupied by 
each bismuth atom turns out to be of the order of 2.105 A 2 ; 
Even i f t h i s amount of a c t i v i t y were deposited on the loop 
(about .2 mm. diameter, 2 cm. length, i . e . surface area 
0il 3 om.2) the area per atom comes to about 3.10^" A 2 . I t 
i s very l i k e l y that these atoms w i l l not be uniformly spread 
out over the surface, but w i l l coalesce to form small aggregates 
of varying s i z e . The r a d i c a l s , whioh are themselves not so 
very much bigger than the atoms, w i l l s t r i k e the surface a t 
random. Thus, unless some surface migration process takes 
plaoe, only a proportion of the r a d i c a l s w i l l react with the 
deteotor, and as t h i s i s removed, the number of available 
reaotion centres w i l l decrease, with a consequent reduction of 
the rate of a o t i v i t y decrease. This hypothesis would give 
r i s e to an explanation of the form ^^/dt - fM 

( c f . p. I04-), where f(N) i s the relationship between the 
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number of RaE atoms on the surface (N) and the number of 
reaction centres. This would f i t i n with the shape of 
the ourves quite well, provided that, i n addition, i t was 
postulated that a oertaln minimum s i z e of aggregate of 
bismuth atoms i s neoessary before reaotlon can take plaoe. 
Otherwise the curve should not completely " f l a t t e n out" 
u n t i l a large proportion of the a c t i v i t y was removed. 
Then discharge treatment could have the effect of re
d i s t r i b u t i n g the remaining atoms on the surface, and thus 
create f r e s h reaotlon centres. 

This hypothesis by i t s e l f does not, however, account 
f o r the Inference to be drawn from curve a, and the l a t t e r 
part of ourve b, i n figure 18 - that a discharge seems to be 
neoessary before methyl r a d i c a l s w i l l cause a sharp drop i n 
a c t i v i t y . None of these explanations accounts s a t i s f a c t o r i l y 
f o r the phenomena shown i n figures l 6 and 17 where, with 
comparatively low ethyl concentrations, a r e l a t i v e l y steady, 
but slow decrease takes plaoe over quite an extended period of 
pumping and even, i n one instanoe, overnight when the pumps 
were shut o f f . 

The possible causes of t h i s low decrease require some 
further explanation. I t occurred Only during these early ethyl 
runs, and usu a l l y only when the long " t e s t " chamber was being 
continuously pumped. As a general thing the l a s t count a t 
night, a f t e r the pumps had been turned off, and the f i r s t count 
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next morning, before they were started again, gave evidence 
that only the "natural" rate of decay had taken place. Two 
separate faotors gave r i s e to t h i s phenomenon. F i r s t l y , 
concentrated sulphuric a c i d had been applied to the walls 
of the discharge tube. Secondly, the taps shutting off the 
reservoir had been lubricated with Apiezon grease,which very 
rapidly absorbed an appreciable amount of lead tetraethyl, 
p a r t i c u l a r l y when the res e r v o i r had been l e f t at room temper
ature. Thus, even when the tap was shut, the lead t e t r a e t h y l 
diffused through the grease i n s u f f i c i e n t amount to give an 
appreciable concentration i n the pumped chamber. This could 
then react with the a d d (143), yielding lead sulphate and 
ethyl r a d i c a l s . 

I n one small pool of the a d d which had collected, 
indeed, a white c r y s t a l l i n e s o l i d was observed, and was shown 
to be lead sulphate. Thus, when the system was being pumped, 
the radloals were drawn over the f o i l and removed the a c t i v i t y . 
Under stationary conditions an equilibrium state was set up 
and most of the radicals were probably destroyed before 
reaching the f o i l . This, then, can acoount for curves 
l6b and o (run 3). However, before run 5 (fig.17) was 
carr i e d out, the sulphuric acid had a l l been washed out,, 
and the apparatus cleaned. The decrease s t i l l occurred 
(fig.17b). That t h i s was i n some way connected with the 
lead tetraethyl i s shown by curves 17c and d. These show 
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a slight, but nevertheless r e a l , decrease even when the le a d 
tetraethyl r e s e r v o i r had been removed altogether, and the 
s l l l o a tube blanked off a t I t s ground Joint by means of a 
sealed off socket. Moreover, when the use of t h i s substance 
was discontinued altogether, the apparatus was thoroughly 
cleaned and subjected to several weeks pumping. In subsequent 
runs i t could be assumed that a l l traces of lead tetraethyl had 
been removed. The l o s s In a c t i v i t y then followed the natural 
decay curve unless methyl radicals were present. 

I t might seem then that the lead tetraethyl could 
react with the bismuth even when there was no apparent means 
of produoing r a d i c a l s from i t . No further attempt was made 
to follow up t h i s i n t e r e s t i n g s i d e - l i n e . I t would be of 
inte r e s t to investigate, some time, whether t h i s i s , i n f a c t , 
a r e a l e f f e c t . For the immediate task i t was taken to be 
the f i n a l argument in deciding to seek some other source of 
r a d i c a l s . 

Although these r e s u l t s indicated that further 
development was needed before the "wire" form of detector 
could be accepted as satisfactory, i t was considered that 
t h i s development might possibly be f r u i t f u l . Attention was 
then turned to the construction of the beam apparatus, f or 
i t seemed that t h i s would offer the best chance of obtaining 
a controlled variation of intensity which could be used to 
check whether the slope of the "decay" curve r e a l l y depends 
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on the radioal intensity. In the design of t h i s apparatus, 
therefore, provision was made for the introduction of hydrogen 
atoms into the target chamber, and fo r a device on whioh the 
wire could be mounted and traversed across the beam. Attention 
was also paid to the question of preparing samples of sodium and 
of a l k y l iodide which were oxygen f r e e . 
AUTORADIOGRAPHIC TECHNIQUE 

This technique has received comparatively l i t t l e 
attention for, i n addition to the doubts raised on page 
the r e s u l t s discussed i n the preceding section apply to t h i s 
also* For t h i s technique the most s i g n i f i c a n t observation 
i s that only a small proportion of the a c t i v i t y was removed 
before the rate of decrease " t a i l e d o ff". Unless, therefore, 
the conditions could be arranged so that a l l the a c t i v i t y was 
removed by a s u f f i c i e n t l y prolonged radioal treatment, the 
technique would not be sat i s f a c t o r y . A reduction of even 
30$ i n a c t i v i t y along a very narrow s t r i p i n an area of 
otherwise uniform a c t i v i t y would not y i e l d a photograph of 
very great contrast, and the fine d e t a i l s of i n t e n s i t y 
variation would be d i f f i c u l t to pick out. 

A few exploratory investigations were performed to 
f i n d out something about the best conditions f o r obtaining a 
uniform deposit and a sa t i s f a c t o r y photographic image at the 
end of an experiment, but no separate t e s t was made of the 
a b i l i t y of rad i c a l s to remove t h i s deposit. A few runs were 
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also oarried out In the beam apparatus, to try out the operating 
procedure. 

For the radioactive deposit i t was decided to simplify 
procedure by using the whole of the active deposit from thoron 
(cf.133). This consists of a mixture of Isotopes of lead, 
bismuth, polonium, and thallium. The f i r s t two are known to 
be attacked by radioals. I t i s possible that the other two 
w i l l also be attacked, but t h i s i s not important beoause of 
t h e i r very short half l i v e s . The decay scheme i s 

TkC'(i,ZPo) ^ 

c Z08. 

" ncT'ri) 

This deposit has the advantage that i t emits the 
p a r t i c l e s required for the produotion of a good autoradiograph 
and at the same time there i s an adequate flux of p and / 
radiation which permits a rough preliminary check on the 
deposited a c t i v i t y by means of an ordinary end window counter. 
This i s very useful for the estimation of photographic exposure 
times. I t has the disadvantage, however, that i t s half l i f e 
i s only 10.6 hr. Because of the required operating procedure 
the a c t i v i t y must s t i l l be s u f f i c i e n t to give a good photographic 
image at l e a s t 5° to 70 hours a f t e r the target has been removed 
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from the emanating source, that i s , f o r at l e a s t f i v e to seven 
times i t s half l i f e . Thus the i n i t i a l a c t i v i t y must be of the 
order of 100 times the a c t i v i t y f i n a l l y required f or the auto-
radiograph. An a o t l v i t y of about 2,000 c/m when the target 
was about 1-1/4 cm. from the counter window gave a useable 
photographic density a f t e r two days exposure ( o f . a . f i g . 2 l ) • 

Small pieces of U f o r d C2 Nuolear Researoh Plate 
were used. This type of emulsion has the advantage that i t 
i s sensitive to « - p a r t i c l e s while being r e l a t i v e l y i n s e n s i t i v e 
to other types of radiation, including l i g h t . Thus advantage 
could be taken of the sharper resolution offered by cx -auto-
radiographs (cf . 1 3 4 ) , and a f a i r l y bright green sa f e - l i g h t 
(X-ray type) could be used. Because of the low penetration of 
these p a r t i c l e s Into the emulsion, only a short development time 
was neoessary (maximum of 4 to 6 minutes at 18°C, of. ref . 1 3 4 ) , 

using developer solution ID19. Because of the thickness of the 
emulsion, a r e l a t i v e l y long f i x i n g time, of at l e a s t 30 minutes 
agitation i n IF2 solution, was required. The emulsion was then 
washed i n running tap water for at l e a s t an hour, and stored 
v e r t i o a l l y u n t i l dry. For these preliminary investigations no 
special precautions were taken to ensure that the target did not 
move on the emulsion during exposure. They were simply l a i d 
together and stored i n a cardboard photographic plate box. 

Two other conditions must be s a t i s f i e d . F i r s t l y , 
materials which can oause the pseudophotographlo e f f e c t must be 
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avoided (ref.134, p.9)> even though i t i s said that t h i s 
effeot I s not of p a r t i c u l a r importance when nuclear type 
plates are used. Hydrogen peroxide, which i s s a i d to be 
the cause of t h i s production of an image i n the absence of 
ionising radiations, i s also said to cause a fading of the 
l a t e n t image i n t h i s type of emulsion. Lead, copper, brass, 
iron, s i l v e r , niokel, and cobalt are suitable materials. 
P o s s i b i l i t y of corrosion makes iron, and even copper i f i t i s 
accidentally touohed with the bare fingers, unsuitable. Lead 
I s too soft. I t was decided, therefore, to use n i c k e l . 

Secondly, the best resolution i s obtained when the 
active surface has the largest possible area of contact with 
the emulsion. To a close approximation the central portion 
of a nuolear plate i s of uniform thickness. Consequently, i f 
the edge sections are rejected when the plate i s cut up, i t 
may be assumed that the emulsion surface i s f l a t . I t was 
therefore necessary to ensure that the target surfaoe also 
was f l a t . This was done by lapping on a f l a t pieoe of plate 
glass, f i r s t with fine carborundum then with " S i r a " abrasive. 
Sheets of n i c k e l of suitable thlokness were not a v a i l a b l e ; 
Therefore the target (fig.20a) was made of copper sheet, which 
was lapped before n i c k e l was plated on to i t . Since the n i c k e l 
was deposited on both sides of the copper base, the "bimetallic 
s t r i p " action was minimised, and the target remained sensibly 
f l a t over the whole range of room temperatures enoountered. 
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Emanating Source. 
A small amount of solution containing f e r r i c Iron 

and radio thorium dissolved In hydrochloric a d d was available 
i n the laboratory. On addition of dilu t e ammonium hydroxide, 
the f e r r i c hydroxide c a r r i e d down with i t the radiothorium. 
This was f i l t e r e d on a pad of f i l t e r paper pulp, washed, and 
pushed out, pad downwards, on to a small "dish" made from a 
piece of gold f o i l . 

Two types of gl a s s "emanating source chamber" were 
used ( f i g . 2 0 ) . Both were f i t t e d with leads so that a 
potential difference could be applied between the gold dish 
and the target, i f desired. The target lead, which served 
also as i t s support, was provided with a small cross bar 
which f i t t e d into the curled "hook" on the top of the target. 
I t was arranged so that the target could be put into place 
without the need for too much force, yet was held firmly once 
i n place. This support was made from 1/8" brass welding rod, 
and was waxed into the narrow tube at the end of the ground 
glass cone. Connection was made to the gold dish by means 
of a "spring" of fine tungsten wire, s i l v e r soldered to another 
piece of welding rod. This rod was also waxed into i t s side 
arm; In both arrangements a single thickness of "Andrex" 
t o i l e t paper was placed over the gold dish to ensure that only 
gaseous molecules could reach the target. The ground Joints 
were l i g h t l y greased with vaseline, to ensure that no appreciable 
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amount of thoron escaped Into the atmosphere* At the same time 
t h i s helped to preserve the f e r r i c hydroxide I n a damp condition, 
thus preventing I t from "ageing" prematurely. 

The f i r s t arrangement (fig.20b) , w i t h the target 
hanging v e r t i c a l l y over the source, was f a i r l y s a t i s f a c t o r y 

as long as no po t e n t i a l was applied (fig . 2 1 d ) . Since an 
e l e c t r i c f i e l d oaused a l l the a c t i v i t y to c o l l e c t along the 
bottom edge (flg . 2 1 c ) , the second arrangement (fig.20c) was 
t r i e d . This was only p a r t i a l l y successful (fig.21b) . 

With the f i r s t , v e r t i c a l , arrangement, a rough check was 
made of the e f f e c t of the applied voltage, and i t s sign, on the 
a c t i v i t y collected. The results are shown i n table I I I , and are i n 
qu a l i t a t i v e aocord with expectations. 

TABLE I I I 

Target Volts on 
target 

exposure 
t 

hrs. min. 
/9-t a 

a c t i v i t y 
c/m background 

c/m 
fo of max. 

f o r 
t = 00 . 

c/m f o r 
t = CO 

I I 0 16 35 2793 17 66.5 4J-87 
E I -130 to 

-150 17 35 9222 - 68.5 13450 
I +130 to 

+150 
25 40 632 17 81,0 776 

Eaoh a c t i v i t y was measured by hanging the target i n 
roughly the same p o s i t i o n on a f i x e d support i n f r o n t of a G«E.C. 
counter whloh was l a i d on i t s side on the bench. No lead 
shielding was employed. The percentages shown i n the second 
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l a s t column were obtained graphically, assuming a 10.6 nr. 
h a l f l i f e . A rough check, over an eight hour period with 
target I I Indicated that t h i s was correot. 

These results indicate that the application of a 
negative p o t e n t i a l to the target g r e a t l y increases the 
c o l l e c t i n g e f f i c i e n c y * However, since t h i s destroys the 
uniformity of the deposit (fig.21b and a), i t i s probably 
bet t e r to use a more aotive source w i t h no f i e l d than to 
attempt to shape the target i n an attempt to aohieve a more 
uniform f i e l d d i s t r i b u t i o n . 

One other small point was investigated. I n order 
to obtain some guide to the resolution attainable, a short 
length of f i n e nickel tape (cross section .03 x ,005 mm.) 
was placed across a target p r i o r to exposure over the emanating 
source, w i t h no f i e l d * The tape was f i x e d i n place with a 
touch of s o f t wax, applied to the back of the target. P r i o r 
to the photographic exposure, the wire was removed. Figure 
21d Indicates that l i t t l e of the a c t i v i t y deposited under the 
wire, and t h a t the resolution promised to be reasonably good, 
provided that the surface migration e f f e c t turned out to be 
not too large. 

However, the preliminary experiments w i t h RaE seemed 
to indloate that a reasonable proportion of the a c t i v i t y might 
be removed only by the application of repeated discharge t r e a t 
ments. Operational t r i a l s (see next chapter) w i t h the beam 



apparatus indioated that t h i s would he f a r from convenient, f o r 
a satisfactory beam i s only to be achieved when a good vacuum 
( > lO " 6 mm.Hg.) i s attained, and every hydrogen dlsoharge 
destroys the vaouum. This takes a t least 15 to 20 minutes to 
restore* 

I t was decided, therefore, to discard both of these 
radioaotive methods f o r the time being, and to search f o r some 
a l t e r n a t i v e detector which does not need any " s e n s l t i B i n g " 
treatment once i t has been i n s t a l l e d * 

OTHER TECHNIQUES 
AUXILIARY APPARATUS 

At the close of the RaE experiments i t became necessary 
to transfer the apparatus to another laboratory. I n the course 
of the move i t was re-designed so that i t would take up less space, 
and at the same time be adaptable to a wider v a r i e t y of purposes. 
A l l the subsequent tests were carried out w i t h t h i s system, which 
i s referred to as the t e s t or a u x i l i a r y vacuum l i n e . 

The pumping u n i t (fig*13) was as before, and the hydrogen 
l i n e ( f i g . 14) was much the same, w i t h the exception that the 
ohar6oal trap was subsequently removed* The taps i s o l a t i n g i t 
were, however, l e f t i n place, and a glass socket (B.14) was 
sealed to the tap on the discharge tube side. A needle valve 
could then be inserted i n the hydrogen l i n e i f i t was desired to 
oontrol the flow rate when, f o r instance, vacuum gauges were to 
be calibrated. 
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The new t e s t section consisted of a glass bulb, of 
approximately J00 oo. capacity. I t i s shown i n f igure 22; 

Targets were inserted through the top B.24 socket, and were 
supported by a "crocodile" c l i p which was waxed to a glass 
rod sealed to the corresponding cone (fig . 2 2 b ) . The source 
of radicals was similar i n construction to the source used i n 
the beam apparatus (fig.10b) . I t was attached to the B.29 

side arm by means of a B.14 - B.29 adaptor with an "extended" 
cone. Subsequently the B.14 Joint was omitted. I n i t s 
place a o o n s t r l c t i o n of comparable dimensions was formed; 
This obviated the necessity f o r a greased Joint so close to the 
heated zone. The a l k y l iodide supply l i n e was similar to t h a t 
described f o r the main apparatus. The f i r s t model thermocouple 
gauge (p. 83 ) and the second model low temperature thermostat 
(p. 73 ) were used. Sodium was, however, d i s t i l l e d d i r e c t l y 
i n t o the end of the sodium chamber. With t h i s design the sodium 
tended to oondense on the sides of the reaotlon chamber during 
the d i s t i l l a t i o n . I n order that the resonance l i g h t could be 
seen during the reaction, t h i s f i l m of sodium was moved to nearby 
glass surfaces by gentle heating w i t h a small flame. During the 
reaotion, the sodium was heated by a small e l e c t r i c a l heater of 
conventional design (see p.//3 ) # The reaotion chamber was kept 
warm by a few turns of nichromewire i n series w i t h the sodium 
furnace. Taps and Joints on t h i s section were lubr i c a t e d w i t h 
silicone grease. 

-140 -



I t was found to be desirable to make some provision 
f o r the "working" of the Joints nearest to the reaotion chamber* 
This was achieved by incorporating a glass s p i r a l i n the a l k y l 
iodide supply l i n e between the reaction chamber and the "buffer" 
bulb. A f t e r the r a d i c a l souroe had been put i n place the a l k y l 
iodide l i n e was sealed together w i t h the s p i r a l i n s l i g h t 
compression so as to compensate f o r the tendency of the si l i c o n e 
to flow out of the Joint. This s p i r a l was shaped as a very f l a t 
double cone. This .shape gave i t more s t a b i l i t y under compression 
than i s possessed by the more usual h e l i c a l form. 

No one p a r t i c u l a r point was used f o r connection w i t h 
the other arrangements used f o r special purposes, such as the 
preparation of a l k y l iodide and sodium samples, or the c a l i b r a t i o n 
of the thermocouple gauge (chapter I I I ) . Point B (fig . 1 3 ) and 
eithe r of the two sockets (fig.22) were the points of attachment 
most frequently used. The choice was deoided according to the 
other operations being carried out at the time. 

I n the f i r s t of these spherical test vessels a mica 
window, s i m i l a r to that shown i n f i g u r e 14, was provided a t 
A (fig. 2 2 ) . This window was l a t e r omitted. 
MOLYBDENUM OXIDE 

M e l v i l l e and Robb (48) have observed that radicals 
produce a blue coloration i n molybdenum oxide. Since they 
claim that ethyl radicals are 0#38 times as e f f e c t i v e as hydrogen 
atoms i n t h i s regard, i t was considered that t h i s might prove to 



be a useful q u a l i t a t i v e detector. They give no figure f o r 
methyl radicals, but the indication from the present tests i s 
that they are less e f f e c t i v e . I n agreement w i t h these authors 
(48b, 49) i t has been found that the s e n s i t i v i t y of t h i s material 
as a detector does depend on i t s "previous h i s t o r y " . The 
coloration, as with that produoed by hydrogen atoms, does not 
pe r s i s t on exposure to a i r (cf . 114) . The time taken f o r i t 
to fade seems also to depend on the method of deposition of the 
oxide. 

I n i t i a l l y , the deposit was formed i n a very simple 
manner (of .144) . Some powdered molybdenum oxide i n a s i l i c a 
cruoible was heated w i t h an oxy-gas flame to a temperature i n 
excess of i t s melting p o i n t (795°C, ref . 145 ) . The surface to 
be coated, usually a piece of microsoope s l i d e , was held i n the 
smoke of subliming oxide above the crucible u n t i l s u f f i c i e n t 
thickness of deposit was obtained. This deposit was r a p i d l y 
turned blue by close proximity to the edge of the flame. 

Subsequently a system of e l e c t r i c a l heating was 
employed i n an attempt to obtain a more uniform and coherent 
deposit. A length of "Kanthal" resistance wire was formed i n t o 
a cup shaped s p i r a l , whose diameter was adjusted so that i t f i t t e d 
closely round a small s i l i c a "test tube", of about 15 mm. bore and 
2-1/2 cm. length. This contained the molybdenum oxide. This 
u n i t was suspended Inside a c y l i n d r i c a l glass envelope w i t h the 
top of the s i l i c a tube about 1 cm. below the rim of the envelope. 



The Intervening space was packed w i t h pieces of asbestos. 
The heater wire was protected from the molybdenum oxide by 
means of a mica annulus which covered the e n t i r e space between 
the s i l i c a tube and the glass envelope. On top of t h i s , wet 
asbestos pulp was b u i l t up to form a t i g h t seal, leaving the 
o r i f i c e of the s i l i c a tube at the bottom of a shallow w e l l ; 
A rectangular hole was cut i n another piece of mioa, which 
served to support the microscope s l i d e on top of t h i s device, 
and at the same time to shut out stray a i r currents which would 
otherwise d i s t u r b the homogeneity of the deposit. 

I f the temperature of t h i s arrangement was brought 
up gradually to a bright red heat (approx. 800-850°C), a 
coherent deposit formed on the glass s l i d e without cracking I t . 
I f the slide was placed too close to the o r i f i o e , the r e s u l t i n g 
deposit was hard and almost clear, as though the oxide had 
condensed as a l i q u i d , and subsequently c r y s t a l l i s e d . This 
was found to be unsuitable f o r detection purposes. I n s u f f i c i e n t 
access of a i r , as w i t h heating i n vacuo, was found to r e s u l t i n 
the formation of the blue coloration. With t h i s arrangement, 
however, the deposit was always white. 

These deposits were shown to possess a greater s e n s i t i v i t y 
to radicals than that obtained by the o r i g i n a l method, and the blue 
coloration was much more stable on exposure to the atmosphere. 
Although fading i s appreciable a f t e r several months, l i t t l e change 
was noticed i n the space of a week. The contrast i n l i g h t values 
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i s not good, but i t i s possible to obtain photographic 
reproduction of the "radical blue", as shown i n f i g u r e 23. 

The uniformity of deposition i s much better than that obtained 
i n the f i r s t method, although i n t h i s l a s t respeot there i s 
s t i l l some room f o r improvement. 

I t was hoped t h a t , i f t h i s deposit proved to be 
s u f f i c i e n t l y uniform and sensitive, the beam oould be detected 
as a v i s i b l e trace. I t i s claimed (48) that every r a d i c a l 
c o l l i d i n g w i t h t h i s material i s captured by i t . Therefore i t 
would appear that, as long as the radicals continue to reach 
the target, i t should only be a matter of time before a trace 
was produced by even a weak beam. This method could not very 
e a s i l y be made quant i t a t i v e , but i t could show q u a l i t a t i v e l y 
whether an inhomogeneity was producing a broadening of the 
beam; 
Reaction w i t h Ethyls. 

For the preliminary tests one corner of the deposit 
was covered w i t h another, smaller, piece of microscope s l i d e . 
By t h i s means i t was possible to detect quite email changes i n 
coloration. 

Before setting up the sodium flame system, a preliminary 
t r i a l was made by pyrolyslng lead t e t r a e t h y l i n a s i l i o a tube. 
This was waxed i n to a B.29 cone, and attached to the test bulb. 
With the reservoir held a t between -8 to -14°C, the thermocouple 
gauge registered pressures from 10~1 to 4.IO""2 mm.Hg. The heated 
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zone was maintained at 420°C, and the t o t a l distance from heater 
to target was 29 om. Appreciable blueing was obtained w i t h i n a 
few minutes, and steadily beoame more Intense, although I t was 
only a pale pastel shade, which faded rapidly on exposure to a i r . 

The t r i a l s w i t h the sodium flame apparatus were carried 
out under conditions roughly comparable with those obtaining l h 
the beam apparatus. The iodide supply l i n e was, however, rather 
longer because of the s p i r a l , and so i t could be expected th a t 
the pressure drop from the "buffer" vessel (to which was attached 
the thermocouple gauge) to the reaction chamber would be greater 
on the t e s t arrangement, p a r t i c u l a r l y i n those experiments whioh 
were oonducted with no s l i t between the reaction zone and the 
target. Thus, although the ethyl iodide temperature was about 
the same ( ^ -72°C s 0.2 mm.Hg. pressure), the sodium temperature 
needed was low ( ~ 250°0 s 2.10"3 mm.Hg. pressure). Further, 
since the pumping system was not as e f f i c i e n t , the pressure i n the 
target space was higher ( 10-4 mm.Hg. on the McLeod gauge). 
As a oonsequenoe the mean free path would be shorter, and thus 
there was a greater p r o b a b i l i t y that the radicals would be 
reaoted before they reaohed the t a r g e t . A l l of these faotors 
would tend towards y i e l d i n g a maximum estimate of the probable 
"appearanoe time" of a trace i n the beam apparatus. As against 
t h i s the distances from the t i p of the ethyl iodide Jet i n the 
reaotion zone to the target were 22 cm. i n the t e s t arrangement 
and 35 °m» i n the beam apparatus. For those tests where a s l i t 
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was waxed to the f l a t end of the B.29 extension, the s l i t to 
target distances were 10-1/2 om. and 29 om. (source s l i t ) 
respectively. 

This te s t s l i t was of very simple construction. A 
small disc was out from duralumin sheet. I t s diameter was 
Just equal to the outside diameter of the glass extension 
piece. A s l o t , about 3 m m » x 2 mm., was cut I n the centre 
of t h i s , and over i t were waxed two pieces of razor blade 
whose sharp edges formed the s l i t Jaws. These were arranged 
by eye to be roughly p a r a l l e l , and of the order of 0.1 mm; 
apart. 

I f the radic a l concentration deviates, as i t surely 
w i l l , from the inverse square law I n the test arrangement, t h i s 
deviation w i l l have the ef f e c t of increasing the appearance time 
of the blue coloration. 

Thus, on the assumption th a t the inverse square law 
holds f o r both the respective s l i t to target dlstanoes, i t i s 
estimated that the beam trace appearance time w i l l be, at a 
maximum, seven times the appearanoe time f o r the blue coloration 
when the s l i t i s i n the te s t apparatus. 

The appearanoe times recorded In the following pages 
are not t o be r e l i e d on too closely, f o r the f i r s t v i s i b l e sign 
of coloration i s d i f f i c u l t to detect. A much greater number 
of t r i a l s would be required before the acoummulation of experience 
made i t possible to place any real confidence i n the f i g u r e s ; 



M e l v i l l e and Robb used a photometric device f o r following the 
change, but t h i s could only be applied with d i f f i c u l t y to the 
detection of a narrow streak of blue i n a large expanse of 
unchanged white background, such as was expected to be the 
re s u l t w i t h the beam. I t was decided, therefore, to r e l y 
on visual observation f o r a beginning. 

Despite these l i m i t a t i o n s , some in t e r e s t i n g deductions 
were possible. As soon as the experiment with pyrolysed lead 
t e t r a e t h y l had confirmed that detection of ethyl radicals was 
possible w i t h t h i s technique, an unsuccessful attempt had been 
made to detect these radicals i n the beam apparatus, both a t 
the detector position and at a p o s i t i o n Just i n f r o n t of the 
source s l i t , i n the c o l l i n a t o r chamber. Radicals were undoubtedly 
being formed i n the source, f o r there was a heavy deposit of 
sodium iodide. Therefore i t would seem that, e i t h e r they were 
being destroyed before they passed through the s l i t (an 
eventuality which i s not at a l l u n l i k e l y ) , or the detector might 
have been desensitised by o i l vapour from the d i f f u s i o n pump. 
Since, i n the design of the baffles i n the pump throats, high 
e f f i c i e n c y was saorifioed i n the i n t e r e s t s of high pumping speed, 
i t was considered not at a l l u n l i k e l y that "hot" o i l molecules 
were s t r i k i n g the target. 

The f i r s t sodium flame experiments on the test 
apparatus suggested that t h i s desensitisatlon could take place. 
I n order t h a t the sodium should be exposed to the a i r as l i t t l e 
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as possible, a target was placed i n p osition before i t was 
d i s t i l l e d . The reaction was then started, and the f i r s t 
f a i n t coloration was noticed some 15 to 18 minutes a f t e r 
opening the frthyl Iodide reservoir tap. The reaction was 
then stopped. After several hours f u r t h e r pumping, radioals 
were produced f o r a f u r t h e r half hour with only a s l i g h t 
i n t e n s i f i c a t i o n of the blue color. When the sodium had had 
time to oool, a fresh target was introduced. Under the same 
conditions t h i s target showed some coloration w i t h i n four 
minutes from the time of s t a r t i n g . A f t e r about 4.0 minutes 
treatment the blue coloration was considerably more Intense 
than I n the previous case. On exposure to a i r both targets 
faded overnight. Of the two, the color of the second was 
s l i g h t l y more persistent. 

The s l i t was then i n s t a l l e d and the procedure 
repeated. The times were now about 40 minutes f o r the target 
which was i n place during the sodium d i s t i l l a t i o n , and about 
14 minutes f o r the f i r s t signs of color i n the next one. 

An i n t e r p r e t a t i o n of t h i s phenomenon may be offered 
a f t e r reference to the account of the sodium preparation 
procedure ( p . 9 2 ) . I t was noted there that appreciable 
evolution of gas, and charring, was encountered when the 
sodium was heated i n the f i r s t stage of the d i s t i l l a t i o n . 
Some of the products of t h i s reaction could foell be adsorbed 
on the target as they are being pumped away, and thus a f f e c t 
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the target s e n s i t i v i t y . For subsequent runs a fresh sodium 
sample was only introduoed when the thickness of the sodium 
iodide deposit made i t necessary t o clean the reaotion chamber. 
Admission of a i r t o the cold sodium did not seem t o have any 
great effect on the temperature at which the resonance appeared. 
This observation does not, of course, have any bearing on the 
occasions when a capsule i s employed, f o r then the oracks from 
which the sodium emerges are much more easily blocked. 

The target support i n the test chamber was therefore 
modified so that an investigation could be made of the effeot 
of s i l i c o n e vapour on the target. I n addition t o the "crocodile" 
c l i p target holder, two tungsten leads were sealed i n t o the 
central stem f i t t e d t o the B.24 glass cone (fig.2 2 c ) . These 
leads supported a "Kanthal" s p i r a l , s i m i l a r t o that employed 
f o r the molybdenum oxide furnace. A small amount of s i l i c o n e 
pump o i l was oontalned i n a small glass vessel piaoed I n the 
heater s p i r a l . With the target supported v e r t i c a l l y about one 
centimeter above the top of the s p i r a l , varying amounts o f the 
o i l oould be condensed on to I t by c o n t r o l l i n g the duration and 
amount of heating p r i o r t o treatment w i t h the radicals. 

These and succeeding runs were oarried out with targets 
deposited by e l e c t r i c a l heating. An i n d i c a t i o n of the improved 
characteristics of t h i s type of deposit was furnished by the 
f i r s t t r i a l , w i t h no s l i t , i n which an appreciable coloration 
was obtained w i t h i n two minutes of opening the ethyl Iodide tap 



t o the already heated sodium. The eodium temperature was 
s l i g h t l y lower i n t h i s oase (220°C = < 10~3 mm.Hg.) than 
previously, as also was the reservoir pressure (-76°C, thermo
couple gauge, ~ 0,1 mm.Hg). Furthermore, i n the run 
immediately preceding the s i l i c o n e tests i t was noticed t h a t , 
with the sodium at only 200°C, and the ethyl iodide tap olosed, 
a d i s t i n c t blue had developed i n Just over 35 minutes. This 
Implied that s u f f i c i e n t e t h yl iodide was d i f f u s i n g through the 
silloone tap grease, which had not been renewed f o r some time. 
Whatever the o r i g i n of the iodide, the concentration of radicals 
can not have been greater than 10~3 mm.Hg., which was about the 
lowest pressure detectable by the thermocouple gauge. Further 
investigation of t h i s was l e f t u n t i l a f t e r the silioo n e t e s t s , 
which were carried out w i t h the ethyl Iodide tap shut. 

I t was found that the s i l i c o n e o i l did not completely 
i n h i b i t the coloration of the target under these p a r t i c u l a r 
conditions unless i t was condensed i n s u f f i c i e n t quantity to 
be readily v i s i b l e . However, with amounts of heating found 
t o be Just i n s u f f i c i e n t t o cause condensation of droplets, a 
d i s t i n c t gradation of the oolor was observed up the target, from 
a very pale blue at the bottom to a deeper color at the top. In 
a run t y p l o a l of these t e s t s , the oolor f i r s t appeared, a f t e r about 
20 minutes, on the upper portion of the target where, presumably, 
r e l a t i v e l y l i t t l e of the vapour had been adsorbed. On prolonged 
ethyl treatment the Intensit y gradually inoreased. 
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Thus i t would appear t h a t , t o be quite certain that 
the target s e n s i t i v i t y i s as great as possible, i t s surface 
must be proteoted from the o i l vapour by an e f f i c i e n t b a f f l e 
i n the pump throat* 

From a cursory examination of the blueing obtained 
by merely heating the sodium, i t would appear that d i f f u s i o n 
through the tap grease i s not the only source of the ethyl 
iodide. I t i s to be presumed that the presence of t h i s 
compound i s necessary f o r the production of the blue coloration, 
whioh took plaoe even when the reservoir tap was re-greased and 
the reservoir i t s e l f was kept oold with l i q u i d nitrogen, not 
only during the run i t s e l f , but also at a l l other times. 
Warming up of the reservoir, however, cannot be e n t i r e l y 
avoided, f o r very l i t t l e of the ooolant remained i n the Dewar . 
f l a s k by morning, even when the l e v e l had been replenished Just 
p r i o r to departure the previous evening. That the " d i f f u s i o n " 
e f f e c t may play some part i n t h i s e f f e c t i s i l l u s t r a t e d by the 
following appearance times: 

1. Immediately a f t e r the tap was re-greased, a f a i n t 
suggestion of coloration 17 minutes a f t e r s t a r t i n g 
to heat the sodium; a d e f i n i t e blue developed i n 
about 24 minutes. 

2. Eight days l a t e r , a blue developed i n 12 minutes. 
3* Three days a f t e r t h i s again, a d e f i n i t e blue 

appeared i n 10 minutes. 
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The sodium temperature i n a l l three runs was 250°C. 
At this stage the s l i t was replaced, fresh sodium 

was introduced, and the i s o l a t i n g tap was replaced by a new 
one. The sodium was pre-heated f o r about 30 minutes before 
the fresh target was introduced, and the ethyl iodide was kept 
cold, and not outgassed, during t h i s time. Heating of the 
sodium then produced no coloration i n 42 minutes. 

Even a f t e r allowing f o r the presenoe of the s l i t , 
t h i s might be taken to indicate t h a t , although some of the 
ethyl iodide i n the previous runs had diffused through the 
silicone tap grease, some must also have been adsorbed on the 
reaction chamber side of the tap. The most l i k e l y place i s 
the small quantity of grease which always tends t o accumulate 
a f t e r some time i n the tap side arms. This material i s 
d i f f i c u l t to remove completely unless the tap i s out out of 
the apparatus. Adsorption of the i o d i d e at some point nearer 
to the reaotion vessel i s not ruled out by these observations, 
but i t i s considered to be less l i k e l y . 

Thus i t would seem t h a t , although the silicone grease 
i s more resistant t o these vapours than i s Apiezon grease, i t 
i s advisable to take the precaution of keeping the reservoir 
as oold as possible at a l l times when i t i s not actually i n use. 

The two f i n a l runs i n t h i s series were carried out i n 
order to gain some idea of the ef f e c t of the s l i t on the flow of 
radicals, and thus to estimate the exposure time probably required 

- /S2 -



f o r deteotion of the beam with a molybdenum oxide target. 
The ethyl Iodide temperature lay I n the range -72 

t o -76°C (.2 to i!5 mm.Hg. pressure at l i q u i d ) . The sodium 
temperature, 250°C (approximately 2.1CT3 mra.Hg.) gave a s l i g h t 
exoese of sodium I n the reaction zone. A blue coloration was 
detected a f t e r 54 minutes. 

With a fresh target, the corresponding time was 48 

minutes, with the temperatures at -76°C and 25O°0 respectively. 
ThuB on the basis of the arguments presented above 

(p. its) a trace of the beam should be detectable a f t e r a maximum 
of seven hours^running time. 
OTHER TARGETS 
811ver Iodide. 

I t has been demonstrated (p. /oa) that radloaotive 
" s i l v e r iodide" might prove to be of use as a detector. An 
opportunity was therefore taken t o compare t h i s method with the 
molybdenum oxide during the course o f the experiments Just 
described. 

A pieoe of s i l v e r f o i l was soldered, f o r oonvenienoe 
i n handling, on to the top of a nickel oountlng t r a y . The 
s i l v e r was cleaned with metal p o l i s h , washed f i r s t w i t h benzene, 
then aoetone, and f i n a l l y with aloohol which was burnt o f f . 
A f t e r t h i s treatment, water spread readily over the surface. 
A solu t i o n of p a r a f f i n wax i n petroleum ether was then prepared 
and painted on to the baok and sides of the niokel t r a y , and 
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also around the edge of the s i l v e r surface. Thus when t h i s 
target was dipped i n t o the solution, the s i l v e r was the only 
metal t o come In contact with i t . 

An old solution cortaining a 8 sodium iodide, 
allegedly " c a r r i e r f r e e " , was obtained from Mr.B.C.Purkayastha. 
Prom information supplied by him i t was possible t o oalculate 
that 10 ml. of t h i s solution should contain, at the time of 
t h i 6 t e s t , approximately 3800 c/m of i f i t were a l l 
oontained i n a s o l i d source placed on the top shelf i n a "lead 
castle". 

To 20 ml. of t h i s solution (which was neutral t o 
litmus) were added two drops of d i l u t e sulphuric acid t o 
l i b e r a t e the iodine, and the s i l v e r disc was immersed, with 
occasional a g i t a t i o n , f o r 130 minutes. On removal i t was 
washed wi t h d i s t i l l e d water and acetone, and dried i n a stream 
of f i l t e r e d a i r . 

I t s a o t l v i t y was found to be 
A 0 - (1057.3 + 10.28) - (17.6 + 0.6) « 

1039.7 + 10.3 ( I . e . + 0.99#) c/m. 
That i s , about 14$ of the a c t i v i t y i n the solution 

had been collected. 
The target was placed i n the test apparatus and, 

a f t e r evaouating, the sodium was heated to 250°0 (no s l i t 
present) f o r 23 minutes with the ethyl Iodide tap shut. 
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On removal from the apparatus, the a c t i v i t y J% hours 
a f t e r the f i r s t count was found to be 

o (963.5 + 9JB) - (17.6 + 0.6) -

945.9 +9.8 ( i . e . +1.04$) c/m. 
Thus the r a t i o A^£ /kQ « 91.C + 1.4#. 

The ethyl radicals had therefore removed 9$ of the 
in 23 minutes. Since the half l i f e i s 8 days, there was 

no need t o correct f o r the natural decay. 
A molybdenum oxide target, treated an hour a f t e r the 

s i l v e r disc had been removed from the apparatus, gave a blue 
coloration i n 10 minutes under the same conditions. 

A calculation s i m i l a r t o that oarried out f o r RaE 
(p.109) would show that the area 00cupled by eaoh iodine atom 
on the s i l v e r i s almost as great. Further investigation might 
therefore show that the a c t i v i t y - t i m e curve f o r t h i s detector 
was s i m i l a r to those obtained f o r RaE. In this connection i t 
i s of in t e r e s t t o note that the percentage reductions obtained 
f o r the two d i f f e r e n t detector elements are very s i m i l a r i n 
amount, although naturally the evidence w i t h the iodide Is muoh 
too meagre to draw any conclusions from t h i s . The matter was 
not pursued, f o r the r e s u l t was s u f f i c i e n t to indloate that the 
molybdenum oxide was, at the present stage, preferable f o r use 
as a q u a l i t a t i v e indicator. 
Tellurium. 

Early workers w i t h inactive mirrors (146) found that 
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t e l l u r i u m was a very suitable detector f o r I t seemed to r e t a i n 
i t s a o t i v i t y towards radicals even when exposed p e r i o d i c a l l y t o 
the atmosphere. The p o s s i b i l i t y of using t h i s element was, 
therefore, also considered. Some v i s i b l e deposits of inactive 
t e l l u r i u m were evaporated on to pieces of microscope slide by 
vacuum evaporation i n the " t e s t " bulb. This was simply done 
by replaoing the silic o n e o i l "oup" by a fresh one containing 
a small lump of the element. The glass "target" was Introduced 
through the B.29 side arm, and was supported h o r i z o n t a l l y over 
the oup by means of a "crocodile d i p " . 

When these deposits were tested with ethyl radioale, 
very l i t t l e difference oould be deteoted between the exposed 
surface and the corner proteoted by the glass cover. 

Of the available active isotopes, i t might be possible 
129 

to t r y Te, whioh has a ha l f l i f e of 32 days and emits measurable 
rays and some /3 rays, i f i t could be obtained i n high 

isotopic p u r i t y . 
METHYL RADICALS 
Di-t e r - b u t y l peroxide (Bu* Og). 

An account of the short exploratory investigation i n t o 
the pyrolysis of t h i s compound has been l e f t u n t i l the l a s t , 
sinoe molybdenum oxide was used as the detector. A resume of 
i t s possible advantages as a radical source, and the pyrolysifl 
temperatures reported i n the l i t e r a t u r e , was presented on p. 62 
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Modification of the test apparatus was simply 
achieved. The sodium reaction u n i t was replaced by a glass 
tube of about 2-1/2 cm. bore. One end was sealed to the 
same l i n e which had been used f o r the ethyl iodide. The 
other was attached t o the test bulb by means of the B.29 

Joint (fig.2 2 a ) . This tube was heated with the old reducing 
furnace (p.113) which i s 6*5 cm. long. No s l i t was used. 

The available vapour pressure data are meagre. 
Boi l i n g points at two pressures are given by Milas and 
Surgenor (120), who also l i s t a melting point of -18°C. 
Widely diverging extrapolation formulae are given by Egerton, 
Emte, and Minkoff (147) on the one hand, and by Vaughan (148) 

on the other. These two sources of information l i s t the 
melting point at -18 to -19.5°C, and -40°0, respectively. 
Vaughan1 s b o i l i n g point (110.0°0), however, agrees; f a i r l y well 
w ith that given i n reference 120 (109-109.2°C at 760 mm.Hg.). 

I f Milas and Surgenor* s two results are extrapolated, 
we obtain that the vapour pressure at the melting point, 
assuming t h i s to be -18°C, i s about 3-1/2 mm.Hg. Extrapolations 
to temperatures below the melting point can only be r e l i e d on to 
give even an approximation to the vapour pressure i f the latent 
heat of fusion i s small, and therefore such extrapolations can not 
be r e l i e d on to any great extent, as has already been mentioned i n 
the discussion about methyl iodide pressures. However, the 
heat of fusion i s usually low f o r organic compounds, and the 
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extrapolation of the two figures of Mllas and Surgenor was 
used as a rough guide. On t h i s basis, a vapour pressure 
of 0.15 mm.Hg. could be expected at about ~f>0°C. , Of the 
two extrapolation formulae, that of Vaughan gave very muoh 
lower pressures, whereas the other gave pressures Just a 
l i t t l e higher. 

The thermocouple gauge used i n the present 
experiments ( f i r s t model, calibrated with a i r only) i s not 
p a r t i c u l a r l y sensitive at pressures of t h i s order. Never
theless the readings i t gave wi t h ethyl iodide corresponded 
f a i r l y closely with the pressures to be expected from the 
extrapolated vapour pressure curve, which, with t h i s substance, 
i s more r e l i a b l e i n that a l l experimental temperatures were 
above the melting point ( c f . p. 7/ ) . I t i s therefore of 
interest to observe that the vapour pressures Indicated f o r 
Bu^ Og were only a l i t t l e lower than the pressures deduced 
from the two points of Mllas and Surgenor. Temperatures i n 
the region of«*60° gave vapour pressures of the order of 
10**1 mm.Hg. This would seem t o indicate that the heat of 
fusion i s not very large. The r e s u l t s are not s u f f i c i e n t l y 
aocurate, however, f o r any f i r m conclusion to be drawn. 

The results of these experiments are oolleoted 
i n table IV. 
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TABLE IV 
Pyrolyale of Dl-ter-butyl Peroxide 

Effeot on Molybdenum Oxide 

2 2 temperature 
Approx.press. 
T/0 gauge 
mm.Hg. 

Pyrolysls 
temperature 

Comment 
and pyrolyels time 

-59 .15 320 no co l o r a t i o n , 47 minutes 

-51 
to 

-48 

.24 to 

.3 
430 

f i r s t sign of blue, 30 mine, 
pale blue, f u r t h e r 11 mlns. 

-55 to 
-50 

.14 
t o 

.18 
470 very pale blue, 69 minutes. 

-53 .17 540 target two days old. 
f i r s t sign blue, 18 minutes. 

-49 .2 540 good co l o r a t i o n , f u r t h e r 
42 minutes. 

From these resu l t s i t i s apparent t h a t , when due 
allowanoe has been made f o r the differences i n pressure, muoh 
higher pyrolysls temperatures are needed under these conditions 
than those usually quoted i n the l i t e r a t u r e ( c f . p . 6 3 ) . At 
these pressures the mean free path i s short compared with the 
length of the heated zone, and so most molecules passing through 
i t must presumably have oome t o temperature equilibrium with the 
glass walls. Therefore i t would seem that there i s l i t t l e 
advantage to be gained by using t h i s material, as f a r as the 
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low temperature requirement i s concerned. 
Even i n the l a s t run, the coloration was not nearly 

as Intense as that produced by ethyls i n the previous exper
iments, and, i n general, the appearanoe times are considerably 
greater. I t may be that a lower concentration of methyls 
contributes to t h i s , but on the whole i t would appear that 
methyls are not as ef f e c t i v e as ethyls with t h i s deteotor. 
Since the pyrolysis zone was of pyrex glass, i t was not possible 
to use the higher temperatures quoted by Lossing and Tlckner 
(60). I t would be of in t e r e s t to t r y t h i s . 

A few t r i a l s w i t h targets several weeks o l d , some 
but not a l l of which had been used i n the beam apparatus and 
may therefore have been contaminated with pump o i l vapour, 
gave negative resu l t s under conditions where freshly prepared 
targets turned blue. This tends t o suggest that "ageing" of 
the oxide deposit might take place I n time, although t h i s 
was not appreciable ( l a s t run i n table IV) a f t e r only two 
days. 
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CHAPTER V. EXPERIMENTAL AND DISCUSSION 

MOLECULAR BEAM 

The c o n d i t i o n s r e q u i r e d f o r molecular beam 

p r o d u c t i o n were reviewed i n Chapter I I , and summarised on 

page 58. W i t h i n these l i m i t s a wide v a r i e t y o f designs i s 

p o s s i b l e , depending on the p r o p e r t i e s of the substance to be 

i n v e s t i g a t e d . For a s t a r t , t h e r e f o r e , i t was deoided to 

base the design o f the present apparatus on the arrangement 

used by Praser and Jewett (53) f o r t h e i r measurements o f the 

i o n i s a t i o n p o t e n t i a l o f f r e e m e t h y l . 

F igure 24 i s a d rawing , approximate ly t o sca le , o f 

the main vacuum chambers i n which the beam was t o be formed 

and de tec ted . The "backing l i n e " , source supply , and 

"hydrogen l i n e " are shown i n f i g u r e s 25 and 26. An idea o f 

the genera l arrangement may be ob ta ined f r o m the photographs 

i n f i g u r e s 27 and 28. 

Dur ing the course of the i n v e s t i g a t i o n s w i t h t h i s 

equipment a number of inadequacies i n design became apparent . 

Minor m o d i f i c a t i o n s were e f f e c t e d as they beoame necessary, 

and have been Inc luded i n the d e s c r i p t i o n , which i s o f the 

apparatus as i t was f i n a l l y evo lved . A l t e r a t i o n s which would 

i n v o l v e major changes were l e f t , however, u n t i l s u f f i c i e n t 
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experience had been accumulated i n t h i s technique t o make a 

comple te ly new des ign w o r t h - w h i l e . The stage has now been 

reaohed where t h i s i s necessary, and suggestions f o r f u r t h e r 

developments w i l l be found i n the l a s t s e c t i o n . 

VACUUM SYSTEM 

The maximum pe rmiss ib l e pressure I s governed by the 

c o n d i t i o n t h a t the mean f r e e pa th o f the " s t r ay" molecules 

must be g r e a t e r than the pa th l e n g t h of the molecules i n the 

beam. The source to c o l l i m a t o r s i l t d i s tance was Just under 

10 cm., and the dlstanoe f r o m the c o l l i m a t o r s l i t t o the 

t a r g e t was approximate ly 20 cm. The mean f r e e p a t h of the 

ammonia molecule i s 5 om. a t 10~3 mm.Hg. ( r e f . 1 4 9 , p .113). 

I f t h i s I s assumed, f o r the sake of argument, t o be rough ly 

comparable w i t h f r e e m e t h y l , I t may be deduced t h a t the 

maximum pe rmis s ib l e pressures w i l l be of the o rde r of 5.10"^" 

mm.Hg, i n the c o l l i m a t o r chamber and 2.10""4 mm.Hg. i n the 

t a r g e t chamber. The p r o p o r t i o n o f molecules s ca t t e r ed out 

o f the beam at these pressures w i l l , however, be h i g h ( c . f . 

p . 36 ) . I t i s bes t , t h e r e f o r e , to demand pressures not 

g r e a t e r than 10**4 mm.Hg, i n the c o l l i m a t o r chamber, and of the 

o rde r of 10"^ mm.Hg,, o r b e t t e r , i n the t a r g e t chamber. 

These pressures must be main ta ined aga ins t a 

continuous f l o w of gas oomlng f r o m the source, where the 

pressure i s t o be about 10" 1 mm.Hg, I f these c o n d i t i o n s are 

t o be a t t a i n e d , the ou t e r envelope must be comple te ly f r e e of 
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l e a k s , and a h i g h pumping r a t e must be ma in ta ined . 

Glass vessels f i t t e d w i t h "Pyrex I n d u s t r i a l P i p e l i n e " 

connections were used f o r the two main chambers. T h i s type 

of connect ion has the great advantage t h a t i t i s s tu rdy a t 

diameters much wider than are pos s ib l e w i t h the cone and 

socket type of J o i n t . Also i t r e q u i r e s a r e l a t i v e l y sma l l 

space f o r m a n i p u l a t i o n d u r i n g assembly, and connections t o 

m e t a l l i c sec t ions of the apparatus are achieved w i t h a minimum 

of maohlning. Rubber " P i p e l i n e " gaskets l i g h t l y greased w i t h 

s i l i c o n e h i g h vacuum grease were f o u n d t o be adequate. The 

t a r g e t chamber was a crosapiece made f r o m two 3 l n « and two 

2 i n . connect ions . I t s volume was approximate ly 1-1/2 l i t r e . 

The c o l l i m a t o r ohamber was a 10 l i t r e b u l b , t o whloh were 

a t tached three 3 i n . connections and one B.24 socket . The 

end p l a t e s , th rough which connect ions t o the i n n e r p a r t s o f the 

apparatus were made, were 1/4 i n . brass d i sos , w i t h d iameters 

6 i n . and 4-3/4 i n . f o r the 3 i n . and 2 i n , connect ions , 

r e s p e c t i v e l y . This l a r g e volume was chosen f o r the c o l l i m a t o r 

ohamber so t h a t the heated souroe would not be too close to i t s 

w a l l s , and a l so t o minimise the e f f e o t on the pressure of any 

smal l i n r u s h o f gas. The wide connect ions made i t poss ib l e 

t o achieve one of the c o n d i t i o n s f o r h i g h pumping r a t e s . That 

i s the p r o v i s i o n o f shor t wide connections between the pump and 

the evacuated space. 
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Pumps 

Since the impedance t o gas f l o w of the s l i t s i s 

much g rea t e r than t h a t o f any o t h e r p a r t of the system, the 

problem of c a l c u l a t i n g the necessary pumping speeds may be 

reduced t o ve ry simple p r o p o r t i o n s . The speed of an " i d e a l " 

aper ture ( S ) , whioh i s independent of the magnitude o f the 

pressure sub jec t to the c o n d i t i o n o f molecular f l o w , may be 

d e f i n e d as 

S seo om. a 

where a i s t he area of t h e aper ture I n cm. , M the molecular 

weight o f the gas, T the absolute temperature , and R the gas 

constant . ( I n dyne om." ' 2 ) . Since the same r e s t r i c t i o n app l i e s 

t o the v a l i d i t y o f t h i s express ion as app l i e s t o the f o r m a t i o n 

o f a beam, I . e . A ^ 2b ( c . f . p . 56), i t i s assumed t h a t I t 

may be a p p l i e d w i t h s u f f i c i e n t aocuracy t o the source pressures 

which w i l l be encountered i n p r a c t i c e . The speed of a s l i t 

w i t h f i n i t e th ickness w i l l be less than t h a t g iven by t h i s 

express ion . 

The quantity q o f gas which passes th rough the s l i t 

f r o m a r eg ion where the pressure i s p^ t o a r e g i o n where i t i s 

p 2 i s g iven by q - - p 2 ) S, where p i s expressed i n mm.Hg. . 

A s i m i l a r express ion holds f o r the speed o f the pump 

( S p ) s - P-Sf s <1» where p i s the pressure a t the pump head. 

For a system a t e q u i l i b r i u m q w i l l be constant th roughou t . 
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W i t h the s h o r t , wide, connect ions used, p. may be taken as 

approximate ly equal to p 2 . 

Thus S P = 4 E 3. 
P2 

For d e f l e c t i o n experiments , the s l i t s must be as 

narrow as p o s s i b l e . The dimensions assumed i n t h i s 

c a l c u l a t i o n were, t h e r e f o r e , 3 n™. x O.05 mm., i . e . a = 

1.5 • 10"' o m . 2 . For a i r ( o r e t h y l ) , M = 29. 

Thus S * 17.5 cm. 3 sec."*1 a t T 8 300°K. 

For souroe pressure p^ « 10"* mm.Hg., and pg 

( c o l l i m a t o r ohamber) = 10~4 mm.Hg., / J p ^ 10"*1 mm.Hg. 

Thus Bp a 17.5 l i t . s e o . " " 1 . 

I t would seem, then , t h a t a "Metroviok" type 03B 

o i l d i f f u s i o n pump (Bp * 30 l i t . s e c . " * 1 ) would be s u f f i c i e n t . 

Under the c o n d i t i o n s s t a t ed , t h i s pump would m a i n t a i n a 

pressure P2 ~ A p |Q.10"' = 5.8 . 10"^ mm.Hg. f o r e t h y l s o r 

a i r . Sinoe bo th 3 and S p depend i n the same way on M, t h i s 

pressure should be independent o f t he molecular weight of the 

gas. 

For a wider s l i t (0.1 mm. x 3 mm., a - 3*10 J cm. ; 

t h i s would not seem t o be q u i t e so s a t i s f a c t o r y . The a t t a i n a b l e 

pressure then I s 1.2 . 10"*4 mm.Hg. However i t must be 

remembered t h a t the source s l i t was oanal shaped, ' ' 
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This would tend towards Improving 

the vaouum a t t a i n e d . Moreover, " c o l d f i n g e r s " (P, f i g . 2 4 ) 

were to he p r o v i d e d i n each ohamber. I f the vapour pressure 

of the gas i s n e g l i g i b l e (say < lo" 7 mm.Hg.) at the 

temperature o f t h i s su r face , i t has a ve ry h i g h e f f e c t i v e 

pumping speed ( c . f . r e f . 103 , P.21). The average area o f 

l i q u i d n i t r o g e n cooled sur face i n the c o l l i m a t o r chamber was 

of the o rder o f A = 90 c m . 2 . Thus, on the assumption t h a t 

every molecule i s condensed on i t s f i r s t impact , t h i s surface 

by i t s e l f should be capable of m a i n t a i n i n g a pressure ( l o o . 

o i t . ) o f p l a a 3.10**^ mm.Hg., even when the s i l t i s 0.1 mm. 
nr 

wide . 

Thus i t was considered t h a t the 03B pump and the o o l d 

sur face cou ld deal adequately w i t h a l l gases, b o t h oondenelble 

and non-oondensible , whioh were l i k e l y t o ocour i n the beam. 

A s i m i l a r c a l c u l a t i o n was made f o r the t a r g e t ohamber. 

For a - 1.5 . 10-3 c m . 2 , p 2

 s 10~4 mm.Hg., P3 = 10" 6 mm.Hg., 

the pumping speed r e q u i r e d was S p

 s 1.7 l i t . s e c . " " 1 . Thus the 

"Met rov ick" type 02 o i l d i f f u s i o n pump (7 l i t . s e c . " " 1 ) was more 

than adequate, even w i t h o u t a c o l d s u r f a c e . The c a l c u l a t e d 

pressure g iven by t h i s pump was 2.10""? mm.Hg. 

I t was deoided to use s i l i c o n e pump o i l s ( t ype 703) 

i n s t e a d of the hydrocarbon o i l recommended by the makers, 

s ince i t i s c la imed t h a t a lower u l t i m a t e vaouum i s poss ib le by 

i t s use. Also i t i s more r e s i s t a n t t o decomposi t ion i f l a r g e 
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q u a n t i t i e s o f a i r are a c c i d e n t a l l y admi t t ed w h i l e the pumps 

are I n o p e r a t i o n , 

A b a f f l e u n i t ( I . f i g . 2 4 ) was i n s t a l l e d between 

each pump and the chamber i t was t o evaouate. Th i s cons i s t ed 

of a water cooled oon ioa l copper s p i r a l , soldered i n t o the 

w a l l s of a copper c y l i n d e r , o f 3 i n . d iameter , f i t t e d at each 

end w i t h brass f l a n g e s . The c o l l s of these s p i r a l s were 

arranged so t h a t , as f a r . a s p o s s i b l e , the pump t h r o a t was 

prevented f r o m "seeing" i n t o the chamber. They were connected 

i n s e r i e s w i t h the pump c o o l i n g Jaokets . The 02 pump b a f f l e 

(no t shown) was complete ly enclosed w i t h i n i t s hous ing, and was 

expected to be r a t h e r more e f f i c i e n t i n t h a t a oopper s t r i p was 

soldered to i t t o make q u i t e sure t h a t pump o i l must s t r i k e i t . 

The 036 b a f f l e was l e f t as a s imple s p i r a l i n the i n t e r e s t s of 

h i g h pumping r a t e s . 

A l l f l a n g e connections on the h i g h vacuum s ide were 

b o l t e d t oge the r . Wi th the except ion o f the Junct ions between 

the b a f f l e housings and the pumps, which had Q - r i n g sea ls , the 

f l a t rubber " P i p e l i n e " gaskets were used. 

The two d i f f u s i o n pumps were connected to a common 

backing l i n e ( f i g . 2 5 ) which was exhausted th rough a l i q u i d a i r 

t r a p by a two-stage r o t a r y pump (Edwards "Speedivac" type 3 ) . 

Wide bore (3 cm.) glass t u b i n g was used f o r oonneotions on the 

03B pump l i n e . 

-167-



— 

m - I 
vSAfiSfij mam 

TUT 

I I i 

-<SH I P - - 4 

HP 
4 — ' v w -K<5 

it ® 
OS 

I a 
I L 

I 
I j 
i f 

5 



The l o n g tube (shown hatched) was f i l l e d w i t h 

a c t i v a t e d charcoa l , and was a l so p r o v i d e d w i t h a g lass i s o l a t i n g 

t a p . This tube , when cooled w i t h l i q u i d n i t r o g e n , served as 

an adequate s u b s t i t u t e f o r the backing pump when i t was de s i r ed 

to cont inue pumping, w i t h t he r e s e r v o i r shut o f f , ove rn igh t 

and a t week-ends. I t was necessary, however, to r e p l e n i s h 

the coolan t a t l e a s t once a day. P e r i o d i c a l l y the d i f f u s i o n 

pumps were I s o l a t e d f rom the baoking l i n e , and the charcoa l 

was pumped out w i t h the backing pump w h i l e main ta ined a t 350 

t o 400°C. w i t h a tube f u r n a c e . The temperature was measured 

by a chromel-alumel thermocouple connected t o con tac t s 5 on the 

s e l e c t o r swi toh ( f i g . 2 6 a ) . 

Pressure Measurement 

Beoause of t h e i r s i m p l i c i t y and ease of o p e r a t i o n i t 

was decided t o use Penning (150) gauges f o r pressure measure

ments i n the two main chambers. 

The anode was a r i n g of s tou t n i c k e l w i r e . The 

cathodes were aluminium. Dur ing ope ra t i on a brown depos i t , 

which may be conduct ing , forms on the i n n e r w a l l s of the g l a s s , 

which was t h e r e f o r e shaped as shown t o i n h i b i t the f o r m a t i o n 

o f a continuous l a y e r between t h e e l e c t r o d e s . 

The two gauges were run i n p a r a l l e l f r o m a ha l f -wave 

r e c t i f i e d power supply whose ou tpu t was approximate ly 1800 V . 

( n o m i n a l l y 2 k V . ) . The c i r c u i t s o f t h i s u n i t and the 

assoc ia ted mete r ing u n i t are shown i n f i g u r e 29. The 
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res i s t ances p laced I n s e r i e s w i t h the meters were chosen so 

t h a t the v o l t a g e d r o p f o r f u l l scale meter d e f l e c t i o n was 

Just s u f f i c i e n t to cause the neon tube to s t r i k e . The 

500 pA. meter was permanently i n s e r i e s w i t h the c o l l i m a t o r 

chamber gauge. Two switohes were p rov ided f o r the 100 pA. 

meter . One made i t p o s s i b l e to measure the our ren t f l o w i n g 

th rough e i t h e r gauge on the more s e n s i t i v e meter w i t h o u t 

i n t e r r u p t i n g the d i s c h a r g e „ o r to shor t the meter out a l t o g e t h e r . 

The seoond s w i t c h , w i t h i t s assoc ia ted shunt r e s i s t o r s , was 

i n c o r p o r a t e d l a t e r to extend the range of bo th gauges to h ighe r 

pressures . (The X 0.1 range . ) 

The magnet f i e l d , o f about 2000 gauss p a r a l l e l t o the 

common ax i s o f the e l ec t rodes , was ob ta ined by the use of a 

magnetron magnet. 

Since, i n common w i t h a l l vacuum gauges which i n v o l v e 

the a c t i o n o f ions (149), these gauges have a " g e t t e r i n g " 

a c t i o n , i t i s des i rab le t h a t they should be connected t o the 

vaouum by a shor t wide connect ion i f they are t o g ive a t r u e 

r ead ing . I n the present arrangement the on ly a v a i l a b l e means 

of connect ion was through the ground J o i n t (P, f i g . 2 4 ) on the 

" c o l d f i n g e r " Jacket (see f i g . 2 7 ) . T h i s was not a t a l l i d e a l , 

bo th beoause of the l e n g t h o f the connect ing tube which was 

r equ i r ed , and beoause o f the p o s s i b i l i t y t ha t condensible 

m a t e r i a l would not reach t h e gaage when the t r a p was f i l l e d 

w i t h l i q u i d n i t r o g e n . This l a t t e r e f f e c t d i d n o t , however, 
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appear to be appreciable i f the l e v e l o f coo lan t was 

mainta ined a few oentimetere below the B24 ground J o i n t on 

the top o f the ohamber. I t was not considered advisable to 

make any a t tempt to shorten the connect ion by s e a l i n g another 

connect ion i n t o the s ide of the main envelope. 

Before they were f i n a l l y i n s t a l l e d I n t h i s p o s i t i o n 

the gauges were rough ly c a l i b r a t e d agains t the McLeod gauge 

on the t e s t apparatus ( p o i n t B, f i g . 1 3 ) . The " g e t t e r i n g " 

a c t i o n i n a " s t a t i c " vaouum ( i . e . no continuous f l o w of gas) 

was very marked. I n q u i t e a shor t t ime the pressure was 

reduced t o a " s t i c k i n g vacuum" as measured on the McLeod 

(10"*6 mm.Hg. or l e s s ) . At pressures o f t h i s o rde r the 

Penning gauge reading was i n the range 1 t o 5 juA. Therefore 

a needle va lve was i n s t a l l e d i n the B.14 J o i n t i n the hydrogen 

l i n e (see p.A3S>)» and a continuous f l o w of c y l i n d e r n i t r o g e n 

was main ta ined through the t e s t apparatus. By t h i s method the 

p o i n t s shown on the graph i n f i g u r e 29 were ob t a ined . The f u l l 

l i n e i s the ourve g iven i n h i s paper by Penning ( l o c . c i t . ) . 

I t w i l l be seen t h a t each gauge d i f f e r s s l i g h t l y i n i t s 

c h a r a c t e r i s t i c s , but t h a t these d i f f e r e n c e s are r e l a t i v e l y 

unimportant when an i n d i c a t i o n o f the order of magnitude of 

the pressure i s a l l t ha t I s r e q u i r e d . This c a l i b r a t i o n was 

c a r r i e d out be fo re the (X 0.1) range was i n s t a l l e d . I t has 

s ince been found t h a t s a t u r a t i o n c u r r e n t f o r t h i s arrangement 

i s i n the r e g i o n of 60O t o 650 j iA . ( ~ 2 t o 4 • 1 0 " 3 nim.Hg.). 
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Leake 

The apparatus was checked f o r leaks at each stage 

o f i t s e r e o t l o n . Grose leaks were de tec ted by the ohange 

i n the c o l o r o f a d ischarge , a t baoking pressures , when e i t h e r 

coa l gas o r o o t t o n wool soaked w i t h acetone was a p p l i e d at the 

p o s i t i o n o f the suspected l e a k . When no ser ious leaks were 

presen t , the backing pump oould reduce the pressure f r o m 

atmospheric t o about 10~2 mm.Hg. (discharge almost comple te ly 

disappeared) i n l e s s than 30 minutes . The hydrogen discharge 

tube (A, f i g . 2 4 ) was used f o r these t e s t s . I n the e a r l y 

stages a second smal l discharge tube , run f r o m the "Ford" 

c o i l , was t e m p o r a r i l y a t tached t o the c o l l i m a t o r tube by the 

B.19 Jo in t (P) i n the end p l a t e . A l though , f o r the most p a r t , 

they were s a t i s f a c t o r y , the rubber " P i p e l i n e " gaskets needed 

r e p l a c i n g a f t e r a time f o r they tended t o become deformed. 

Acetone was not used f o r leak t e s t i n g on these . Suepeot 

so ldered J o i n t s i n the end p l a t e s ( u s u a l l y s o f t soldered) were 

p a i n t e d . T h i s u s u a l l y proved t o be e f f e o t l v e , exoept f o r the 

B.24 socket on the t o p p l a t e o f the t a r g e t chamber ( f i g . 2 4 ) to 

which was a t t ached the " c o l d f i n g e r " . When t h i s was cooled 

the thermal s t resses were too grea t f o r the s o l d e r . Apiezon 

Q, compound proved to be an e f f e c t i v e seal I n t h i s i n s t ance . 

Because o f the l a rge sur face area o f metal exposed 

to the vacuum the t ime r e q u i r e d to o b t a i n a r e a l l y good vacuum 

was r a t h e r l o n g , p a r t i c u l a r l y as "baking ou t " was not 
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p r a c t i c a b l e . C a r e f u l p o l i s h i n g o f the metal p a r t s was f o u n d 

t o be b e n e f i o l a l I n t h i s respec t . A steady r a t e of f a l l i n 

the Penning gauge read ing f r o m day t o day, however slow, was 

taken to I n d i c a t e t h a t the system was l e a k - t i g h t . The 

pressures f i n a l l y ob ta ined , a f t e r continuous pumping f o r 24 

hours per day f o r seve ra l months, were around 3 t o 4 uA. 

( ™ 10**° mm.Hg. o r b e t t e r ) when the source r e s e r v o i r was 

c l o s e d . 

BEAM FORMATION 

S i l t System 

I t has been seen ( C h a p . I I ) t h a t narrow s l i t s which 

are not too l o n g are r e q u i r e d f o r success I n d e f l e o t l o n 

exper iments . Maximum beam i n t e n s i t y can on ly be obta ined i f 

they are e x a c t l y p a r a l l e l . Th i s I s most conven i en t l y achieved 

by c o n s t r u c t i n g the s l i t system as one r i g i d u n i t , w i t h 

p r o v i s i o n f o r i t s adjustment which oan be c a r r i e d out on the 

bench be fo re i t i s i n s t a l l e d i n the apparatus. The al ignment 

o f the e l e c t r i c f i e l d u n i t w i t h the s l i t s i s also o f importance, 

f o r the "wire* must l i e p a r a l l e l , and very c lose , t o the beam. 

Therefore t h i s u n i t must a l so be r i g i d l y a t tached t o the s l i t 

mount ing. For ease o f a l ignment , and f o r f l e x i b i l i t y i n the 

c o n t r o l of exper imental c o n d i t i o n s , i t i s d e s i r a b l e t h a t the 

w i d t h of each s l i t should be a d j u s t a b l e . I n ach i ev ing t h i s 

o b j e o t i t i s impor t an t , however, t o ensure t h a t the two Jaws 

of each s l i t remain p a r a l l e l a t a l l s e t t i n g s . A f u r t h e r 
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d e s i r a b l e , but not neoessary, f e a t u r e would be a p r o v i s i o n 

f o r a l t e r i n g the s l i t w i d t h f r o m ou t s ide the apparatus 

w i t h o u t the necess i ty f o r d i s t u r b i n g the vacuum. F i n a l l y , 

I f the c a l c u l a t e d pump speeds are t o be adequate, the s l i t 

aper tures must be the predominant, i f not the on ly means o f 

communication between the th ree chambers o f the system. 

Wi th the s l i t Jaws themselves, the best t h a t can be done I s 

to ensure t ha t the leakage paths are as long as p o s s i b l e . 

Other pa r t s o f the mounting should be made vacuum t i g h t . 

The genera l arrangement of the system designed t o 

s a t i s f y these cond i t i ons i s shown i n f i g u r e 24, and f i g u r e 30 

i s a more d e t a i l e d drawing. The s l i t s , which were s i m i l a r 

t o each o the r I n c o n s t r u c t i o n , were made by S i r Howard Grubb-

Parsons L t d . Standard s t a i n l e s s s t e e l o p t i c a l s l i t Jaws were 

a t t ached to a brass disc-shaped base p l a t e . The s l o t I n the 

p l a t e , 3 mm. wide , d e f i n e d the l e n g t h o f the s l i t . The bottom 

f i x e d Jaw was he ld i n p lace by two screws, which a lso h e l d two 

smal l s t r i p s o f sp r ing s t e e l whose f u n c t i o n was t o press the 

t o p , moveable Jaw f i r m l y aga ins t the base p l a t e . The w i d t h 

o f the s l i t was c o n t r o l l e d by means of a smal l screw a t tached 

to the base p l a t e . Th i s pushed the top Jaw a long the f i x e d 

runner , a t t ached t o the base p l a t e immediately above i t , agalns 

the t e n s i o n o f the smal l h e l i c a l s p r i n g i n the t o p r i g h t hand 

corne r . Th i s sp r ing also served to h o l d the t o p Jaw f i r m l y 

aga ins t the runner . 
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The c o l l i m a t o r s l i t had b e v e l l e d Jaws. I t s base 

p l a t e was "sweated" w i t h s o f t so lde r i n t o the end of a smal l 

w e l l whloh was f i r m l y screwed, by means of i t s f l a n g e d O - r i n g 

J o i n t , to the 6 i n . brass centre p l a t e . The source s l i t 

Jaws had f l a t edges, thus f o r m i n g a "canal" of about 1 mm. 

dep th . Al though t h i s increases the d i f f i c u l t i e s o f a l ignment , 

i t i s of advantage i n t h a t i t i s sa id t o reduce the t o t a l 

q u a n t i t y o f gas e f f u s i n g through the s l i t w i thou t m a t e r i a l l y 

a f f e c t i n g the i n t e n s i t y i n the beam ( c . f . ref .103, p .17). 

Three smal l screws I n the r i m o f t h i s base p l a t e f i x e d i t t o 

a brass tube which was a " t e l e s c o p i c " f i t over the c o l l i m a t o r 

s l i t w e l l . This tube was s l o t t e d a long the l e n g t h o f the w e l l , 

and a smal l brass band, s i m i l a r i n c o n s t r u c t i o n t o a smal l hose 

c l i p , clamped i t f i r m l y t o the base o f the w e l l . The seo t ion 

of t h i s tube between the two s l i t s was cut away t o a l l o w the 

g rea tes t pos s ib l e f l o w of gas w i t h o u t , a t the same t i m e , 

reducing the r i g i d i t y . The three holes at the end of t h i s 

tube, th rough which passed the souroe s l i t f i x i n g screws, were 

s l o t t e d to a l l o w the base p l a t e to be r o t a t e d and t i l t e d t o the 

r e q u i r e d s e t t i n g . The brass connect ion t o the g lass r e a c t i o n 

u n i t (see p . 89 ) cons i s t ed of a ground socket t o f i t the B.14 

cone on the r e a c t i o n chamber, a shor t metal be l lows f o r 

f l e x i b i l i t y , and an O - r i n g f l a n g e which was f i r m l y screwed t o 

the back of the s l i t base p l a t e . 
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During the c o n s t r u c t i o n of t h i s u n i t a system of 

h e l i o a l gears (two f o r each s l i t ) was a t t a c h e d to the s l i t 

o p e r a t i n g s crews . The d r i v i n g s h a f t s l a y p a r a l l e l to the 

a x i s of the s l i t support tube, and p r o v i s i o n was made f o r 

connec t ing t h e s e , "by means of "Meccano" u n i v e r s a l coupl ings 

(two per s h a f t ) to two braes cone and socke t ground J o i n t s 

( B . 1 0 s i z e ) on the c o l l i m a t o r chamber end p l a t e . P a r t of 

the c o l l i m a t o r s l i t d r i v e may be d i s c e r n e d i n f i g u r e 28 . 

T h i s system made i t p o s s i b l e to a l t e r the width of the s l i t s 

from outs ide the a p p a r a t u s . However, there was f a r too much 

"baoklash", and i t was not p o s s i b l e to se t the s l i t s to a 

predetermined width by t h i s means. T h e r e f o r e , when the 

r e a c t i o n u n i t was f i n a l l y i n s t a l l e d , and the a v a i l a b l e space 

i n the 3 i n . s i d e arm became too congested, the use of t h i s 

dev i ce was d i s c o n t i n u e d . 

S o u r c e . 

The i o d i d e p r e s s u r e o o n t r o l system (f ig.26a) was 

l o c a t e d outs ide the main vaouum system, on the frame immediately 

below the c o l l i m a t o r chamber end p l a t e . The tube l e a d i n g from 

t h i s to the r e a c t i o n u n i t ( p . 8 9 ) , which was i n s i d e the vacuum, 

was waxed i n t o a b r a s s tube (R, f ig .24) which was s o l d e r e d to 

the end p l a t e . Care was needed i n the e x a c t shaping of t h i s 

g l a s s l e a d , f o r o therwise i t would break when the end p l a t e was 

being screwed i n p l a o e . A p r e l i m i n a r y alignment on the bench 

was p o s s i b l e , but the f i n a l adjustment was best c a r r i e d out i n 
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the apparatus , by t r i a l and e r r o r , u n t i l the l e a d moved f r e e l y 

i n the tube when the end p l a t e was I n p o s i t i o n . I t was then 

s e a l e d to the c o n t r o l system, w i t h the be l lows i n s l i g h t 

compress ion, and then the wax was a p p l i e d . 

The sodium h e a t e r c u r r e n t was l e a d i n through the 

end p l a t e by means of two s m a l l "Kovar" s e a l u n i t s , which were 

s o l d e r e d i n p l a c e (q , f i g . 2 4 ) . Two chrome 1-alumel thermocouples 

were prov ided . One was a t t a c h e d to the r e a c t i o n ohamber a t i t s 

"wais t" , the o t h e r to the souroe s l i t base p l a t e . These were 

brought out through f o u r g l a s s c a p i l l a r y s i d e arms i n the end 

of a B.19 cone ( P ) , i n t o which they were s e a l e d w i t h b l a c k wax 

(Apiezon W). They were connected to the mlcroammeter (f ig.26a) 

through connect ions 3 and 4 on the s e l e c t o r s w i t c h . 

Al ignment . 

The s l i t s were a l i g n e d , p r i o r to assembly i n the 

appa ra tus , by means of a v e r n i e r microscope w i t h a c r o s s - w i r e 

i n i t s f o c a l p l a n e . I t - had an (X.7) eyepiece and a 3 in« 

o b j e c t i v e , and i t s o v e r a l l m a g n i f i c a t i o n was approximate ly (X.12) . 

The s l i t widths were measured by s u b s t i t u t i n g a s m a l l graduated 

g r a t i c u l e f o r the oross w ire g r a t i c u l e . The graduat ions were 

c a l i b r a t e d a g a i n s t a s t e e l r u l e whose a c c u r a c y was guaranteed 

to be w i t h i n 1/10 mm. i n 50 cm. o v e r a l l l ength a t 20°C. 

The 6 i n . c e n t r e p l a t e , w i t h the s l i t system a t t a c h e d , 

and the microsoope were mounted on a atout duralumin base p l a t e . 

The s l i t system was supported by the arrangement i l l u s t r a t e d i n 
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f i g u r e 31* The adjustment procedure was as f o l l o w s : 

The " t r a v e l " of the mloroscope was f i r s t made 
p a r a l l e l to one edge of the base p l a t e to b e t t e r than V256 i n . 
I n 30 cm. T h i s was cheeked by s i g h t i n g the c r o s s w i r e of the 
microscope , which was swung i n t o a v e r t i c a l p o s i t i o n , on to a 
p r e d e t e r m i n e d graduat ion on an e n g i n e e r ' s square which was 
s e t aga ins t the r e f e r e n o e edge. 

S m a l l metal wedges were t h e n a d j u s t e d under the base 
p l a t e u n t i l t h e "bed" of the miorosoope o a r r i a g e was h o r i z o n t a l 
when cheoked w i t h a s m a l l s p i r i t l e v e l i n two d i r e c t i o n s mutua l ly 
a t r i g h t ang les a t each end of the "bed". The e n g i n e e r ' s square 
was then aga in used whi l e the bottom of the s l i t system support 
was a d j u s t e d p e r p e n d i c u l a r to the base p l a t e r e f e r e n c e edge* 
At the same t ime the microscope , now i n a h o r i z o n t a l p o s i t i o n 
p a r a l l e l to the d i r e c t i o n of t r a v e l , was fooussed on to a spare 
b r a s s d i s o supported i n the mounting, to ensure t h a t the v e r t i o a l 
c r o s s w i r e c o i n c i d e d approximate ly w i t h the c e n t r e of the t u r n i n g 
marks on the d i s c 

The s l i t system was then i n s t a l l e d , and a d j u s t e d so 
t h a t the tube J o i n i n g the s l i t s was h o r i z o n t a l , and the c r o s s 
w i r e s fooussed on the s l i t . At the same time the centre p l a t e 
should be v e r t i c a l . The source s l i t was then removed, and the 
c r o s s w i r e was f o c u s s e d on the edge of the f i x e d Jaw of the 
c o l l i m a t o r s l i t , which was opened wide. At t h i s s tage the 
h o r i z o n t a l c r o s s w i r e should be o loee t o , and p a r a l l e l to , the 
jaw edge, and the v e r t i o a l wire shou ld come i n the c e n t r e of 
the s l i t . I f t h i s was not so, the system was r e - a d j u s t e d u n t i l 
t h i s was a t t a i n e d . The s l i t was then c l o s e d down, the c r o s s 
w i r e was r e p l a c e d w i t h the graduated s c a l e , and the s l i t w i d t h 
was measured. V i s i b i l i t y was improved by means of a sma l l 
a u x i l i a r y l i g h t . 

With the c r o s s w i r e r e p l a o e d , a f u r t h e r oheck ensured 
t h a t i t s t i l l r e t a i n e d i t s p r e v i o u s o r i e n t a t i o n w i t h respeot to 
the s l i t . The microscope was then withdrawn and the source 
s l i t was i n s e r t e d . The d i s t a n c e between the s l i t s was r e c o r d e d . 
The source s l i t was then a d j u s t e d p a r a l l e l to the c r o s s w i r e , 
t i l t e d u n t i l f r o n t and back edges of the f i x e d Jaw were i n l i n e 
w i t h the f i x e d Jaw on the o t h e r s l i t ( i . e . the same o r i e n t a t i o n 
to the c r o s s w i r e ) , and sorewed f i r m l y i n t o p l a c e . I t was then 
o l o s e d down, and i t s width measured. 

Next the i o d i d e l e a d was a d j u s t e d . The o e n t r a l b r a s s 

p l a t e was l a i d f l a t on a r e t o r t s tand base w i t h the s l i t s 

p o i n t i n g upwards. The c o l l i m a t o r chamber end p l a t e was then 



clamped above i t . A s p i r i t l e v e l was used to check t h a t 

both p l a t e s were h o r i z o n t a l , and t h r e e plumb l i n e s were used 

to arrange them i n the same r e l a t i v e o r i e n t a t i o n t h a t they 

oocupied when f i x e d on to the c o l l i m a t o r chamber. The 

r e a c t i o n u n i t , w i th only the bent p a r t of i t s l e a d a t t a c h e d , 

was clamped i n p o s i t i o n , and the s t r a i g h t p o r t i o n of the l e a d 

was I n s e r t e d down the tube R ( f ig .24) and s e a l e d on. 

Assembly, 

The support ing framework was c o n s t r u c t e d from l engths 

of 1/2 i n . i r o n rod welded together and screwed to the f l o o r . 

T h i s i s most d e a r l y i l l u s t r a t e d i n f i g , 2 8 . Two s e m i - c i r c l e s 

of 3/4 i n , hoop i r o n , padded w i t h f e l t , supported the ends of 

the c o l l i m a t o r chamber. T h i s was clamped i n p o s i t i o n and i t 

was r a r e l y n e c e s s a r y to d i s t u r b i t , o r to d i s c o n n e c t i t from 

the 03B pump. A t h i r d hoop i r o n support was prov ided f o r the 

f u r t h e r end of the t a r g e t chamber. The attachment to the 

c o l l i m a t o r chamber prov ided s u f f i c i e n t support at the o t h e r 

end. The d i f f u s i o n pumps were normal ly supported by t h e i r 

connect ions to t h e chambers, a l though a system of rods and 

bosse s was p r o v i d e d to support them d u r i n g assembly , or a t 

o t h e r t imes when i t became n e c e s s a r y to d i s c o n n e c t them. 

When the al ignment had been completed, the r e a c t i o n 

chamber was removed, and the s l i t assembly was i n s e r t e d from 

the l e f t hand s ide ( f ig .24) of the c o l l i m a t o r chamber. The 

t a r g e t chamber was then i n s t a l l e d and b o l t e d i n p l a c e . The 



02B pump and b a f f l e and the t a r g e t chamber end p l a t e s were 

then a t t a c h e d , and the connec t ions made to them. Next the 

r e a c t i o n chamber, w i th I t s cone l i g h t l y greased w i t h s i l i c o n e , 

was i n s e r t e d from the oppos i te end, and the end p l a t e was 

c a r e f u l l y p l a c e d i n p o s i t i o n . The r e s t of the procedure has 

been d e s c r i b e d above ( p . /76 ), 

BEAM DETECTION 

S i n c e work on the des ign and c o n s t r u c t i o n of the 

beam apparatus was proceeding s imul taneous ly w i t h the experiment 

d e s c r i b e d i n Chapters I I I and I V , the t a r g e t system was des igned 

so t h a t i t c o u l d be used f o r any of the d e t e c t o r methods 

e n v i s a g e d . I t c o n s i s t e d of three p a r t s : - the counter f o r 

measuring the a c t i v i t y , i f any, of the t a r g e t ( C , f i g . 24 ) ; the 

t a r g e t mounting (D) which prov ided the means f o r moving the 

t a r g e t , i n a v e r t i c a l d i r e c t i o n , a c r o s s the beam; and the 

d i s c h a r g e tube wi th i t s a s s o c i a t e d hydrogen l i n e (A, f i g .24 , 

f ig .26b) , i n case i t was dec ided to use l e a d o r bismuth i s o t o p e s 

which need a c t i v a t i n g by hydrogen atoms (p«/^2) . 

Counter . 

The counter was of a c o n v e n t i o n a l end-window p a t t e r n 

wi th some s p e c i a l f e a t u r e s . The window was of copper f o i l 

( 'v 23 m g . c m . " 2 ) , so ldered to the end of a b r a s s tube which 

was s e a l e d i n t o the end p l a t e w i th s o f t s o l d e r . The diameter 

of t h i s tube was l i m i t e d to 1.9 cm. because of the need to 

l e a v e room f o r o ther attachments to the end p l a t e , and i t s 
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l ength (13 cm.) wae governed hy the d e s i r e to have the window 

as c l o s e as p o s s i b l e to the t a r g e t . The o e n t r a l w ire was a 

p i e c e of n o n - t h o r l a t e d tungs ten , 0.1 mm. d iameter . The 

g l a s s cap, through which the tungsten was s e a l e d , was a t t a c h e d 

to the braes w i t h b l a c k wax. A s m a l l b r a s s c y l i n d e r was 

waxed over t h i s s e a l to g ive i t some p r o t e c t i o n , and was 

connected to the tungsten by a l e n g t h of f i n e copper w i r e . 

To m a i n t a i n the r i g i d i t y of the arrangement i t was n e c e s s a r y 

to support the "free" end of the tungsten w i r e . T h i s was 

done by f u s i n g to i t a s m a l l bead of s i l i c a which was supported 

i n a phosphor bronze " s t i r r u p " . T h i s s t i r r u p r e s t e d i n two 

s m a l l n lohes i n the end of the counter Immediately below the 

window. The s o f t s o l d e r ensured that t h i s end was l e a k - t i g h t . 

The counter was f i l l e d w i t h 9 cm.Hg. of argon and 1 cm.Hg. of 

e t h a n o l . The c h a r a c t e r i s t i c curve ( f ig .32) was not i d e a l , but 

was good enough f o r u s e . Standard count ing equipment was used . 

Dur ing the f i n a l exper iments , when i t was dec ided to 

conoentrate on the molybdenum oxide t a r g e t , the window and 

wire attachments were removed, and a sma l l d i so of f l a t g l a s s 

was waxed to the outer end of the oounter tube . T h i s prov ided 

a c l e a r v iew of the t a r g e t . 

Targe t Support . 

The t a r g e t c o n t r o l was s i m i l a r i n i t s a c t i o n to a 

micrometer head, A d e t a i l e d drawing of i t s c o n s t r u c t i o n i s 

g iven i n f i g u r e 32, The b r a s s caps tan head formed the cone 
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of a B.19 ground J o i n t . A graduated s c a l e w i t h 50 equal 

d i v i s i o n s was marked on i t s top c i rcumf erenoe. Immediate ly 

below t h i s , s i x tapped h o l e s were prov ided f o r the i n s e r t i o n 

of a mi ld s t e e l l e v e r which was used f o r t u r n i n g i t . The 

c e n t r a l w e l l , 1/2 i n . d iameter , was threaded w i t h 40 t u r n s 

p e r i n c h . Thus each s c a l e d i v i s i o n on the c a p s t a n head 

corresponded to 0.0127 mm. displacement of the t a r g e t i n a 

v e r t i c a l d i r e c t i o n . 

The l o w e r , non-threaded, s e c t i o n of the b r a s s s h a f t 

which screwed i n t o t h i s w e l l was prov ided w i t h a s l o t t e d 

keyway* T h i s engaged wi th a key i n the housing which was 

screwed to the unders ide of the top p l a t e . H B a c k - l a s h " i n 

the t h r e a d was prevented by means of the compress ion s p r i n g 

i n t h e w e l l , above the s h a f t . T h i s s h a f t was i t s e l f prov ided 

w i t h a threaded w e l l (6 B . A . ) which h e l d the t a r g e t support . 

T h i s t h r e a d p r o v i d e d an a d d i t i o n a l means of a d j u s t i n g the 

d i s t a n c e of the t a r g e t below the top p l a t e when i t was being 

s e t i n p o s i t i o n , and at the same time prov ided f o r the c o r r e o t 

o r i e n t a t i o n of the t a r g e t f a c e about a v e r t i c a l a x i s . A l o c k 

nut was prov ided to f i x t h i s p o s i t i o n once the s e t t i n g had 

been made* 

Three d i f f e r e n t types of t a r g e t support were prov ided 

each a t t a c h e d to a l e n g t h of 6BA threaded rod which f i t t e d i n t o 

the bottom of the micrometer u n i t ( see f i g . 3 2 ) . 
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The f i r s t , f o r the w i r e , was a s m a l l ho l low c y l i n d e r , 

mounted h o r i z o n t a l l y , and h e l d i n p l a c e by a b r a s s "fork" 

which was p r e s s e d round i t . The a c t i v a t e d w i r e . w a s waxed i n t o 

two s m a l l grooves on t h e end of t h i s c y l i n d e r . Two s m a l l 

p o s t s were prov ided so t h a t the wire c o u l d be a d j u s t e d p a r a l l e l 

to the s l i t s by r o t a t i o n of the o y l i n d e r from o u t s i d e the 

appara tus . , 

The second type of support , f o r the a u t o r a d i o g r a p h i c 

t a r g e t s was c r o s s shaped, s i m i l a r to the support i n the 

emanation c o l l e c t o r ( p . / •?«) . 

The t h i r d was a sma l l b r a s s frame, w i t h s l o t t e d s ide 

p i e c e s , which h e l d the p i e c e s of microscope s l i d e on to which 

the molybdenum oxide had been d e p o s i t e d . 

Shut ter* 

The t h i r d attachment to the t a r g e t ohamber top p l a t e 

was provided f o r the s h u t t e r - a meta l "gate" whioh could be 

i n t e r p o s e d between the t a r g e t and the beam. With t h i s d e v i c e 

the t a r g e t cou ld be p r o t e c t e d d u r i n g the s t a r t i n g up and c l o s i n g 

down per iods o r w h i l e i t was be ing r e s e t to a new p o s i t i o n . 

T h i s made p o s s i b l e the e s t i m a t i o n of the p r e c i s e time of 

exposure to the beam. S i n c e the p r e p a r a t i o n of c o n i c a l ground 

J o i n t s i n v o l v e s much t e d i o u s g r i n d i n g of the b r a s s components, 

a simple type of s e a l , i n v o l v i n g a greased O - r i n g , was t r i e d as 

an a l t e r n a t i v e . No a l t e r a t i o n of the Penning gauge read ing 

was observable when t h i s was r o t a t e d . I t was t h e r e f o r e 
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presumed to be s a t i s f a c t o r y . The O - r i n g was kept I n 

compression by means of the screwed I n s e r t whloh bore on the 

e n l a r g e d s e c t i o n of the c e n t r a l stem. 

Hydrogen L i n e , 

A g l a s s tube, ending a t the outs ide w i t h a B.19 

s o c k e t , was waxed Into a b r a s s tube which was s o l d e r e d to the 

t a r g e t chamber end p l a t e . A s l i g h t expansion of the g l a s s 

where i t b u t t e d a g a i n s t the b r a s s tube ensured a f i r m J o i n t . 

The g l a s s extended to the i n n e r f a c e of the e n d - p l a t e . The 

B.19 cone at taohed to the c e n t r e of the d i s c h a r g e tube was 

of the extended type so t h a t t h e r e was only a s m a l l p o s s i b i l i t y 

of the d i s c h a r g e o r i t s products coming into c o n t a c t w i t h the 

wax s e a l , which made simple the removal of the end p l a t e . 

The e l e c t r o d e s were aluminium c y l i n d e r s c l o s e d at the bottom, 

and connect ion to them was made by tungsten s e a l s through the 

g l a s s . The d i scharge was produced by not more than 0.1 to 

0.2 amp. at about 3 kV. A . G . , s u p p l i e d from a t r a n s f o r m e r run 

o f f the mains . 

The hydrogen supply was c o n t r o l l e d by the system 

shown i n f i g u r e 26b. The bubbler and "blow o f f" u n i t s 

conta ined concentra ted s u l p h u r i c a c i d . The b r a s s needle v a l v e 

had been c o n s t r u c t e d f o r some p r e v i o u s worker i n t h i s l a b o r a t o r y . 

S i n c e i t may at some stage have been contaminated w i t h mercury, 

a p i e c e of go ld f o i l was p l a c e d i n the tube between I t and the 

two-way o o n t r o l t a p . The smal l g l a s s s p i r a l ( f ig .24) was 
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I n s e r t e d to a l l o w the d i s c h a r g e tube to be d i s c o n n e c t e d from 

the endplate without b r e a k i n g the hydrogen l i n e . Al though, 

i n the end, t h i s l i n e was not used f o r i t s o r i g i n a l purpose , 

the d i s c h a r g e - p r o v e d u s e f u l when l e a k s were be ing I n v e s t i g a t e d , 
f r e e 

and the l i n e was used f o r the admiss ion of oxygen/n i trogen 

( o . f . p . 96 ) . 
DEFLECTION 

As i t has t u r n e d out , the e l e c t r o s t a t i c f i e l d u n i t 

which has been designed f o r the i n i t i a l attempt to d e f l e c t the 

r a d i c a l beam has not been r e q u i r e d up to the p r e s e n t , f o r the 

attempts to d e t e c t the u n d e f l e c t e d beam have not yet proved 

s u c c e s s f u l . The f o l l o w i n g i s a d e s c r i p t i o n of t h i s arrangement, 

whloh had been c o n s t r u c t e d and was ready f o r Immediate use . 

Although the condenser used by S o h e f f e r s ( o . f . p . 4 7 ) 

would seem to be the b e s t f o r t h i s purpose , i t was dec ided t h a t , 

s i n c e r a t h e r p r e c i s e machining was needed f o r i t s s a t i s f a c t o r y 

o p e r a t i o n , the c o n s t r u c t i o n of a more a d j u s t a b l e dev i ce ( f ig .33) 

would be p r e f e r a b l e f o r a beg inn ing . The"wire" s e c t i o n 

c o n s i s t e d of a s m a l l b l a d e , w i t h a rounded upper edge, which 

was a t t a c h e d to a s h e l f by means of two i d e n t i c a l l e v e r sys tems . 

The s h e l f was to be f i x e d r i g i d l y to the 6 i n . c e n t r e p l a t e 

which supported the s l i t system ( see fig*24, G ) . Two p a i r s 

of sma l l s e t screws , one p a i r f o r each of the l e v e r systems, 

were p r o v i d e d . The two screws i n each p a i r were mutua l ly a t 

r i g h t a n g l e s , and operated a g a i n s t the t e n s i o n of a smal l s p r i n g . 
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With these i t was p o s s i b l e to a d j u s t the top edge of the 

b lade so that i t was e x a c t l y p a r a l l e l t o , and running J u s t 

below, the c e n t r a l a x i s of the beam. Lock nuts were prov ided 

on the se t screws to f i x them f i r m l y i n p o s i t i o n once the 

blade had been a d j u s t e d . T h i s p a r t was to have been a t e a r t h 

p o t e n t i a l , s i n c e i t was f i r m l y a t t a c h e d to the s l i t system, 

which was e a r t h e d . 

The " c y l i n d e r " , to which the p o t e n t i a l was to be 

a p p l i e d , was to be a " f l a t " p l a t e i n the f i r s t p l a c e . I t 

was g iven rounded edges, and the c e n t r a l p o r t i o n on t h e top 

s u r f a c e was hol lowed out to reduce i t s weight . I t was 

supported by a meta l s t r i p from a smal l bracke t which was 

f i x e d to another b r a c k e t sorewed to the c e n t r e p l a t e by means 

of two l eng ths of s i l i c a t u b i n g , which a l s o p r o v i d e d the 

i n s u l a t i o n ( see f ig .33) • The tubing f i t t e d i n t o s m a l l b r a s s 

tubes on the b r a c k e t s , and was h e l d i n p l a c e by b l a c k wax. 

Holes were d r i l l e d i n the f l a t f r o n t of the "high tension" 

b r a c k e t to permit the a i r i n s i d e t h e tubes to be pumped away. 

The h igh t e n s i o n l e a d was to be a long b r a s s rod 

supported i n the oentre of a g l a s s tube of the wides t p o s s i b l e 

d iameter (1 i n . ) which was waxed i n t o the t h i r d b r a s s tube 

( B , f ig .24) on the t a r g e t chamber end p l a t e . By t h i s arrange

ment i t was hoped that the reg ion of g r e a t e s t inhomogeneity 

round the l e a d would be w e l l away from the g l a s s , and the 

danger of d i e l e c t r i c breakdown thereby d i m i n i s h e d . The end 
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of t h i s b r a s s l e a d , which was about 3/16 i n . d iameter , made 

"push" contaot wi th the f l a t end of the p l a t e suppor t ing 

b r a c k e t by means of a s m a l l s p r i n g d e v i c e shown i n f i g u r e 33. 

A l l metal s u r f a c e s n e a r the h i g h t e n s i o n components 

were rounded and p o l i s h e d to reduce the p o s s i b i l i t y of b r e a k 

down. 

The h i g h vo l tage was to be obta ined from an o ld X - r a y 

supply set whioh c o n s i s t e d of an o i l - i m m e r s e d v o l t a g e doubler 

v a l v e r e c t i f y i n g u n i t , and i t s a s s o c i a t e d c o n t r o l u n i t which 

c o n t r o l l e d the input to the main t r a n s f o r m e r by means of a 

system of s e l e c t o r swi tches connected to an a u t o t r a n s f o r m e r . 

As r e c e i v e d , the s e t was s a i d t o d e l i v e r a range of f i v e 

s e l e c t e d v o l t a g e s between 60 and 100 kV, aoross the two output 

t e r m i n a l s , o r between 30 and 50 kV. from one t e r m i n a l to e a r t h . 

T h i s was m o d i f i e d by connect ing a V a r l a c and p r o t e c t i n g f u s e 

i n the c o n t r o l u n i t output l i n e , I n such a p o s i t i o n t h a t the 

c i r c u i t b r e a k e r I n c o r p o r a t e d i n t h i s l i n e came between the 

V a r i a c and the main t r a n s f o r m e r . ~£R A . C . v o l t meter , 250 V. 

f u l l s c a l e , was p l a c e d a c r o s s the output of the V a r i a o . I n 

t h i s way I t was p o s s i b l e to o b t a i n any vo l tage up to a maximum 

of 50 kV. T h i s oould be e i t h e r p o s i t i v e or negat ive w i t h 

r e s p e c t to e a r t h , depending on the cho ice of output t e r m i n a l . 

A meter r e a d i n g 5 kV. f u l l s c a l e was a v a i l a b l e , and t h i s was 

used to o b t a i n the beginning of a c a l i b r a t i o n c u r v e , of A . C . 

v o l t s input to the r e c t i f i e r u n i t a g a i n s t kV. output . The 
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s t r a i g h t l i n e e x t r a p o l a t e d from these readings p a s s e d 

through the expected po in t of 50 kV. output f o r 233 V . i n p u t . 

T h i s input v o l t a g e had been measured, i n checks on the c o n t r o l 

u n i t a lone , as the maximum autotraneformer output under the 

s p e c i f i e d o p e r a t i n g c o n d i t i o n s . 

T h i s h i g h t e n s i o n was to be s u p p l i e d to the l e a d on 

the apparatus through the c i r c u i t shown i n f i g u r e 34. The 

two r e s i s t o r s were of the l i q u i d type , made by M r . D . H a l l 

a c c o r d i n g to the d i r e c t i o n s of 

Gemant (151). Two f l a t ^ ^ ^ J ^ ^ 

ima 

f.S. 
pla t inum e l e c t r o d e s , o-ipF_L </eo '7* 

sow T 7 MTL S ' 

p e r p e n d i c u l a r to the 

d i r e c t i o n of c u r r e n t f l o w , 

were s e a l e d i n t o opposi te ends f~icf* 34~. 
of a g l a s s tube . T h i s conta ined a c e n t r a l s i d e - a r m f o r 

f i l l i n g . A f t e r f i l l i n g , t h i s s ide arm was corked , and waxed 

o v e r . The l e n g t h of each r e s i s t o r was 30 o m » 

The " l ine" r e s i s t a n c e , i n a tube of c r o s s s e c t i o n a l 

a r e a of about 1 c m . 2 , c o n t a i n e d 22$ e thano l and 25$ phenol 

(by volume) . The "bleeder" r e s i s t a n c e , i n a tube of c r o s s 

s e c t i o n a l a r e a 3.8 c m . 2 , con ta ined 11$ e thano l and 25$ pheno l . 

E a c h s o l u t i o n conta ined 1$ p i c r i o a c i d , and was made up to 100$ 

by volume wi th benzene. I t was found that oare was needed to 

ensure tha t a l l components were d r i e d before the s o l u t i o n s were 

made up. The r e s i s t a n c e of each u n i t was c a l c u l a t e d from the 
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measured c u r r e n t s at a range of voltage drops from 1 to 5 kV. 

A l l connections were made with " c o - a x i a l " c able, with P.V.C. 

I n s u l a t i o n , The r e s i s t o r s were mounted away from the w a l l , 

i n a fume cupboard, on " t u f n e l " s t r i p s . T h i s i n s u l a t i o n was 

not adequate, however, at 30 kV. 

OPERATIONAL TESTS 

Pumps and Vaouum. 

As each stage of c o n s t r u c t i o n was completed, the 

apparatus was continuously pumped f o r a t l e a s t s e v e r a l days. 

A steady f a l l i n the Penning gauge reading was taken to i n d i c a t e 

t h a t no l e a k s had developed ( c . f . p./72), 

Fu r t h e r , i t was p o s s i b l e to check t h a t the pumps were 

able to deal with a continuous flow of gas as soon as the s l i t 

system had been i n s t a l l e d . A i r was used f o r t h i s purpose, and 

the "cold f i n g e r s " were l e f t a t room temperature. The readings 

given by the two Penning gauges were observed f o r v a r y i n g 

"source" p r e s s u r e s , as measured by the thermocouple gauge, at 

s e v e r a l d i f f e r e n t s l i t widths. 

For t h i s t e s t the source c o n s i s t e d merely of a tube 

attached to the bellows behind the source s l i t . This was l e a d 

out through opening R (fig.24) and connected to a f l a s k of 

1 l i t r e c a p a c i t y to which was attached the thermocouple gauge 

( f i r s t model). A i r was allowed to l e a k in t o t h i s f l a s k through 

a f i n e c a p i l l a r y , and i t s flow was c o n t r o l l e d by a tap. The 

e x t e r n a l s l i t c o n t r o l s (p./75) were used. T e s t s c a r r i e d out 
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TABLE V 

Co l l i m a t o r 
Chamber 

TargeT" 
Chamber Source 

mm.Hg. 
mm.Hs 
x 10-

Comment 

I 
9 12 

.5 

.4 

.3 

.2 

.1 

81 
38 
32 
22 

6 

1 

14 I f 
16 
16 

<1° 
-5 e l i t e almost 

cloeed. 
(~ 0,01 mm.) 

8 
9 10 12 

14 17 21 

.3 .2 

.15 

.1 

.07 

.05 

.025 

69 
64 
9 
29 
29 

f 
5 

l i s 
1.8 

1 
1 
1 
18 
11 

<10" n 
n 
n 
H 

eource s i l t . 
open 2/3 turn. 
( <~ 0.04 i™. width) 
c o l l . s l i t , open t turn. 
(~ 0.03 "un. width) 

i 
9 10 
11 
12 
13 

.4 

.3 

.2 

.15 

.13 

.1 

.08 

270 
l&O 
150 
120 
110 
86 
75 

25 15 l3 12 
10 

15 18 
17 
17 
\l 
20 

<io-5 
I I 
B 
I I 
I I 
I I 
10 -5 

eource s i l t 
open another \ turn. 
( n+ .07 nun.) 
c o l l . s l i t . 
open another t u r n . 
(~ .05 nun.) 



when the s l i t s were being a l i g n e d showed that only a very 

approximate i d e a could be gained of the s l i t widths a c t u a l l y 

used i n t h i s s e r i e s of t e s t s . 

The r e s u l t s , which are shown i n Table V, lndioate 

t h a t the observed p r e s s u r e s agree f a i r l y w e l l w i t h those to 

be expected from the pump speed c a l c u l a t i o n s ( p . / 6 4 ) . At 

t h i s stage the ta r g e t chamber had not been pumping f o r very 

long, and t h e r e f o r e the pressure was s t i l l r a t h e r high. The 

pr e s s u r e s obtained a t t h i s time f o r no gas flow were:-

Co l l i m a t o r chamber, 4 to 5 uA. ( ~ 10"^ mm.Hg.); Target 

Chamber, 16 to 17 pA. ( < 10*5 mm.Hg.). A f t e r s e v e r a l months 

pumping, both gauges e v e n t u a l l y gave readings of from 2 to 4 pA. 

I t was ther e f o r e assumed t h a t the s l i t s would be 

s a t i s f a c t o r y , and that, with a condensible gas i n the system 

and the "oold f i n g e r s " at l i q u i d n i t r o g e n temperature, the 

pr e s s u r e s would be s u f f i c i e n t l y low f o r s a t i s f a c t o r y beam 

production. 

Choice of E t h y l I o d i d e . 
A l l the subsequent t e s t s were c a r r i e d out with the 

r e a c t i o n chamber i n p o s i t i o n , and e t h y l iodide i n the r e s e r v o i r . 

T h i s oompound was used i n these i n i t i a l experiments i n 

preference to methyl iodide f o r two major reasons. 

F i r s t l y , the most s a t i s f a c t o r y r a d i c a l d e t e c t o r of 

those t r i e d was molybdenum oxide. Therefore, s i n c e t h i s seemed 

to be more s e n s i t i v e to e t h y l s than to methyls, a search f o r a 



beam of e t h y l r a d i c a l s would have more ohanee of s u c c e s s . 

Secondly, the r e q u i r e d source p r e s s u r e s were of 

the order of 0.1 to 1.0 mm.Hg. E t h y l iodide and methyl 

Io d i d e have an e q u i l i b r i u m vapour pressure of 0,5 mm.Hg. a t 

-63°C., and approximately -82°C, r e s p e c t i v e l y . At these 

temperatures, methyl iodide (M.P, -64.4°C.) i s s o l i d , e t h y l 

i o d i d e (M.P, -105°C.) i s s t i l l l i q u i d . Therefore e t h y l 

iodide i s the more r e l i a b l e f o r p r e l i m i n a r y experiments on 

vapour p r e s s u r e oontrol. 

S l i t Alignment. 

Before any attempt a t r a d i o a l production was made, 

the s l i t system was f u r t h e r t e s t e d by an attempt to form a 

beam of e t h y l i o d i d e . T h i s was deteoted by a conventional 

condensation t a r g e t . 

A deposit of platinum, obtained by "burning i n " 

s e v e r a l s u c c e s s i v e a p p l i c a t i o n s of " L i q u i d B r i g h t Platinum" 

s o l u t i o n , was formed on the lower p o r t i o n of the t a r g e t chamber 

c o l d f i n g e r ( o . f . r e f . l o 6 ) . A t h i c k l a y e r (approx. 0.3 to 

0.5 mm.) of copper was e l e c t r o d e p o s l t e d on t h i s , and p o l i s h e d 

smooth with f i n e emery paper. A piece of s i l v e r f o i l was 

f i r m l y attached with s o f t s o l d e r to a copper backing, and t h i s 

composite p l a t e w a s s o f t - s o l d e r e d to the copper on the c o l d 

f i n g e r . I n t h i s way good thermal contact between the oold 

f i n g e r and the t a r g e t was assured. The s i l v e r surfaoe was 

given a hig h p o l i s h with metal p o l i s h , which was rubbed on i n 
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suoh a way t h a t any f a i n t soratoh marks were pe r p e n d i c u l a r 

to the l e n g t h of the expeoted t r a o e . 

The dimensions of the t r a c e were c a l c u l a t e d from 

the geometry of the apparatus. Although I t meant plaoing 

a great d e a l of r e l i a n o e on the c o l l i m a t o r chamber c o l d 

f i n g e r , the s l i t s were s e t wide (.10 mm.) f o r these exploratory 

experiments, so that a more r e a d i l y v i s i b l e t r a c e could be 

obtained. The dimensions were:- both s l i t s , 0.1 mm. x 3 mm.; 

d i s t a n c e between the s l i t s , 8*41 om.; c o l l i m a t o r s l i t to 

t a r g e t , 17«7 Thus the "umbra" should be 0.1 mm. x 

3 mm., and the l i m i t e of the "penumbra", 0.52;mm. x 14.9 mm. 

These f i g u r e s assume t h a t the p r e s s u r e s are so low t h a t 

s c a t t e r i n g i s n e g l i g i b l e . 

The g l a s s w a l l s of the t a r g e t chamber were st r e a k y , 

were not uniform i n t h i c k n e s s , and were of v a r i a b l e ourvature, 

p a r t i c u l a r l y i n the region where i t was d e s i r e d to view the 

t a r g e t . Consequently i t was not at a l l easy to see the t r a o e , 

and any "times of appearance" have very l i t t l e s i g n i f i c a n c e 

sinoe the deposit was probably very t h i c k before i t could be 

d i s t i n g u i s h e d from the s t r e a k s i n the g l a s s with any degree of 

c e r t a i n t y . The observation of a t r a c e was considered to be 

confirmed i f the " t r a c e " disappeared when the t a r g e t was 

allowed to warm up to room temperature. 

A f t e r some p r e l i m i n a r y t r i a l s , i n which i t was thought 

that a traoe was probably being obtained, and whloh confirmed 
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TABLE VI 

Re s e r v o i r 

>C. 
e q u i l . 
V.P. 
mm.Hg. 

Source 
T.C. gauge 

fiA. mm.Hg. 

C o l l . 
Chamber 
Penning 

mm.Hg. 

t a r g e t 
Chamber 
Penning 

OA, mm.Hg. 
Comment 

-89 

-63 

0.033 
0.35 
O.38 
0.50 

28 
26.3 
17.5 12.7 

0.004 
0.007 
0.02} 
0.05 

25 
47 

2.10"§ 
4.10*"5 

<10' ~5 
n 
n 
n 

no coolant i n 
co l d f i n g e r s . 

.64 

.60 
O.46 
O.65 

11 
1.3 
L7 

0.065 
0.09 0.11 

)8 
5-10* 
7.10" 

•• s t i c k ! u ng n coolant i n 
target 
f i n g e r only. 

-64 0.45 
19.3 13.2 
12.5 

0.02 
0.04 
0.05 

44 
74 
70 

-5 A.10"g 
5*.10-5 

no coolant, 
t a r g e t Penning 
disconnected. 

-63 0.50 10.2 0.075 10 -6 coolant i n both 
f i ngers. 

-52 1.3 0.1 86 7.10 -5 8 <10 -5 Na heated 
no coolant. 



t h a t the t a r g e t chamber p r e s s u r e was never more than 7 pA. 

( ~ 10~6 mm.Hg.) even when the c o l d f i n g e r was a t room 

temperature, a f i n a l run was c a r r i e d out with the Penning 

gauge disconnected from t h i s chamber* and the connecting cone 

blanked o f f wi t h a s e a l e d o f f socket. Thus i t was p o s s i b l e 

to swing the condensation t a r g e t p a r a l l e l to the ohamber w a l l 

when i t was d e s i r e d to ob t a i n a c l o s e look a t the t r a o e . T h i s 

time i t q u i t e d e f i n i t e l y appeared 50 minutes a f t e r l i q u i d 

n i t r o g e n had been pl a c e d i n the t r a p . The source p r e s s u r e was 

s t e a d i l y i n c r e a s e d from .08 to .13 mm.Hg. during t h i s p e r i o d . 

The t r a o e was approximately of the expected s i z e (1-1/2 cm. x 
1/2 mm.), " t h i c k e s t " i n the middle and " t a i l i n g o f f " at the 

edges, and was, as f a r as oould be Judged, i n l i n e w i t h the 

s l i t s . I t disappeared when the t a r g e t was warmed up. 

T h i s , t h e r e f o r e , was taken to i n d i o a t e t h a t the s l i t s 

were i n reasonably good alignment and t h a t , as f a r as beam 

production was oonoerned, the design was s a t i s f a c t o r y * 

At the same time some f u r t h e r information about the 

pressure r e l a t i o n s h i p s i n the apparatus was obtained. Some 

sample f i g u r e s are ,colle c t e d i n Table V I . These I l l u s t r a t e 

v e r y c l e a r l y the e f f e o t of the c o l d f i n g e r s on the ohamber 

p r e s s u r e s , and the r e l a t i o n s h i p between source p r e s s u r e and 

c o l l i m a t o r ohamber p r e s s u r e . F u r t h e r , i t i s to be no t i c e d 

that the r e s e r v o i r pressure, as i n d l o a t e d by i t s temperature, 

i s much higher than the p r e s s u r e given by the thermocouple 
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gauge (seoond model), whioh i s s i t u a t e d nearer t o the s i l t . 

T h i s d i f f e r e n c e seems to be much g r e a t e r than would be expected 

to occur as a r e s u l t of the gas flow. However, there i s 

another p o s s i b l e f a c t o r which must be considered. The 

r e s e r v o i r thermocouple was s i t u a t e d i n a w e l l on the outside 

of the v e s s e l , I n the vacuum Jacket, and near the heating w i r e . 

Thus the reoorded temperature I s l i k e l y to be h i g h e r than i t s 

t r u e value f o r two reasons. F i r s t l y , the l i q u i d may w e l l be 

oooled somewhat because evaporation i s t a k i n g p l a c e from i t s 

s u r f a c e , and secondly, the r e l a t i v e l y poor c o n d u c t i v i t y of the 

g l a s s may w e l l r e s u l t i n an appreciable temperature d i f f e r e n c e 

between the l i q u i d and the thermocouple. 

The new model L.T. thermostat ( c . f . p. 7 7 ) incorporated 

m o d i f i c a t i o n s which should overcome these o b j e c t i o n s . 

R a d i c a l Beam. 

F i n a l l y , a number of attempts were made to produce 

a beam of e t h y l r a d i o a l s and o p e r a t i o n a l t r i a l s of the v a r i o u s 

p o s s i b l e d e t e c t i o n methods were o a r r l e d out. 

Quite apart from the apparent n o n - l i n e a r decrease of 

a c t i v i t y with time ( c . f . p./2*), the wire and autoradiographic 

methods were shown to have severe p r a o t l o a l disadvantages. 

F i r s t l y , a f r e s h t a r g e t i s r e q u i r e d f o r eaoh experiment. 

Pumping must be stopped, and a i r a t atmospheric p r e s s u r e 

introduced eaoh time a t a r g e t i s ohanged. Even when dry oxygen 

f r e e n i t r o g e n i s introduced along the "hydrogen" l i n e (fig.26b) 
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during t h i a prooess, a minimum of 8 to 10 hours ( I . e . 

overnight) l a r e q u i r e d to r e s t o r e the vacuum to a p r a c t i c a b l e 

l e v e l . Therefore I t i s h i g h l y d e s i r a b l e that the chosen 

d e t e c t o r should be oapable of measuring the beam • p r o f i l e " 

at l e a s t three t o f i v e times before a new one i s r e quired, 

so that a l t e r n a t e measurements, under otherwise oonstant 

c o n d i t i o n s , oan be made on the beam with and without the 

i m p o s i t i o n of the e l e c t r i c f i e l d . 

The experiments d e s c r i b e d i n Chapter IV are not i n 

disagreement with the previous workers with v i s i b l e d e p o s i t s , 

who olaimed t h a t hydrogen treatment of l e a d o r bismuth i s 

necessary before these metals are attaoked by r a d i o a l e . T h i s 

i s a f u r t h e r disadvantage i n molecular beam work, f o r 

comparatively l a r g e q u a n t i t i e s of hydrogen are needed to 

produce a discharge ( ~ 10" 1 t o 10~ 2 mm.Hg. at l e a s t ) , and the 

pumps take at l e a s t 15 to 20 minutes to r e s t o r e the vaouum. 

The wire teohnique has the f u r t h e r disadvantage t h a t , 

i f a r e l i a b l e peak shape i s to be obtained f o r the beam, the 

wire must be very n e a r l y p a r a l l e l to the s l i t s . T h i s can only 

be done, with an appreciable expenditure of time, by a c a r e f u l 

o p t i c a l re-alignment each^time a f r e s h wire i s mounted I n i t s 

h o l d e r . 

F o r these reasons i t was deolded that a r e l a t i v e l y 

l a r g e a r e a of molybdenum oxide deposit (approximately 2-1/2 cm. 

square) would, of the deteotors t r i e d , o f f e r the best ohance of 



suooees, provided that i t could be pro t e c t e d from any 

p o s s i b i l i t y of contact w i t h "hot" o i l molecules from the 

pump. Prom ten to twelve p a r a l l e l t r a c e s oould, i f requi r e d , 

be formed on the one t a r g e t simply by r o t a t i n g the oapstan 

head on the ta r g e t micrometer each time a f r e s h s e c t i o n of 

t a r g e t was r e q u i r e d . 

A number of attempts were made to ob t a i n a t r a c e on 
t h i s type of t a r g e t , but without s u c c e s s . Prom the experiments 
on the t e s t apparatus (p./5\3), i t was deduced t h a t a de t e c t a b l e 
traoe should have appeared i n a maximum exposure time of J hours. 
An aocount i s presented here of the l a s t of these experiments 
whioh was c a r r i e d out. 

With the s h u t t e r c l o s e d , thus p r o t e c t i n g the t a r g e t 
from the beam, the fo l l o w i n g c o n d i t i o n s were e s t a b l i s h e d , i n 
the order i n d i c a t e d : 

1. With the e t h y l iodide tap cl o s e d , the t a r g e t ohamber 
pressure was 9 uA. ( ~ 6.10*"̂  mm.Kg.)» a n d c o l l i m a t o r ohamber 
3 pA. During t h i s time the r e s e r v o i r was brought up to the 
re q u i r e d temperature. -6l°C«, i . e . ~ 0.6 mm.Hg.) 

2. The sodium ( f r e s h capsule) was then heated, u n t i l a 
good resonance was v i s i b l e ( ~ 290°C. a t the "w a i s t " of the 
r e a c t i o n u n i t . The sodium was probably a p p r e c i a b l y h o t t e r 

than t h i s ) . 

3. The r e s e r v o i r tap was then opened. With the r e a c t i o n 

then proceeding, the p r e s s u r e s were 9 pA., t a r g e t chamber; 
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66 jaA., c o l l i m a t o r chamber ( ~ 5.10*5 mm.Hg.); souroe, 
~ 0.15 mm.Hg. 

A* L i q u i d nitrogen was then p l a c e d i n the c o l d f i n g e r s . 
(Only a few centimeters height was maintained i n the c o l l i m a t o r 
ohamber t r a p ) , and the beam s h u t t e r was opened. 

During the f o l l o w i n g p e r i o d of 7 hours, the con d i t i o n s 
f l u c t u a t e d between the l i m i t s : 

Target chamber, 1-1/2 to 2-1/2 jaA. ( " s t i c k i n g " vaouum) 

C o l l i m a t o r chamber, 49 to 57 pk. (3 to 4 times 10*5 mm.Hg.) 

Source pr e s s u r e , 0.13 to 0.15 mm.Eg. 

Reaction temperature, 280 to 290°C. 

Conditions of. sodium excess were continuously 

maintained. A very heavy deposit of sodium iodide formed i n 

the r e a c t i o n chamber. No sign of a t r a c e oould be observed. 

I n a previous experiment a sample of molybdenum 

oxide, deposited on a metal s u r f a c e , was suspended on a le n g t h 

of stout wire whioh was se a l e d i n t o one of the B.10 br a s s 

ground J o i n t s i n the c o l l i m a t o r ohamber end p l a t e whioh had 

been provided f o r the s l i t width c o n t r o l s . T h i s " t a r g e t " was 

arranged so t h a t i t oould be moved i n t o a p o s i t i o n about h a l f 

way d i r e o t l y between the two s l i t s by r o t a t i o n of the J o i n t . 

At t h i s p o s i t i o n the i n t e n s i t y of moleoules i s s u i n g from the 

souroe should have b e e n ^ J f i . e . a t l e a s t t h i r t y , times 

g r e a t e r than the i n t e n s i t y at the t a r g e t p o s i t i o n . No blue 

c o l o r a t i o n of t h i s deposit was observable a f t e r 3-1/2 hours 
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r a d i c a l production. 

I t may be tha t , s i n c e the 03B pump b a f f l e was not 

very e f f i c i e n t , t h i s deposit had been d e - s e n s i t i s e d by o i l 

vapour. However, when these observations are considered i n 

the l i g h t of the mass epeotrometrio r e s u l t s p u b l i s h e d by 

Lo s e l n g and T l c k n e r (60, o.f. p. 6 6 , t h i s t h e s i s ) , i t i s 

apparent t h a t there i s a much more fundamental oause of the 

f a i l u r e to d e t e c t any r a d i c a l s . I n t h e i r apparatus, these 

authors made p r o v i s i o n f o r separate pumping on the source 

s i d e of the s l i t and found t h a t , i f the r a t e of pumping were 

too low, no r a d i c a l produots of the p y r o l y s l s r e a o t l o n were 

detected. They found, moreover, t h a t the presenoe of a 

c a r r i e r gas was e s s e n t i a l i f a s u f f i c i e n t l y h igh flow r a t e were 

to be maintained. 

F r a s e r and Jewett (53) have published an account of 

an attempted production of a r a d i c a l beam. Although they 

used a o a r r i e r gas, t h e i r experimental arrangement was i n a l l 

other r e s p e c t s comparable with t h a t d e s c r i b e d i n t h i s chapter* 

That i s , they used a conventional molecular beam source ( w i t h 

no p r o v i s i o n f o r i t s separate pumping). I t i s of I n t e r e s t 

t h a t Hippie and Stevenson (6l) have remarked t h a t the 

proportion of r a d i c a l s i n F r a s e r ' s beam must have been very 

low. The attempts of Klstiakowsky's co-workers (50) have 

a l s o been hampered by low r a d i c a l c o n c e n t r a t i o n s I n the beam. 

-197-



/ 
8 

i 

r 

3 

I . 
4 
5 



I t has r e c e n t l y been l e a r n t (152) t h a t over the 
yea r s , other (unpublished) attempts to produce a r a d i c a l beam 
have been made by J•H.Simons and h i s co-workers, and by 
T.E.Fhipps, working i n the U n l v e r B l t y of I l l i n o i s . 
FUTURE DEVELOPMENTS 

Although i t i s not a b s o l u t e l y o e r t a i n , I t i s very 
l i k e l y that a l l these experiments have involv e d the use of a 
conventional molecular beam source. Since L o s s i n g and 
Tiokner were able to measure a beam of i o n i s e d r a d i c a l s q u i t e 
e a s i l y , i t would seem t h a t a source arrangement s i m i l a r to 
t h e i r s could be a p p l i e d to the production of a beam of n e u t r a l 
r a d i c a l s with some hope of s u c c e s s . 

Slnoe the present design, with the source completely 
i n s i d e the r e a c t i o n chamber, makes extremely d i f f i c u l t the 
p r o v i s i o n of both separate pumping and a supply of o a r r i e r gas 
over the sodium, a completely new design, of t h i s h a l f of the 
apparatus at l e a s t , i s necessary. 

F i g u r e 35 i s a s e o t l o n drawing which i l l u s t r a t e s the 
l i n e s along which the new design might be developed. The 
source should be outside the apparatus. T h i s f a c i l i t a t e s the 
connection of pumping and o a r r i e r gas l e a d s , and a t the same 
time permits the d i r e c t d i s t i l l a t i o n of sodium i n t o the sodium 
ohamber, thus making the c a p s u l e s unnecessary. The o o n s t r l c t l o n 
between t h i s space and the r e a c t i o n chamber w i l l h e l p to i n h i b i t 
the spread of the sodium deposit during the d i s t i l l a t i o n . The 
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space between the outer w a l l a and the c o - a x i a l I o d i d e l e a d 

at t h i s oonBtrlotlon can be quite narrow, as the flow of 

o a r r i e r gas w i l l help to i n h i b i t the back d i f f u s i o n of the 

I o d i d e . The c y l i n d r i c a l symmetry makes more easy the 

p r o v i s i o n of uniform hea t i n g . A conventional tube h e a t e r 

may be used f o r the sodium chamber, and an element cut from 

niohrome sheet, s i m i l a r to that used by L o s s i n g and T i c k n e r 

( 6 0 ) , may be used to keep the r e a c t i o n ohamber warm. 

Observation of the sodium glow i s p o s s i b l e through the c l e a r 

space near the s l i t . I t i s recommended that the source s l i t 

i t s e l f be of g l a s s , s i n c e most metals seem to be more e f f i c i e n t 

recombination c a t a l y s t s than t h i s m a t e r i a l . The method f o r 

c o n s t r u c t i n g a g l a s s s l i t has been d e s c r i b e d by Wrede (114), 
Phlpps & T a y l o r (153), and Johnson (144). The r e - e n t r a n t 

mounting of the s l i t makes i t p o s s i b l e to p l a c e i t c l o s e to 

the p o s i t i o n of maximum r a d i c a l i n t e n s i t y . I t w i l l , however, 

be necessary t o c a r r y out some experiments to i n v e s t i g a t e whether 

i t beoomes blocked by sodium and sodium iodide d e p o s i t s . The 

c a r r i e r gas should help i n t h i s r e s p e c t . I t i f proves 

impossible to avoid t h i s d e p o sition, one of the p y r o l y s l s 

production methods (p. 67 ) must be given f u r t h e r c o n s i d e r a t i o n . 

The conneotlon to the source pressure gauge i s shown Immediately 

adjacent to the r e a c t i o n tone. 

The I l l u s t r a t i o n shows a ground J o i n t connection to 

the c o l l i m a t o r chamber. T h i s permits adjustment of the s l i t 
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to an approximately h o r i z o n t a l p o s i t i o n before the g l a s s 

oonneotlons are s e a l e d on. I t i s d e s i r a b l e , however, to 

make p r o v i s i o n f o r f i x i n g the two s e c t i o n s f i r m l y i n place 

once the adjustment has been made. Black wax may be s u i t a b l e , 

f o r I t i s l i k e l y that the l i q u i d n i trogen cooled condenser w i l l 

keep the whole c o l l i m a t o r chamber f a i r l y cool i n t h i s design. 

I t i s suggested t h a t the c o l l i m a t o r ohamber, and 

condenser, should be c o n s t r u c t e d of metal. The c y l i n d r i c a l 

bottom of the condenser, with i t s c e n t r a l c a n a l to allow the 

passage of t h a t p a r t of the " p e n c i l " r e q u i r e d f o r the beam 

formation, should prove to be muoh more e f f e o t l v e than the 

type used so f a r . I n f a c t i t should a c t as a "fore s l i t " 

( c . f . ref.103, P. 22 ) . 
The Penning gauge connection could be attached to 

the s i d e of t h i s chamber without much d i f f i c u l t y . I t i s a l s o 

recommended that the s h u t t e r be introduced i n t o t h i s ohamber, 

w e l l away from any p o s s i b i l i t y of i n t e r f e r e n c e w i t h the 

d e f l e o t i n g f i e l d . I f i t i s p l a c e d between the oondenser and 

the c o l l i m a t o r s l i t the d e f l e c t e d molecules would qulokly be 

condensed. The O-rlng type of s e a l (fig.32) should s u f f i c e 

f o r i t s connection to the e x t e r n a l c o n t r o l handle. 

The m e t a l l i c s t r u c t u r e of t h i s chamber should provide 

a s u f f i c i e n t l y r i g i d mounting f o r the s l i t s . I t i s d e s i r a b l e , 

however, t o provide f o r the adjustment of the c o l l i m a t o r s l i t 

both by r o t a t i o n , and by i t s b o d i l y movement I n a v e r t i c a l 
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d i r e c t i o n . This should take care of any possible v a r i a t i o n 
i n the construction of the glass source s l i t . Alignment i n 
a horizontal d i r e c t i o n ( f o r horizontal s l i t s ) i s not so 
o r i t l o a l . A possible method of achieving these adjustments 
i s i l l u s t r a t e d . 

For Immediate purposes, the target ohamber oross-
pieoe already i n use oould be employed, although two additional 
side arms would be of advantage - one f o r a short Penning gauge 
attachment, and another f o r a completely separate point of entry 
f o r the high tension lead. AB a f i n a l aim, i t i s recommended 
that the use of rubber gaskets should be avoided where possible, 
f o r they tend t o take a permanent "set" a f t e r a time, and are 
a possible source of sulphur which could be the explanation of 
the heavy brown coating observed to develop on oopper surfaces 
exposed to the vacuum. A glass target ohamber i s desirable, 
f o r i t offers at the same time good Insulating properties and 
a convenient means of watching f o r the development of e l e c t r i c a l 
breakdown when the high f i e l d s are employed. 

The molybdenum oxide deteotor w i l l probably suffloe 
f o r the preliminary attempts to obtain a s u f f i c i e n t l y intense 
beam of ethyls with t h i s new apparatus. This deteotor has the 
advantage t h a t , with a s u f f i c i e n t l y long exposure, a trace should 
eventually form, and would be s u f f i c i e n t l y stable f o r photographic 
reproduction. However i t i s desirable to aim eventually f o r a 
more quantitative type of detector. Prom the experiments 

- 20/ -



described I n Chapter IV i t seems highly l i k e l y that 
1BOtopically pure radio-elements w i l l prove to be unsatisfactory 
because of the sparse d i s t r i b u t i o n of even a highly aotlve 
deposit* Isotoplo d i l u t i o n should improve the " l i n e a r i t y " 
of the detector I f t h i s I n t e r p r e t a t i o n I s correct but would, 
at the same time, reduce I t s s e n s i t i v i t y to a point where I t 
may no longer be of advantage, f o r I t would seem that d i l u t i o n 
by a fact o r of about io5 I s neoessary ( c . f . pp. 109, /28 ) to 
obtain a layer of one molecule average thickness, even when 
the deposit I s formed on the very small surface of a t h i n wire. 

I t i s the wr i t e r ' s opinion that the best type of 
deteotor would probably consist of an arrangement simila r t o 
the lonlsatlon ohamber of a mass spectrometer, followed by some 
very simple form of mass analyser. I f t h i s were plaoed behind 
a s l i t which could be traversed across the beam, the r e s u l t i n g 
beam peak shape could be p l o t t e d from the l o n l s a t l o n ourrent 
a r i s i n g from methyl ( m/e » 15) or e t h y l ( m / e 8 5 29) as required. 
The distance of traverse need not be more than a few tenths of 
a millimeter, and there would be no need to open the apparatus 
to the atmosphere at a l l , except when the sou roe required cleaning. 
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SUMMARY 

This thesis presents an account of a number of 
experiments carried out during an investigation of the problem 
of estimating the dipole moment of free radicals by the 
molecular beam teohnique. 

A number of possible deteotion methods was t r i e d . 
Of these, a deposit of molybdenum oxide smoke was the most 
successful f o r the detection of e t h y l radioals. The use of 
i s o t o p i c a l l y pure radioactive elements, although appearing to 
o f f e r the p o s s i b i l i t y of high s e n s i t i v i t y , seems to be l i m i t e d 
by the atomioally sparse nature of the deposit. 

A molecular beam apparatus was constructed which, 
although capable of producing beams of stable molecules, was 
no more successful f o r the production of a beam of radicals 
than the attempts of previous workers i n t h i s f i e l d . 

I n a reoent paper, however, a new type of source has 
been described whioh made i t possible to produce a good beam 
of ra d i c a l ions i n a mass spectrometer* This souroe d i f f e r s 
from the conventional moleoular beam source i n that i t i s 
provided with a separate pumping lead. I n t h i s way a high 
rate of gas flow i s maintained on the "high pressure" side of 
the souroe s l i t , with a consequent improvement i n the 
oonoentratlon of radioals passing through the s l i t * 
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Suggestions are made f o r a new molecular beam 
apparatus, incorporating t h i s type of source, which should 
make i t possible to produce a satisfactory beam of radicals 
and thus to determine whether the free methyl possesses a 
dlpole moment. 
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