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PREFACE

For more than twenty years it haes been recognised that
the free aliphatic radicals play an important part in many
reactions, A large asmount of experimental work has been done,
principally on vapour phase reactions, where their présenoa is
much more easily detected, The major types of reaction in which
they occur are now known, and there is general agreement on the
mechanisme by which they are formed and react to yield the final
productsa, '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 theoretical
grounds, to calculate the properties of these radicals, Thus,
for example, if such quantities as thelr entropy and heat of
formation could be calculated, it would then be possible to predict
the course of radical reactions which are not easlly accessible by
direct experimental methods. Attempts have been made in this
direction (1,2). One piece of information required in these
calculations, as well as being of interest for its own sake, 18
the spatial configuration of the radiocal.

It should, in principle, be possible to predict this by
means of wave-mechanical calculatilons, In practice, however, the

mathematical difficulties of a rigorous treatment are almost
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ineuperable, except in the very simplest of cases, and some form

of approximation 1s required. Conflicting conclusions have been

drawn from these studies, Until quite recently, the general
opinion has been that the free methyl radical is flat, with the
carbon atom in the plane defined by the three hydrogen atoms,
and the three C-H bonde at 120° to each other. There have,
however, been contrary views expressed from time to time, and
more recent theoretical treatments have suggeated that, although
the methyl radical is undoubtedly flatter than the CH3- group in
methane, it is not completely planar,

It is generally accepted that any "heteronuclear® bond
must have a small electric dipole assocliated with 1t, If this
18 so, 1t might be expected that, if the radicel were not planar,
1t would have a net dipole moment. On the other hand, the three
C-H electric vectors would cancel out in the planar model, It
has been suggested (3,4) that an experiment deslgned to test this
point would be of considersble interest.

The work to be described in the followlng pages was
carried out with this end in view, The project is one which
containe many pitfalle, with the result that an answer has not
yet been obtained. It is considered, however, that the possibilities
of improvement in the technique described are by no means exhausted,

Chapter I is devoted to a general review of the
developments in free radical studies, with the emphasise on methode

of production and detection, followed by a short account of the
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underlying theoretical considerations. Chegpter IIX ia'a review
of the molecular beam technique. The succeeding chapters
contaln an account of the experiments carried out and the
procedure used in the present investigation, and, in conclusion,

suggestions are made of some possible improvements in the

technique,
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CHAPTER I, INTRODUCTION

FREE RADICALS

An important consequence of the rise of chemistry to
the status of an exact science, following upon the advent of
quantitative methods of measurement, was the evolution of the
concept of the radi cal - that 18, any group of atoms which
preserves 1ts identity throughout a series of chemicsal reactions,
Although this definition covers groups which contaln no carbon
atom, and are therefore to be oclassed as lnorganic, by far the
greatesﬁ number lies in the field of organic chemistry, as a
result o the well known stability of the carbon to carbon bond,
In this discussion we shall reetrict ourselves to a very small
corner of this 1atte; field.,

The many early attempts (see refs. 5,14,15) to 1solate
these radlcals pfoved, without exception, to be sbortive and, 1n
the latter part of the last century, were abandoned as the lnoreasing
welght of avallable evidence pointed to the truth of the postulate
that the carbon atom is invariably tetravalent, This postulate,
together with the additional one that these form "valency bonds®
were dlstributed tetrahedrally in space, succeeded so well 1in |
interpreting the known facts, snd gave such a sound baels for the

development of structural models, that 1t came to be accepted
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that 1t was a fundamental condition for stabllity in organic
molecules, On this basis the independent existence of a free
radical, such as methyl, CH3, or ethyl, CH}.CHZ, was manifestly
igpoeeible.

Thus 1t came as s great surprise when Gomberg (6), in
1900, published his results which indicated, from chemical evidence,
that the triphenylmethyl radical was capable of independent and
~continued existence in solution, Several years later (7), he
was able to show that it was pfesent in amounts sufficiently
great to have an appreciable effect on the apparent molecular
weight of solutions of hexaphenylethane, from which 1t is derived
by dissociation.

A great desl has been discovered about radicals of this
type, which are aromatic in character, and 1t would appear that
the principles underlying their stability are by now fairly well
understood (8,9,10,11).

They are mentioned here, however, only because they
provided the first clear evidence that molecules containing
"tpri-valent" carbon were capable of relatively stable existence,

Very soon afterwards suggestions began to appear that
the corresponding free alkyl radicals might also be capable of a
transitory existence, although it was recognised that they may
well be very reactive,

Bone and Coward (12), for instance, in 1908, suggested
that free radicals of this type, including free methyl, could



help to explain the processes taking place in the vapour phase
pyrolyels of hydrocarbons.  They were, perhaps, the first to
do so. Likewise, H.S.Taylor (13), at a meeting of the Faraday
Society in 1925, suggested that these radicals might be taking
part in the reactions induced in gases Ey light quanta.

Attempts to establish thelr exlstence by direct methods,
however, proved fruitless until 1929, when the first of a series
of papers was published by Paneth (14) and his co-workers, which
proved beyond any doubt that free methyl and free ethyl (15) did
exlst, and provided a method of detecting and 1dentifying them,
In these experiments the radicals were produced by the pyrolﬁsie,
in a setream of carrier gae at relatively low pressures (l-3 mm,Eg.),
of the corresponding lead tetra-alkyl compound, Pb(GH3)4 or
Pb(02H5)4. Attempts to produce the higher aliphatic radicals by
this method proved unsuccessful (20), Compounds attributable to
methyl or ethyl radicels were 1soiated An all cases, 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 results resulted almost
immediately in an ever increasing flow of papere in which free
radicals were postulated as intermediates in a varlety of reactions
taking place in the gas phase and in solution (8,21,22,23,27).

At the same time the mirror method of detectlion was successfully

applied in attempts to confirm that they were, in fact, present



in the reactions as postulated. These reactions can be
classified into three main types.
l. Pyrolytic Reactions,

Most organlc compounds will decompose into simpler
products if heated to a sufficiently high temperature, This
hed been known for qQuite some time, By 1933, not only were
the major decomposition products and their relastive proportions
known for a considerable number of compounds, but sufficient
kinetic evidence had been accumulated to mske possible an
estimation of the dissociation energles of a number of bonds (23).

As he and his colleagues had been gble to demonstrate
(22), by the use of Paneth'e mirror technique, that methyl radicals
were present in thermaelly decomposlng vapours, F.C.Rice (24) was
enabled to put forward a reaction scheme which was conslistent, in
large measure, with the proportions of product found by experiment,
This involved, firstly, the formation of radicals by the rupture
of a carbon to carbon bond, and their subsequent reaction with
other molecules present, or with each other, If these subsequent
reactions resulted in the formation of more radicals, then a
"chain® would result, Although this scheme has had to be modified
in the light of more recent knowledge, the basic 1deas are still
recognised as valid,

Among other compounds which were shown at this time to

yleld redicals on heating were azomethane (25) and methane (26).




2. Photolytic Reactions,

The study of these reactions had its origin in an
attempt to explain the absorption spectra observed when electro-
magnetic redlations were passed through the vépoura of many
substances, It was known that, for wavelengthe longer than a
certain value which can now be associated with the "strength" of
a particular bond (27), the spectrum often showed a series of
bands which, in the simpler molecules at any rate, could be
asslgned to definite chéngea in the energy states of the molecule,
In other cases, or at shorfer wavelengths, a region;of continuous
absorption could be observed, which could now be aséooiated (27)
with the splitting of a covalent bond in the molecule, The
resulting fragments could well be free radicals - that is,
molecular fragments carrylng no net ocharge, in which not all
the carbon valencies were satisfied,

This postulate received direct experimental confirmation
by Pearson (28), who used the mirror technique to show that free
methyls were present when acetone was irradiated with ultra-
violet light.

These two fields of study are now recognised to be
closely related, in that they both involve the splitting of the
molecule into two initial fragmente, One of these fragments
may be unstable and decompose further. Both may be, and often
are, very reactive and disappear very quickly either by attacking

neighbouring molecules, by combining together to form the final




products, or, if unstable, partly by a procees of internal
re-arranggment. The decomposition of maeny substances has been
investigated under both sets of conditions.‘

Careful dquantitative study has shown, however, that
radicals are not necessarily produced in all cases, Some
decompositions, indeed, proceed at the same time by two parallel
reactions, one involving radical formation, and the other,
molecular re-arrangements (29).

3. "8odium Flame" Reactions.

At about the same time that Paneth and his co-workers
were making their first diecoveries in thie fleld, Polanyl had
become interested in the study of the theory of chemical
reactions (30). S8ince a "three body" interaction ie 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 typify the simpler case,

His choice fell upon the reaction between a halogen gas
and sodium (or potassium) vapour, which is known to be
predominantly monatomic at only moderately elevated temperatures
(31,32).- This was the first of the sodium flame reactions.

As a logical outcome of this work, the vapour phase
reaction between sodium and organic halides wes 1nvestlgated
(33,34). Direct experimental evidence of the presence of
redicale in this type of reaction was furnished by Horn, Polanyl,
and S8tyle (35). They reacted methyl chloride with sodlum vsapour,




and passed the products of this reaction immediately into an
atmosphere containing iodine, Methyl 1odide was 1isolated in
the products,

This type of reaction has since been used successfully
by a great many investigators (36), both as a convenlent source
of radicals, and for quantitative data on the effect of structure
on the "strengthe® - that is, dilssoclation energles - of bonds
in a molecule, .

By 1ts use it has been found possible to produce higher
aliphatic radicals, such as propyl (37,38), in sufficient
concentration to make possible a study of their rate of
decomposition at various temperatures,

4. Electron Impact Method,.

Electron impact methods such as are used in mass
spectrometry produce, as & rule, ionised fragments,  These

cannot be classified as free radicals since, by definlitlon, a

radical has no net charge,

However, an ingenioue method for the production of an

atomlo beam has recently been published (39). It might prove
possible to apply it to the production of a beam of radicals,
A beam of N' ions was produced, collimated, and

accelerated by the usual method. Thie beam was then bombarded

with a second electron beam of sufficient intensity to neutralise

most of the positive ions by electron capture. This procees did

not seem to affect the collimation already achieved, The ions




not so neutralised were deflected by suiltable eleotric and
magnetic filelds, The resulting beam of neutral atoms was
claimed to have a much higher intensity than that obtained by
the normal effusion method (see Chapter II).
DETECT JON

This review must of necessity be very brief, because
of the large amount of work carrieduout in this field (40,41).
For this reason, attention has been directed for the most part
to the earlier publications. which lsid the foundations upon
which most of the succeeding workerse have built, It is proposed
to conclude this experimental section with a summary of the
methods avallable for the detection, or estimation, of free
radicals,

CHEMICAL methods are the most popular, and can be
classed, broadly speaking, into two main groups, We shall call
these, for convenience, the direct or indirect methods,

Historically, the indirect method was the first, although

1ts full significance was only realised when it hasd been
established that free radicasls d1d take part in vapour phase

reactions,

Thie method 1s, in fact, an extension of the traditional
methods of chemical kinetic studies, in which the course of the
reaction is inferred from observations on the identity, and
relative proportions, of the products of the reaction under

different sets of experimental conditlons,




Since radicals can react with almost every molecule
with whioch they collide, the number of products resulting from
even the simplest system is ligble to reach bewildering
proportions, if radicgls are involved. This effect can be
minimised if it i1s arranged that only a small proportion of
the starting materials decompose, In this way the chance of
interaction between radical and initial product, to form further
products, 18 greatly reduced,

This can be achieved in one of two ways. If a statiec
system 18 used, the heating, or the irradiation, is allowed to
proceed for only a short time, The total pressure is observed
at regular intervals during this period.

Alternatively, a continuous flow system is used, The
reactants are made to pass quickly through the reaction zone, and
the mixture of reactants and products is collected immediately
afterwards in a cold trap.

In both methods, a complete analysis i1s subsequently
carried out, From the information so obtalned, 1t 18 possible
to deduce which radicals must be involved, and also something
about the kinetics of the process, Hence it is posseible to
obtain the activation energies of initial decomposition reactions
and subsequent radical reasctions in many casese (43).

Although accumulated experience makes 1t possible to
reject some reactions as improbable when devising the reactlon

scheme, all possible reactione must be considered in the first




instance, These would include reaction of the radicals with
other radicals, with the starting materials, with product
molecules, or with carrier gas if used. Very often some other
substance 18 introduced into the system in order to study 1its
reaction with the radicals, The possibllity of decomposition
or re-arrangement of the radicals, or of some re-arrangement
reaction not involving radicals at all, muet not be overlooked
(8-11,29,40-42).

Thus 1t 18 obvious that great difficulties of
interpretation can be assocliated with this method, and, although
a lot of information about radicsls may be obtalned in this way,
and even, by deduction, their concentrations may be estimated,
oblectlions may be ralsed gbout 1ts reliablility as an indication
of thelir presence, It 18 posslble, however, to devise varlations
of this method which will do this,

If the carrier gas is hydrogen, then it is possible, by
the use of hydrogen enriched with deuterium, to isolate "heavy"
methane in the reaction products, This could be taken as
evidence for the formation of methyl radicals, and thelr
subsequent reaction with the carrier (44).

In cases of chaln reactions (24) involving radicals,
the introduction of nitric oxide into the reacting mixture has
been found to slow down the reaction rate to a conslderable
extent (45). At the same time the nitric oxide itself 1s
slowly cbnsumed, indicating that it reacts with the radicals,

- 10~




and thus "bregks" the chain,

The same effect can be obtained by the use of gaseous
lodine (29,41) and the effect 1s used, in faét, as a test for
the occurrence of a chaln reaction involving radicals,

If radloactive iodine (37,38) is used, it 1s poesible
to deteot very small quantities of combined iodine in the
products and, by fractional distillation, to determine the
1dentity of the product thus formed. This method gives, then,
a direct indication of the presénce énd 1dentity of the radlcals
and, at the same time, an estimate of the number formed, It 1s
assumed, with some Jjustification (29,35), that every collision
of a molecule of 1odine with a radical results in reaction,

This "inhibitor" method can thue be regarded aleo as

an example of the direct method of detection, Direct methods

of detection moet commonly employed, however, are usually
extensions of the original Paneth mirror technique,

In the original papers, mirrors of Bi, As, 8b, Zn, C4,
and § were used, as well as Pb (14-19). Subsequent workers
have used these, and also a number of other substances, such as
Te (20,28), Hg (22,23), Be (17), Se (20).

Rice and his co-workers used mercury (24) becauee the
alkyl producte, on reaction with mercuric halides, yielded
compounds with well defined melting points. This was of

conelderable advantage for identification purposes.,
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Subsequent workers (37,46,47) have used radiosctive
mirrors, and followed their reesction with the radicals either
by the detection of activity in the products (46), or by a
direct observation of the decrease in mirror activity with
time (37).

There 18 one further chemical method of detection
which is worthy of mention, It has been known for many years
that hydrogen atoms will reduce the white (or yellow) oxides
of tungsten and molybdenum to a blue compound of indefinite
composition. In 1949, Melville and Robb (48), in the course
of an investigation of the reaction of hydrogen atoms with
olefines, used tungsten, or more often molybdendm, oxlde as a
competitor with the olefine for the hydrogen atoms. In making
their calculations: they allowed for the possibility that free
radicals, formed by the addition of one hydrogen atom to a double
bond, could also turn the white oxide blue, A trial irradistion
of mercuric dibutyl in the absence of hydrogen gas dld, in fact,
produce a blue coloration in the solid oxide,

From thelr calculations they were able to estimate, for
g number of radicals, the ratio of their bluelng effect to that
of hydrogen atoms (kn).

In no case reported by them was this ratlo less than
0.3. In some cases it was much larger. It 18 of intersest to

note that complicated radicals seem to be more effective in this

regard than simpler ones (49).
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Of PHYSICAL properties of radicale used for their
detection, two may be mentioned, The heat evolved (50) when
radlicals impinge on to a platinum surface has been used in an
attempt to measure the intensity of free methyls in a beam,

The sensitivity of this method inoreases with decreasing
temperature, and it has been estimated to respond to about 1012
to 1013 padicals om™2 gec™t at liquid alr temperature,

The other method 1s based on the possibility that the
lonisation potential of a free radicel is lower than that of any
other molecule which may be present, Fraser (51), in 1933 was
the first to suggest this as a possible method of detecting
radicels in a beam, followlng upon the work of Estermann (52)
which had been just previously published. The essence of this
idea was to allow the beam to 1mp1ngé on to a 811t in a metal
"cage®, along the axis of which lay an electrically heated wire,
If the potential difference between the box and wire is greater
than the ionisation potential of the molecules entering, these
ﬁill be ionised, thus providing an increased current from box to
wire,

" Under Freser's direction, Jewitt (53) carried out some
trials, They found that better results were obtained with
organic compounds if the simple "Kingdon Cage" were replaced by

an lonieation gauge, But even so the results showed quite a

large “scatter",

-/3-




Recent work with maes spectrometers brings out very
clearly the difficulties associated with this method, In these
instruments the positive ions are also produced by electron
bombardment, But, because of the more refined arrangement, the
conditions are more easily controllable. It 18 found (54) that
the efflciency of the lonisation proceses depends on the electron
energy,which in i1ts turn depende on the potential used for
accelerating the electrons.

If the intensity (B) of the ion
beam, for a given mass number, a b
is plotted as a function of BI

electron accelerating volts (V),

e curve of the type (a) shown in

figure 1 18 obtained. _ V, V¥ —

v

/q. 1.
-which the curve 18 no longer F g

distinguishable from the V-axis, 1s defined as the appearance
This will be equal to the

The voltage V,°, at

potentisl, Agr+,0f the lon in question,
ionisation potential (Ig+) Af the ion is formed by the process
CHy —> CH3' + e~.
If the procesas 18 CH4 — CH3+ + H + 7, more energy
will be required, as a bond must then be broken, and '

+ + -
ACHB > ICH3 + D(CH3 H).
Oone reason for the "tall" on the appearance potential

cupve is that the electrons are not mono-energetioc, They are
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produced by emission from a hot filasment and will, therefore, have
a range of energles statistically distributed ebout a mean value,
It 18 to be'noted that these energlies will be dependent on
filament temperature,

At the lowest accelerating voltage, only the more
energetlc electrons will be able to cause ionisation. As these
will be relatively few in number, the resulting ion current will
be small, As the voltage 18 raised, the proportion of electrons
with sufficlent energy will increase more rapidly as the "hump®
of the velocity distribution curve becomes involved.

Let us now consider the curve (b) where the appearance
potential 18 only slightly greater than that of our first
substance (a), and consider the implication of these two curves
for Fraser's method of beam detection, Here we do not have any
means of mass selectlon, andkeaah substance in the beam will
start making 1ts contribution to the lon cuprrent ae soon a8 the
potential difference exceeds its appearance potential. It 18
clear that, i1f we wish to register(a) and not(b), the volts must
be less than Vi°. At thie voltege the "sensitivity", that 1s,
the amount of ion current per unit quantity of material, will hbe
relatively small, The closer is Vbo to Va?! the smaller will
be the sensitivity attsinable for(a).

To take an example, let us compare the lonisation
potentials CH3, 10.Cy volt; CoHg, 11l.7 volt; CH4, 13,3 volt (55).

All of these substances are likely to occur in a beam of methyl
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radicals. Thus, 1f we wish to detect only methyl, our

collecting voltage must not be greater than 11,7 volt, or,

to be on the safe side, rather less, It must, however, be

as close to that value as possible, or else the sensitivity

will not be very great, All variables, such as volts, heater
current, and so on, will have to be closely controlled, It is
desirable to keep the temperature of the wire as low as possible,
in 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 sensitivity to the
radicals which are present. If Jewltt's figure (56) of 9.1 volt
for the ionisatlon potential of methyl iodide is correct, then

the presence of thlis substance in the beam would render the method
useless for the detection of free methyl.

The first report on the application of the mase
spectrometer to radical detection was published by Eltenton (57)
in 1942, Subsequently (58), in a more detailed report on hils
exploratory experiments, he showed that it could be applied to
the estimation of radical concentrations in a varliety of reactions,
including combustion, Although, at the present time, some
caution is sometimes required in the interpretation of results
obtained with this instrument (59), 1t is capable of giving
resulte in agreement with those obtalned by well trled methods

(59a, 60).
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It has the great advantages, moreover, of selectivity,
given by the possibility of measuring the ion current due to
only one species of i1on, and of a great sensitivity which will
be, no doubt, further increased within the near future. Even
at the present time it is capable of ylelding very useful
information (61,62),

PHYSICAL PROPERTIES

Just a8, in the experimental work, the study of radiocals
i1e but a specialised aspect of a much larger field of study, eo
the theoretlical predictione of their properties ari ses almost as
a by-product of the study of the whole field of molecular
structure and properties, '

The most fundameﬁtal of these studies is that of the
distritution of the valenoy electrons in the molecule, an
extension of the wave-mechanical theory of atomic structure,

As is well known, this theory was developed in the early part
of this century in order to explaln the newly discovered
phenomenon of radioactivity, and the resulte obtalned from
quantitative measurements on atomic spectra,

The mathematical complexities bf the subj)ect are 8o
great that a rigorous treatment haes been possible only in the
very simplest of cases, Such a treatment has been carried out
for hydrogen and hellum atoms, the h&drogen molecule, and thelr
ions, For atoms or molecules other than these, it has been

found necessery to make some form of approximate treatment.
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In the study of molecules two general methods of
attack have been used (63). In the one, the valence bond
method first developed by Heitler, London, Pauling, and Slater,
the atoms constituting the molecule are first considered
separately, Whe re neoessary;~&ppropr1ate combinations of
atomic eleotronic orbitals, sometimes excited, are taken in
such a way that each orbital which is to be involved in the
formation of a bond contains only one electron. This procese
18 known as hybridisation, and the resulting orbital is a
"hybridieed orbital"™. Any orbital, hybridised or not, 1s capable
of contalning two electrons with opposing spins, The next step
1s based on the postulate that the energy evolved in the process
of bond formation 18 proportional to the degree of "overlap" of
the atomic orbltels of the two electrona, one from each atom,
forming the bond, Thus the most stable bond 1s that one in which
the greatest degree of overlap 18 attalned. The relative
directions in space of the bond-forming orbltals and the degree
of hybridisation are inter-related. Thus it 18 possible, by a
long series of calculations, to calculate the most probable
configuration of a given molecule, and at the same time the
relative "energy" of a bond,

Qualitatively, the plcture presented by thie method of
spproach is one which 1s readlly intelligible from the chemist's
point of view, and its terminology has been absorbed, to a large

extent, into chemical language.
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The other method 18 an extension of the original theory
of electron configurations in atoms, In this, the molecular
orbital treatment first developed by Hund and Mulliken, the
configuration of the nuclei 18 acoepted from experimental data,
and the electrons are "fed in® one by one. They are thus, in
the first instance, not regarded as being restricted to the
neighbourhood of any particular bond, but are treated as though
capable, in principle, of being anywhere at all in the whole
molecule, It is claimed (63) that this 1s the more appropriate
approximation when it is intended to study such phenomena as
ionisation potentials, 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, in the earlier treatments
in particuler, tended to vary a great deal, according to the
number and type of refinements agpplied. In principle, if the
refinements are carried far enough, the same posslble wave
functioné should eventually be derived from both methods. Both
methods, however, 8till tend to rely rather heavily on experimental
data, to which they are "fitted" in order to obtain the bheet
possible answer (63,64,65).,

Even so, the quantitative predictions in more recent
treatments are usually of the right order of magnitude and, for
a particular property in a series of related molecules, the trend

predicted agrees with that observed experimentally, Propertles
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which have been investigated by these methods include ionisation
potentiale and spectral terms (63,66,67), bond energles (64,65,
68), vibrational force constants (64), strﬁcture, and bond
polarity (69).

-We shall concern oureelveh here only with the last two,

Dipole Moments. From a more empirical point of view the

experimental measurement of molecular dipole momente has proved
to be of great value, particularly in the elucidation of molecular
structure (70,71).

It 18 assumed that each bond connecting unlike atoms in
a molecule has assoclated with it a small electric vector, which
might be regarded as arising from the unequal distribution of the
electrons forming the bond, becsuse of differences between'the two
atoms in their powers of attraction for the electrons (electro-
negativities). The resulting "charges'! would, in general, amount
to considerably lese than unit electronic charge. The product of-
this "charge® times the dlistance between the nuclei is then termed
the "bond moment"”,

In these emplrical studies 1t is further assumed that the
bond moment, for example, PG-H.Of the C-H'bond, is a constant for
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, it 1e then poseible to

assign a value for P to every type of bond. It must be emphasised




that this procedure can only at best be a first approxiﬁation,
as 1t would sppear from the theory that 1t is not correct to
assume that & bond is un-influenced by its environment in the
molecule (69,70,72,73). Nevertheless it has been found in a
great many ocases that molecular dipole moments, calculated for
molecules of known structure by vectorial addition éf these
bond moments, agree quite well with the moment as actually measured,

| On the basis of arguments such as these it is generally
accepted that po_p 18 small, and of the order of 0.4D. This
figure 18 confirmed by independent estimates obtained, for
instance, from infra red absorption measurements on the methyl
halides (74). |

If we consider the tetrahedral methane molecule, 1t can
be shown by a very simple oalculation that the vectorigl sum of
three of the C-H bond moments 1s equal in magnitude to, and is
.directly oppoeed to, the moment of the fourth bond., Thus methane
has no net dipole moment, a result in agreement with experiment,
In free methyl, however, one would, on this basis, expect

in general a net moment in the direction of the missing hydrogen.
The magnitude of the moment would depend on the configuration,
If the radical preserved the tetrashedral configuration of methane
(bond angle HCH = 1093°), its dipole moment would be 0.4D, if we
accept this figure as the value for the C-H bond moment. It
will be shown later that this is not considered a likely
possibility, If, on the other hend, the radical 1s planar
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(HCH = 120°), the three C~H bond moments would "cancel out",
and the total moment would be zero. For any intermedlate
configuration (1094° < HCH < 120°), a dipole moment

o] <PGH3 < 0.4 would be expected,

Although there were a few opinions to the contrary
(see ref,69), the general consensus of the pre-war oplnion was
that the sign of the C-H moment was C~ HY. That 1s, carbon was
thought to be more electronegative than hydrogen,

In recent years, however, wave mechanicsl technliques
have improved, and results obtalned may be considered to be
falrly reliable. Coulson (75), in 1942, published a falrly
thorough calculation for the C-H bond in methane, and obtained
the value Po-g = 0.4D in methane, in sgreement with experimental
values, His calculation indicated that the direction of the
moment 18 C* H-, Mueller and Eyring (76), in a more recent
calculation, agree with this conclusion, although the magnitude
of the moment obtasined by them was emaller,

At the same time, Coulson thought his calculations
1ndicated that the value of the C-H bond moment was a "constant
for all normal chemical compounds, and independent of whethef the
carbon atom is sliphatic, ethylenic, or aromatict, In more
recent caloulations, however (98), he corrects this, and concludes
that the value of Pc-u will depend on the degree of hybridisation
in the carbon orbital responsible for the C~H bond. Or, a8
Waleh put it in his most interesting paper, (72a), "The more

-22 -



8 character in a carbon valency, the more electro-negative 1is
the carbon atom in that valency!,

More recent calculations (73,76) seem to bear this out.

It 1s of interest to notice in passing, that, although
the process of hybridisation involves appreciable energy changes
(65,98), and we epeak of, for example, sp and sp3 types of
hybridisation, which are of different energy content, it seems
to be generally accepted that degrees of hybridisation between
any two such definite states are equally possible.

The small smount of experimental evidence available
since Gent wrote his review (69) would séem to offer some support
to these general ideas, Thus Barrow and McKean, in a study of
the 1infra-red absorption of methyl halides, deduced values of
po-H (74). These values tend to vary a little., This might
rerhaps be attributed to slight changes in hybridisation because
of the varylng electronegativities of the halogen atoms, They
quote a mean value of 0,4D, and show that there ie some slight
evidence that the polarity is C*¥ H”. Kelly, Rollefson, and
Schurin (77) determined pc-H 1n acetylene, and give its value as
1,.05D, Cole and Thompson (78) have reported an extension of the
work of Bell, Thompson, and Vago (81) on the analysis of the
vibration bonds in the spectra of halogen substituted benzenes,
Their results indicete that, in benzene, the polarity is C™ HY,
The magnitude depends on the nature of the substituent, but, in

g8 far a8 they can speak of an average, it seems to be 1n the




nelghbourhood of 0,6D. - Barriol and Réénler (79) have calculated
Pc.H for the substances methane (0.35D), ethylene (0.60D for

1c.g = 1.06 3, 0.62D for 1g_g = 1.09'3), benzene (according to
the value of the atomlc polarisation accepted, between 0.67 and

0.36D), acetylene (0.9D). ' These results are tabulated for

clarity,
TABLE T
E G valenocy
olecule}towards H{ Walsh (72) Observed (D)
(72) postulates
CH P c* relatively
large.
cH, ep’ [C* emall  [C*0.4(74) .307(80) «35(79)
Co Hy ep® ¢~ small 0.60 to 0.62(79)
Cg H sp° |C” small  |CT0.4(81) 60,6 ) 0.36 t0 0.67(79)
Co Hp ep C” larger 1.05(77) 0.9(79)

Gent (ref,69, p.388) records other values for ethylene
which were obtained from spectroscopié evidence, They depend
very markedly on the type of bending mode with which they are
associated. On the same page he reports the feeults of calculations
based on measurements of the dipole moments of polymethylene

oxides, In such compounde one might expect essentially tetrahedral
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bonds and, in fact, he deduces a bond moment 0.4D (C* H™), At
the end of his review he records hie expectation that the C-H
moment in ethylene is likely to be close to zero, It 18
difficult to envisage how thie can be reconclled with the
fesulte he quotes from spectroscopic data, and with the results
of Barriol and Regnier, |

Mulliken (65) cleims that his calculations lead to the
conclusion that the CH bond in the CH radical is not a pure p
bond, but is hybridised to the extent that x® = 0.155 (whereoX
1s defined by the equation hy = X6 + 8 p, , hg being the
hybrid C orbltal responsible for the bond in the radiocel).
Thls leads him to the conclusion that H and C in this radical
are almost equally electronegative, His treatment seems to be
vefy epproximate, and therefore, perhaps, 1s not to be relled
on in this particular case, It seems to be at variance with
most other contemporary ideas on bond polarities (c.f.'ref.72).

To sum up, then, 1t would seem from the avallable
evidence that the polarity 18 C* H™ in methane and 1ite simpler
derivatives (predominsantly ap3 hybride), and G~ HY in benzene
and its derivatlves (predominantly sp2 hybrids), In acetylene
1t 18 larger numerically, and probably C~ H*, if we accept Walsh's
postulate, which does not appear to be altogether unacoéptable
(see, however, 73b).

As we now proceed to consider the 1little that has been

published on the problem of the configuration of the free methyl
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radical, 1t would seem that the important point to bear in

mind ies that all properties of a molecule, in as far as they

are related to the arrangement of the eleoctrons, will thus be
related to the degree of hybridisation. This certalnly seems

to be the case for molecular configuration (83), as will be
apparent from a study of Table I, For methane, we know, 1s
tetrahedral; in ethylene the two adjacent C-H bonds are at an
angle of approximately 120° to each other, and the four hydrogens
are coplanar; and in acetylene the two hydrogens lie on the line
through the two carbon atoms,

Thus we would expect that a planar methyl radical would
have sp2 hybrid bonds, with a pure singly occupled p orbltal at
right angles to the plane, whereas a non-planar radical would
presumably involve C-H bonds somewhere intermediate between ap2
and sp3, with the ."centre of gravity® of the remalning singly
occupied orbital - at the apex of the pyramid, and directed away
from the hydrogens.

On this basis the value and sign of PC‘H itself would
depend on the configuration of the radical, and would almost
certainly be not greater than 0.4D. Indeed, for a configuration
somewhere intermediate between tetrahedral and trigonal, it would
seem that po.p 18 1likely to be. smaller than this value, with a
gign depending on whether the radical 1s nearly planar, Or

nearly "tetrshedral', (c.f. ref.72a, P.22).
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In the absence of a detailed calculation it is rather
difficult to predict the effect this would have on the dipole
moment of the radical as a whole, since the slngly occupied
orbital may well also have some contribution to make. = At
first eight, however, 1t would gppear that even more than the
usual amount of caution would be needed in drawing any conclusions
about the configuration of the radical if a détermination of 1ts
dipole moment ylelded an answer indistinguishsble from zero, On
the other hand, it would seem that positive evidence that it has
a moment, however small, could be taken as evidence that, whatever
its configuration, the radical 1s not planar.

Configuration. Experimental evidence about the structure of

free methyl 1s meagre, and at best very indlrect. One thing
that does seem qulte certain, however, 18 that it differs from
the configuration of the methyl group in methane (64,82).
Analysis of the energetics of the successive removal of
hydrogen atoms from methane 1s hsgmpered by the uncertainty about
the latent heat of vaporisation of carbon, Desplte this
uncertainty it does seem to be falrly generally accepted that the
energy 'of dissoclation D(CH3-H) of methane, to give methyl plus '
hydrogen, is smaller than it might otherwise be because there 18
an evolution of energy associated with the "pe-organisation! of
the resulting methyl radical. Glockler (84), however, infers
that there 18 little reorgenisation energy involved in the
formation of the free ethyl radical‘from ethane. It might be
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expected that these two radicals should be very similar in their
behaviour; although Coulson (85) infers that s resonance effect
1s possible in free ethyl, but not in free methyl,

Further arguments about the expected configuration have
been based on the results obtalned with organic reactions in
solution (see ref,.40, p.175). The argument 1s as follows:

Buppose the reaction to be investigated 1s, for example,
of the typé

HCRiRoR3 + Clp — Ol CR)RpRs3 + HCI
It 18 assumed that this takes place via the reaction of atomic
chlorine with the subsetituted methane, The starting material 1s
optically active,

Suppose, further, that the reaction takes place through
the initlal formation of the radical *CRjRpR3 and HCl.  Then,
1f this radical 1e planar, 1t can react with molecular chlorine
from either slde of the plane, tc yleld racemric prqduct and a
further chlorine atom, If the radical, on the other hand, 1is
not flat, or 1f the reaction goes directly without radical
formation, an'optlcally 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. In other examples, however, the opposite result

nas been obtained (86). _
In any case, it is not at all safe to assume that results

obtained for these radicals have any bearing at all on the
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configuration of the free methyl radical 1itself.

At the Faraday Soclety Discussion on the lLablle Molecule
in 1947, Walsh (72a) argued that free methyl must be planar by
the application of his idess on electronegativity to some results
obtained by Bak (87), who deduced that the 033 group in methyl
chloride is flatter than the same group 1n methane. This result
seems to be open to question, however (88),

Uﬁtil quite recently no one seems to have treated the
matter very thoroughly from the theoreticael point of view,
although quite a number of attempts have been made to obtain an
anewer 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 thelr treatments
were only approximate, Both came to the siﬁilar conclusion that
the HCH angle in free methyl is greater than the HNH in ammonia,
and that the radicsl "may conceivably even be plane" (Van Vleck).

In even less rigorous arguments, however, Mulliken (67)
guessed that methyl is probably pyramidal like ammonia, and
Lennard-Jones and Pople (68) content themselves with the conclusion .
that 1t "may be planar or very nearly planar®, Penney (64) also
ueed a similar sort of argument in deciding on a planar conflguration.

_ Despite this uncertainty, howevef, most suthors seem to
have based thelr 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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Bryent (2), however, although he used the planar model
for the calculation of the molecular entropy of free radicals,
pointed out that the adoption of a pyramidal model would not
affect his answer materially, He quoted Kistiakowsky as having
expressed the opinion that methyl might "be closer to tetrahedral',

Within the last two years, theoretical opinion seems to
have been tending towards the idea that the radlcél is not planar,

Linnett and Poé (4) conecluded, again on the basis of
wave-mechanical argument, that they would expect the ﬁGﬁ angle
to be intermediate between 1094° and 1163°, and Walsh (96), in
& preliminary report of some calculations which might appear to
have been falrly rigorous, clalms that “AH3 molecules containing
8ix valency electrons should be planar in thelr ground statee,
pyramidal in thelir first exoited states. AH3 containing more
than eix vaglency electrons should be pyramidsl in their ground
states”,

Luft (97), in a discussion, quotes the HoH angle to be
113 + 4° in free methyl, but does not mention a source for thie
figure,

It would seem, then, that there 18 a fair chance that
the free methyl radical may be pyramlidal, S8ince this would lead
us to expect it to have a dipole moment, 1t would appear that, as
was suggested by Fraser (3) and Linnett and Poé (4), an experiment

designed to test this point would be of value,
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A development of the 1deas summarised in this chgpter,
however, would lead us to expect that the looked for moment ie
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 II, INTRODUCTION (CONTINUED)

MOLECULAR BEAM METHOD

Two lmportant pointe must be kept in mind when deciding
on the method to be adopted in this investigation,

Firstly, there 1s the expectation that the moment will
be small,

And secondly, the radical 18 very reactive. The result
of this is that the concentration of radicals will be small, even
under the moet favourable conditions -~ relatively low total pressure
in the gas phase, and complete decomposition of the parent substance,
Thus Forsyth (99), in experiments on the pyrolysis of acetone
" (0.6 mm.Hg. pressure at the source), estimated that there were
1.94 108 g/1t of methyle at a distance of 12,35 cm. from the
furnace, This would correspond to a pressure of some 2.10"5 mm,Hg,.
at that point, The pressure at points closer to the furnace would
be somewhat higher than this, Gomer and Kistiakowsky (100)
irradiated. both acetone and mercury dimethyl with ultraviolet
light, They estimated that, under the strongest attalinable
conditions of illumination, the methyl concentration was about

12

10 "€ mole/cc in a total gas concentration of 10™7 mole/cc, that

is, about 10"5 mm.Hg. in a total pressure of about a millimeter

or 60 of carrier gas. Loseing and Tickner (60) attained partial

_32_




pressures of methyl, resulting from'the pyrolysis of merocury
dimethyl at high flow ratee, which they estimated to be of the
order 103 to 102 mm.Hg. The conditions in their experiments
seem to have been especially favourable, and this, then, would
seem to be about the maximum concentration attailnable, using
methods at present available,

It would thus seem unlikely that the standard methods
of dipole moment eétimation -~ by means of dielectric constant or
refractive index measurements (101) « would be of much avail for
thle class of molecule, since much higher pressuresthan these are
required in these methods (cf. 77, 80).

Dipole moments are sometimee determined by analysis of
infra-red absorption spectra (of, 74, 78). The same objection
appliee to this method also, And here, in addition, the great
multitude of spectral linee arising from the other much more
abundant molecules present would make the sorting out process
almost imposeible. Similar obJections may be applied also to
the possible application of micro~wave techniques, and to other
less ueed methods such as electrostriction (ref, 101, p.38).

It would seem, then, that there 1s only one method
which could be of use in the present investigation, That 1is
the eleotric defleotlon of a molecular beam, first used for the
analogous magnetic case by Gerlach and Stern (102), and developed
in a series of investigatione by 8tern and his co-workers 1in

Hamburg during the succeeding years, The technigue has been
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fully described in a mongraph by Fraser (103) (see also ref.104).
PRODUCTION OF BEAM -

Although the underlying principlee of molecular beam
production are very 8limple, in practice it 1s found that oconsiderable
attention to fine detalls is neceseary for success in the technique,
These conditions were clearly set out by Stern (105) in 1926.

In bareoutline, the

apparatus consiste of a vacuum

0 C 7 2

aystem divided by two partitions > §
into three separate compartments 5o S b
(f1g.2), which we shall call the -ﬁ] | [ | } |
source, O, collination chamber, pYmP pUmP
C, and target chamber, T, 1In /;%7.22.

each partition there 18 a narrow slit, or aperture, 8, and 8o

respeotively, These slits are carefully aligned and are the
only means of interconnection between the three chambers. C
and T are evacuated independently by means of fast diffusion pumps.
For mast purposes separate pumplng of the source is .not necesesary,
as its volume 18& usually small compared with that of the other two
chambers,

~ If the substance with whioch the beam is to be formed 1is
not already in the vapour state, the source must be heated. 8ince
this wasnecessary in all the original experimente, it was often

referred to as the furnace ("Cfen") chamber (105).
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Bubject to the condltion that the mean free path of
the molecules in O is not less than the width of the source
elit 8, (condition for molecular effusion), molecules passing
through the aperture into C will continue in a reoctilinear
path in thls chamber untll they are deflected from this path
by collision with other ("stray") molecules, or with the walls
of the chamber,

For an aperture of negligible Ythicknees" (i.e. 8lit
defined by very sharp Jjaw edges), the angular distribution of
molecules in the ‘"pencil® issuing into C is governed by a
cosine law, similar in form to the intensity distribution of
light emitted from a point source, An inorease in the thickness
of the slit seems (ref,103, p.i7) to have little or no effeot on
the intensity along a line from the centre of the slif, and
normal to its face, but reesults in a marked diminution of the
intensity at all other angles,

Thus, since the width of 8; is usually of the order
0.01 to 0,1 mm. (the "length" of a rectangular slit, which may
be at least 100 times greater, does not seem to be of importance
in this regard), the pressure in O must not be greater than, say,
l omn,Hg. to O,1 mm.Hg. Scattering of the '"pencil" of molecules
in C 1s kept to a minimum by ensuring a good vacuum in this |
seotion, The limiting condition 1s obviously that the pressure
must be so low that the mean free path, corresponding to the

pressure of the stray molecule, is greater than the dlstance 8 8o,
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For a dlstance 8; 8, of 9 om., the preassure in C must not be
greater than about 104 mm,Hg, As was pointed out by Knauer

and Stern (106), 1t 1s desirable to have the pressure considerably
lower than this 1limit. They quote a maximum pressure of

5.:|.,0"'6 mn,Hg, for a distance of 12 cm. This can be achleved

a) by fast pumping, and b) 1f the molecules are easily
condensible, by the introduction into the vacuum of a sufficient
area of surface whioch 1s cooled to a temperature at which the
vapour pressure of the substance 1s negligible,

811t 82, the image or collinator slit, permits the

central portion of the "pencil® to pass Anto chamber T. Thus
a beam is formed in T, and it finally impinges on D, the
detector, or target. As the distance 8, D 1s usually greater
than 81 82 by a factor of about two, the 1limiting pressure
conditions apply in T eien more stringently than in C,

The analogy between this system and a system of slits
used for defining a beam of 1light 18 very marked. In both cases
the beam 18 not of uniform intensity across its ocross section,
but 1is strongest at the centre, and falls off towards the edges,
Thuse, with molecular beams also, we speak of the partion aa
(fig.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 fhe known geometry of the arrangement.

. Intensity. For a beam of rectangular oross section,
as defined by slite of that shape, a plot of intensity (molecule
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om,~2 sec.'l, measured at the detector) as a funotion of distance
across the width of the beam (2; in Fig.2a) would thus be
trapezoidal in the ideal case (dotted lines, fig.3b), In
practice the intenslty dlstribution ie as depilcted by the full
line (ocurve A in fig.2b).

The intensity at the maximum, 1.e. directly in line
with the centres of the slits, may be calculated from the
expression (104, 105, ref,103, p.14)

N
.70 = (2MRMT)% * 7;.5:} molecule cm,™2 sec,<l -(2.1)

whereﬁ 1s the source pressure, in dyne cm.‘”a, d the source

8lit area in cm.2

» 7/t the distance in om. from the source slit
and the other symbols have their usuasl significance. Or, if
7 18 expressed in the more usual terms of mm.Bg., and constants
are collected together, the expression may be written in the

form

L = (7/1‘;_%'/’/% L 120" molecule om.”2 seo,™ ~(2.2)

For a numerical example, consider a beam of alr
molecules (M approx. 29), at a source temperature of 550°K.,
source pressure 0,5 mm,Hg,, slif dimensions 0,05 mm. x 3 mm,
(A w ]..5.].0"3 om.a), and a dietance 8;D = /= = 26,6 cm,

We obtain J, = 9.6.1013 molecule om.< gec.“l

It is to be noticed that the inteneity falls off with
the square of the distance from the source slit, a further

similarity with the optical case,
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Detection. Thls intenslty is quite small, This
le made clear when it 1is expressed as the "pressure of beam" -~
that 1s, the change in momentum of the molecules striking unit
area of detector surface in unit time. As many of the orthodox
methods of inteneity measurement in molecular beam work consist
of some pressure measuring device, this method of expressing
beam intensity 18 instructive in that it gives an idea of the
sensitivity whioch must be attalned in the design of these devices,

For an example, let us round off the figure we obtained
above for J, and call it 104 molecule cm.=2 sec,”l. This is
a typical value, .

The molecules, although unidirectional, are moving in
the beam with thermal velocltlee corresponding to the temperature
in the source chamber, Thue we can write down the root mean
square velocity, C = (3R7/M)l/2, where R, 7, M, are the gas
constant (8.21.,107 erg deg™l pole“l), absolute temperature (9K.)
and molecular weight, respectively,

The mass of an individual moleoule is ”@4V,where N
is the Avogadro number (6.02.1023).‘

8ince, to A close approximation, all molecules in
the beam will impinge normally on to D, the change of momentum
of a single molecule on impact (assuming a perfect gas, i.e.,
elastic collision) will be of the order of 2(3RTM/K°‘ N

The total change of momentum per square centimeter

per second due to the impact of the beam will be 1014 times
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this, and 1f we take once more 7 = 5509K., M = 29 (to a close
approximation, air or ethyl), and convert from C.G,S., units to
mm,HBg., we obtaln that the "pressure of beam® is of the order
of 5.10~7 mm.Hg.

Thie 18 the pressure at the axis of the beam. It is
desirable that the detector should be capable of measuring
pressures at least one hundred times smaller -~ i,e, of the
order 10*% to 10~1° o Hg.

Pressures as small as this are much smaller than the
overall pressures usudlly attainable in practice, However, 1f

the manometric device 18 placed behind a third slit (target slit)

At has been shown (ref.3, p.9; ref,103, p.34) that the whole
scale of pressures to be measgured can be ralsed by a factor of
10 for an "ideal' elit (no thiokness), and by a further factor
of at least 10 if the target slit is given'canal" form. Thus,
in thls latter case, the pressure measured by the manometer may
be of the order of 10"5 mm,Hg,, and differences of 10“8 mm, Hg.
must be deteotable, This 1g then quite possible,

Among the manometric devices which have been used for
this purpose are hot wire gauges of the Piranl type (107, 108,
109) and the ionlsation gauge (53). The McLeod gauge may be
used for the permanent gases, alfhough it has the disadvantage
that it does not give continuous readings.
| Other quantitative devices have been described from

time to time (see, for example, ref,104)., Of these we recall




one (50) which has -been applied to a beam of radicals. This
measures thermal effecte resulting from the condensation, and
sometimeés recombination, of the atome or molecules in the beam
on the target. The method has been used successfully for
hydrogen atoms (110, 111). The heat of dissociation of
molecular hydrogen is 103.3 Koal/mole, For comparison, the

heat of the reaction 02H6 ee»EGHB 1s ~ 85 Kcal/mole. It ought,
therefore, to be possible to apply this method to the detection
of a beam of methyls, if the intensity is sufficiently great

(ef. ref.50). ]

In the early experiments (102, 106, 112, for example),
Woondensation' targets were used, These consist merely of some
suitable flat surface which is held at a temperature sufficiently
low for the rate of condensation to be large compared with the
rate of removal of molecules, either by re-evaporation or by
surface migration, Under the right conditions an lmage, of
calculable dimensions, appears as the molecules condense, The
Ytime of appearance! is taken to be linearly ' .dependent on the
reciprocal of the intensity. The sensitivity of the method 1s
high, with expefienced operators, and can be even further
increased by the use of radioactive methods (113), It is not
very suitable, however, for quantitative méasurements of the
intensity distributlon in the beam, partly because surface
migration takes place even at relatively low temperatures

(cf. ref,103, p.90), and also because the personal factor, which
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varies from time to time even with the same operator, is so
important in "time of appearance! measurements., The condition
of the surface, aleo, seems to be important, and to vary from
time to time 1n a not very consistent manner which, very generaliy,
seems to depend on 1its previous history. The method 1s, however,
very useful as a preliminary, qualitative, check on the technique
used,

One o;her early type of detector 1is worthy of mention,
This is the "chemical® target, a flat surface coated with some
substance which reacts in a visible way (e.g. change of coiour)‘
with the beam material. One example is a surface coated with
white molybdenum (or tungsten) oxide, which turné blue when
hydrogen atoms collide with it (114).
DIPOLE MOMENTS

If the individual, electrically neutral, atoms or
molecules which constitute the beam have a permament moment,
elther electric or magnetic, they will be deflected from their
rectilinear course in T (fig.2) when an inhomogeneous field
(electrio or magnetic respectively) is placed between 8, and D
in such a way that the inhomogenelty 1s perpendicular to the
direction of the bean,

A small energy change 1s assoclated with the entry of
the particles into the field. Thus the number of directions in
space which they can take up with respect to the field direction

1s 1limited by quantal conelderations. Thils is true whether the




field is homogeneous or not. In the presence of an inhomogeneity
there 18 a net force on the partiocles, which will suffer either

a positive or a negative deflectlon in the direction of the
inhomogenelty according to the directions they take up with
respect to the field. These statements, so far, apply equally
well to either the magnetic or the electric case,

The eimplest example, and the one which was first
investigated (102), 1s that of an atom with one unpaired electron.
Because there are two posslble spln states for this electron, the
resulting magnetic moment can have only one of two possible
orlentations in a magnetic fleld. Both of these orientations
are almost equally probable, If, therefore, an inhomogeneous
magnetic field 1s applied across a beam of these atoms, 1t is to
be expected that they would be deflected 1n equal proportions to
each side of the position of the undeflected bean, Such, 1indeed,
was found to be the case. Silver (102) and hydrogen atoms (114)
were among the many atoms studied (eee 103, pp.l34 ff.).

' The atoms in the beam are not of uniform velocity, but
have a range of velooitles distributed about a mean value
acoording to the usual Maxwellian distribution law, The
deflection suffered by an individual atom will depend on the
time it spends under the influemrce of the inhomogeneity « that
is, on 1te veloclty. As a result the two resulting beams are
each more diffuse than the origingl, undeflected beam, This

effect would apply with equal force to molecules,
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The distinot sﬁlitting of the beam can only be observed,
however, with atoms,

For molecules the number of possible quantum states 1is
immediately increased because of the contributions to the total
energy of the rotation states, The effect now obtained when aﬂ
inhomogeneous fleld 1s applied 1s a general symmetrical broadening
of the beam, with a consequent diminution of intensity at the
maximum. This has been observed both for the magnetic case with
molecular oxygen (115), and for the electric case with a large
number of molecules (e.g. ref.103, chap.VI; ref.112). Because
of the symmetry of theilr struoture, atoms can not have an electric
moment, It has, however, been possible to observe a emall
asymmetric deflection of atomic beams in an electric fileld. Thie
has been ascribed to their "polarisation', (cf, ref.3, p.€5).

This electric polarisation effeot, which is very small
for most atome, will in general be larger for molecules, although
smaller than the deflection caused by the interaction of the
inhomogeneity with the resultant of the permanent moment in the
field direction. The resulting deflection, where present, 1s
always in the direotion of increasing inhomogenelty. ~ Its
magnitude will be dependent on the field strength.

Fraser (ref.3, p.54) quotes a figure for this induced
moment of 5.10“22 E.3,U. (1.e., 5.].0"“'4 Debye units) for a
moleciyle of average polarisability in a strong field of 500 E,S.U.
(150 kv cm.’l). In the following dlscussion it will be seen that
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a moment of this order 1is smaller than even the most unfavourable
case of a rigld "dumb-bell" type molecule. For the "symmetrical
top" molecule, to which clase belongs the free methyl, the
resultant of the permanent moment is much larger, and the
polarisation effect may be.neglected in most cases (111). This
ie very convenlent, for it means that it is not necessary to plot
the complete peak shape every time for both the deflected and
undeflected beams., Expressions have been derived which makes
it possible to determine the dipole moment simply from the ratio
of peak heights with and without the deflecting field,

For this it 1& necessary to use a guantitative method
of intensity measurement, It 1s, however, possible to make an
egtimate of the order of magnitude of the moment by using the
original type of detector, This 1is done by estimating the width
of the deflected image, which 1is compgred with that of the image
for no field. |

The actual form of the expression to be used in
deriving the value of the moment from the experimental data is
determined by two sets of conditions. The first is the geometrical
arrangement of the electrodes which produce the inhomogeneous field -
in particular, the relationship between the field direction and the
direction of the inhomogeneity. The second 1s the geometry of the
molecule itself -~ that 1s, the relative orientations of the axes of

symmetry, the axes of rotation, and the moment axls of the molecule.
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In making these derivations, most authors have
8implified matters in the first instance by conqidering the
deflection suffered by a single molecule in its path through
the field, The expression 18 then generalised to take account,
firstly, of the distribution functions, at the temperature of the
experiment, of the energles of translation, &, , and rotation, E;,
and of the orientation of the molecules with the field, qb )
and secondly, of the actual cross sectional shape of the beam,
whiocb 1e treated up to thls point as though 1t were of infinitely
emall width, It 18 then found oconvenient to express the result
in terms of a parameter S, (or sometimes 0" = %, ), where S
ls the deflectlion suffered by any given molecule, taking the
centre of the undeflected beam as the origin, and S, , the
"normal" deflection, is the deflection suffered by a molecule in
a particular state, often taken to be &, = ﬁT, &= £T, =0
(116, also 103, pp.1l61l ff.), The ratio of maximum intensities
I0)/T  for the deflected beam , I(O), and field free beam ,I,,
can then be expressed as a function of S, (or ”) , and, after
some very lengthy arithmetic, it 1s possible to calculate the
required moment u. '

Field Geometry. The effect of fleld geometry will

be considered first.
In general terms we may note that, 1f a molecule, from
any cause whatsoever, has an effective momentljz in the direction

of the field )( then the change in energy which results when it
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comee under the influence of the fleld 18 AW = H X , and
the componenta of the force acting on the molecule in three
directions mutually at right angles will be
f=pX Eg¥ -
In a homogeneous field, therefore, where X _3X.)X .o
dx Oy b} )

there will be no deflection. o

.It is often found convenient to arrange the axes of
reference so that one of them, say the x direction, lies along
the axis of the beam, and the other two are parallel to the
boundaries of the rectangular slit. We shall consider the gP
direction to be parallel to the length of the slit (fig.3a),
and the ;}.direction to be parallel to the width of the slit.
The deflection, S, will thus be in the 5,d1rectidn for maximum
sensitivity.

Two types of field arrangement are found to be
convenient. In the flirset, which is the electrical analogue of
the original 8tern-Gerlach magnetic experiments, the directions
of )( and b&és are the same,

This can be achleved i1f the two electrodee are arranged
a8 two coaxial cylinders whose axis is parallel to, and lles close
to, the axis of the beam. The central cylinder must be of small
radius, so that the inhomogeneity 1n its nelghbourhood may be és
great as poesible, A fine wire has often been used for this
purpose, Since only one slde of the cylinder 1s used, it 1s

clear that neither electrode need be completely circular in
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cross section, Indeed Scheffers
(117) has used electrodes of cross
section shown in fig.4. These

are convenlently held in place by

hard rubber (117) or amber (109)

spacers, which also serve as /;$7.4¢.
insulation,
Arrangements of this type have the advantage that both
X ana 3)%} are calculable from a knowledge of the voltage supplied,
and the geomefry.
The defleotion S of a molecule, energy of translation

£, 18 given by the relationship

5 X /7 ;
S* /oS £ where £ 18 the length of
path in the field, or by
- 2
s= 4 X {1+ Zfé).
4-62- aS / [I (203)

where .{, 1s the length of path in the field, and 2, 1s the
length of path between the point where the molecule leaves the
field, and the detector.
The major disadvantage of this arrangment i1s that, in
order to obtain a sufficiently high inhomogeneity the beam must
'be sent very close to the central electrode, which itself must, as haé
already béen pointed out, have as small a radius as possible,

This latter condition places a limit, because of "spark overt®

I
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to the voltage which may be applied, and the former is
objectionable because the inhomogeneity itself alters rapldly
with the distance from the axis in this region. Thus, if a
beam of long, narrow cross section is employéd in an aftempt
to increase the intensity, the defleotion 1s not uniform along
the length of the "trace',

Bcheffers, nevertheless, prefers this arrangement to
that of the second type, which was first put forward by Rabi,
for the magnetic case in the first instance (118). 1In this
type, X and 5&65 are at right angles to each other, This
is aohievedkby the use of a parallel plate condenser, arranged
1n'auoh a way that the beam passes symmetrically between the
plates, which are rectangular |

in ehape, and are arranged 1in _ﬂli:__4§§§§§§§§§§’
o ey

such a way that the field between SI

,,:',\3"“ (ﬁ j
them is parallel to the length of ¥ 25

the slits, and the axis of the beam
makes a small angle & with one edge /C,y 5.
(fig.5). In thie particular case the axes of reference are
often taken parallel to the condenser plate edges. 8ince &
is emall, however, this 1s 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
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condenser, the defleotion 1s given by

s = é : /:—7{5 (2.4)
where X 18 the "corrected", or averaged, value of the field
over the path of the beam, and £ 18 the length of the path in
the fleld X . It 18 assumed that the field continues right
up to the detector, Provided that the gap 1is appreciably
greater than the length of the beam cross section, the
inhomogenelity is sensibly constant in the direction of the
field. This confers the advantage that the defleotion 1s
uniform along the whole length of the resulting image. It
has also been claimed for this arrangement that, since the
distance between the eleotrodes, and the voltage, are relatively -
easy to measure aocurately, it is much more reliable than the
other for absolute measurements, However; the sensitivity of
this arrangement is not so great as that of the other, for the
smallness of d which 18 possible 1s limited by the condition,
mentioned above, that the beam must traveree the whole of the
inhomogenelty. ~ And the magnitude of the deflection depends
quite mﬁrkedly on the glancing angle when this 1s small,
Moreover, sm&ll angles are not sasy to measure accurately, and
this then introduces a serious source of error,

A slightly more complicated system of three electrodes

wvas proposed by McMillan (119) in 1931, It was clalmed for this

that the deflecting force would be independent of the position of
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the molecule in the field. It does not, however, seem to have
recelved any further attention, poesibly because of the technical
difficulties involved in the construction of such a system.

It 18 therefore to be concluded that the first
arrangement is to be preferred, particularly as only a sﬁall
moment is to be expected. |

Molecular Type. Next to be considered is the actual

value of }1 , Which depehds on the geometry of the molecule,
In the general case, for a polyatomic molecule, there
are three moments of inertls, qﬂ ,JL, Je ’ about three mutually
perpendicular directlone, and a dipole moment, /u . The quantum
number for the total angular momentum is denoted by v ., This
has a component (quantum number g)in the direotion of the moment jt.
n has a component A in the direction of the applied field.
The quantum restriotions are —n P < t+h , —n < ¢ < #n
| The mathematical difficulties of a general solution
to cover all pqsaible cases are much too gresat. Attention will
be confined to cases where /A lies along one of the figure axes.
There are two special cases of this for which treatments have been

published. They are:~ 1. the linear rotator, or dumb-bell, type

molecule (ref.3, chap.IV, ref,103, chap,VI, 107), and 2. the
symmetrical top type molecule (ref,3, chap.IV).

The treatment published by Scheffers (116) for both these
cases ls, perhaps, the most rigorous to appear so far, The

following summary 18 besed in the maln’, on this paper.
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Case 1, (e.g. HC1) y/ =J, =J, /. =0.No rotation about
the figure (dipole) axis. Thus the total angular momentum has no
component in thle direction, and g =0 .,

| When a molecule of this type passes through the fleld,
the molecular dipole will, to a flret approximation, have an
orlentation opposed to the fleld direction for the same length of
time as it 18 oriented in the field direction, provided that the
time of flight through the field is long compared with the period
of the rotation. Thus, to a first approximation, the molecule
suffers no deflection as it passes through the field,

To a second approximation, however, it is found that the
field has the effect of perturbing the rotational motion. There
is a s8light acceleration as the dipole comes into alignment with
the field, and a ocorresponding deceleration as 1t swings into
opposition to the field. Thus there results a "time averaged"
moment which ie proportional to the field strength. This moment
18 not to be confused with the smallhinduced moment resulting from
polarisation of the electronioc structure. They will, in fact, be
of opposite sign,

Mathematiocal analysis Ylelds the result that

- 87er
- ‘ﬂn —)2n+3d nm+0 - A]

where K is Planck! s constant.

Provided that the temperature 1s high enough, so that

[ 4 1ded also that T4 /
sﬁ‘ . & / , and provided also HA L )
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(Boltzmann'e constant , £ ,:.5.), this expression reduces to

o= ﬂ(“”z‘/’"’). (2.5)

4 £,

vhere cov 4) = % ’ cp being the angle which the rotation axis
makes with the field direction. |

Combining 2.3 and 2.5, we obtain

sl XX £ 1424 )3 cor -
s=p. X - o (1+26 )3 o’ /) (2.6)

Or, for the Y“normal' deflection (p.25)
) . ) .
% /?FT"S?' ( E') (2.7)
This 1s the class of molecule which has most often been
investigated in the past (107, 110, 117; see also ref.3, 103).
| It is to be notlced that the deflection depends on both X and
2
b)%s (or, for the parallel plate arrangement, upon X ).

Scheffers calls this the quadratic effect. As it 1is only a second

order effect, the time averaged moment is smgll,
Thus, for the "normal" molecule, £, ’—'/7—/ ¢ =0
If we take T = 300%K., X = 1.D = 10718 E.5.U., X = 500 E.8.U.,
we obtain /'Z = 6,103 D, This is still larger, by an order of
magnitude, than the lnduced moment resulting from electronic
polarisation, which we saw was of the order of 5.1074 D,
The resulting deflection is also small. Thus again,
| tor T = 300%, 2% = 104 E.8.U. cm.”l, 4= 10 on., 4= 0, we
| obtain S, A~ 4.10“2 cm,
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Estermann and Fraser (107), using the Rabi field,
obtained normal deflections which were somewhat lower, of the
order of 10~ cm.

Case 2.  (e.g. CH3C1, NH;) A =¥, Lo,

It 18 this type with which we are concerned in this investigation.

It can be shown that

2 2
. =n%€,)/‘ “(Yos.0~Yhr 0,00 14 X -8;7/" (2.8) |

When Jc='°/ g = o , the firet term vanishes, and

only the second term remains, This is then the dumb-bell case
once more. In most cases where J. + o0 , the second term is

small compared with the first, and can therefore be neglected.

Whence M n—;zhé,) M 5 (2-9)
. 2
or, if the temperature 1s high enough (9-;’%?4 -21-7. K ) to

ue the classiocal expresslon for the distribution of rotationsal

energies, we may put Co9 VY = —Z’T_ , coo p= 1, where VY 1s

)
the angle between figure axis ( A direction) and the axis of total
angular momentum, and ¢ the angle between the total angular

momentum axis and the field direction,

Whence I A JcodP eovy, (2.10)

Since, to a first approximation, the "effective! moment
1s independent of the fleld strength for this type of molecule, the
deflection suffered will be directly proportional to the field
strength, Scheffers calls this the linear effect.
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Since ¢ and £ (or VY and 4’ ) are equally capable of positive

or negative values, these equgtione once more imply that

deflections to elther side of the undeflected beam are equally
probable, That 1e, application of an inhomogeneity will once

more result in a "flattened"peak, symmetrically placed about the
point of maximum intensity in the undeflectéd beam, The
broadening, for a given value of applied field, will be considersasbly
greater than that obtalned for the dumb-bell type molecule, for the
effect we are now considefing 18 a first order one. For a molecule
with the properties Et=4€7") $=y=0, /E° =K =,

say, 1.0 D (1018 E.8.U,), and other values as before, we obtain
deflections of the order of 1.0 cm, .

The intensity diminution at the maximum will be
correspondingly greater, Thus 1t should be possible to detect
small moments in moleculeé of this type with relative ease.

For the ammonia molecule, which exhibits, according to
Scheffers (109), a moment of about 0.5 D under these conditions,

a 30/ reduction in peak height was obtained with a field of only
79 E.8,U. With 158 E.S,U. the reduction was nearer to 65%.

These figures are to be compared with the resulte obtalned for
dumb-bell -type molecules. Thus Scheffers (117), using KI, which
has a moment Jo= 6.8 D, obtained a 53% reduction in peak height
with the use of a field of 179 E.S.U. The difference between the
twé classes.of'moleoule is even more apparent when it ie noticed

that in these earlier experiments the condenser was almost twice
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as long as the one used in the ammonla experiment. At the same
time the inhomogenelties through which the beam passed in the two
cases (3%5) was 1.55.10° E.8.U., (KI) as agalnst 732 E.8.U. (NH ).
His theoretical treatment led 8cheffers to postulate ’
that, in the symmetrical top case, some 22% of the molecules in
the beam would remaln undeflected. There 1s some evidence,
according to his discuseslon of the experimental results, to support
 thie. This high proportion of undeflected molecules means that the
intensity dimlinutlion to be expected in the second case will be less,
in comparison with the dumb-~bell case, than that predicted from the

S, value,

Resolving Power. Equation 2.2 may be written, for the
“normal" molecule (&, = £T) , in the form .
s = M C |
€ oX 2 A
where C,the apparatus constant, = AT 5 A, /’*22) (2.11)

S

Scheffers next considers, for simplicity, an undeflected
beam whose intensity distribution is a rectangle of height 7, ,
width 24?, lying symmetriocally about S=¢, and obtains the result
that the intensity at a polnt S in the deflected beam, I(s)
is a function, partly exponential, of the ratio S?éﬁ;of the form

(for s=o),

~So/t ‘
= A I; /+ Se ,
I © / /4) (2.12)

That 1s, the relative diminution 17&&@2 produced at the

beam centre will depend on the ratio of the "normal' deflection to
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the half width of the undeflected beam, For a symmetrical top
molecule the effective moment 1s, a8 we have seen, independent
of field strength, and eo the "normal" deflection depends only
on C the apparatus constant (eqn. 2.11).

Hence Iﬂe/&; depends on the ratio (;4¢, which we might
call the '"resolving power® of the apparatus, and which must be as
large as possible,

APPARATUS SPECIFICATIONS

We have now sufficient information to enable us to
specify the conditions for obtaining maximum sensitivity in our
search for a possible dipole moment in a molecule, at least in as
far as 1nstrumeht design 1s concerned, |

Firstly, 4  pust be as small as possible. We have
seen, however, that one of the difficulties in the molecular beam
technique lies in obtalning intensities of sufficient magnitude,
even for the undeflected beam. Lo depends on the product 2 &
(eqn. 2.1)., The maximum possible source pressure is limited by
the mean free path condition for molecular effusion (see p.35),
i.e, A 4: 2 ¢ where, in the system to be lnveetigated here,

} and.7° must refer to the total pressure of gas in the source,
and not merely to the partlal pressure of the radicals in which
we are interested. Thus we must combine the condition of minimum
possible width of source slit with maximum possible area.

Throughout this discussion the beam~forming apertures

have been referred to as slits, A long narrow slit 1s, in fact,
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the best solution to this problem, It has the fufther advantage
that the beam intensity 1is independent of s8lit width. For, as
the width 1s reduced, the pressure may be increased by an amount
Just sufficient to oohpensate for thie reduction, so that .Z;
remaine unaltered (of, ref,103, p.15).

The length of the slit, however, and hence the number
of molecules arriving at the detector in unit time, is limited by
a further consideration = that the beam must traverse a reglon of
the field which is as nearly uniform as possible, both in X
and I)X/Js, along the length of the slit, For a long narrow beam
travelling parallel to, and just above, a charged wire, thie
condition is even approximately satisfied only in the central
portion of the beam, Hence the amount of deflection obtalned
will vary along the length of the trace. This 1s not partiocularly
of importance when only & qualitative answer 18 required from the
inspection of a visible trace, It 1s, however, extremely important
1fvmore quantitative methode of plotting pesk shapes are envisaged.

Furthermore, exact alignment of the slits becomes more
critical, and more difficult, as the length of the slits 1s increased.
The use of optical methods, such as a microscope with cross~wires,
is permissible with relatively short slits (ref.103, p.52), but this
is not sufficiently reliable for longer, narrower slits,

The second condition for maximum sensitivity 1is tﬁat the

apparatus constant (: (eqn. 2.11) should be as large as possible.
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The condition that %) be large 1s quite evident, and
has already beeh discussed, It 18 preferable to arrange that
this condition be satisfied for the minimum possible X , in
order to‘keep polarisation effects as small as possible, 45
the length of path through the field, should be as large as can
be convenlently arranged. If, however, the wire 1s too long,
1t may happen that, for large deflections, it will encroach on
the line of flight of the molecules. In this case it might be
preferably‘to place a 1limit on 45 , and set the detector back a
dietanoe-é; from the end of the wire., The effective deflection
at the detector will be correspondingly increased. There 1s,
however, a 1limlt to thie as well, for the intensity falls off with
the square of the distance from the source. The sensitivity of "
the detector thus places a limit on the total length of beam which
is practicable, Finally, the temperature of the source must be as
low as possible,

SUMMARY

Thus we require |

1. A method of radical production, at as low a temperature
as possible, which gives the highest possible yield of
radicals,

2. A sensltive detector which responds only to radilcals in
the beam, |

3. For the formation of the beam, narrow slits 6f medium

length.
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4. An efficlent pumping system.
5. For the deflection of the beam, a high inhomogeneity
combined with not too high a field strength, and of

reasonable length.
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OHAPTER III,  EXPERIMENTAL

RADICAL PRODUCTION

The two majJor factors which must be considered in
the choice of production method were indicated at the end of
the last chapter. Of these, the most oritical one 1is
undoubtedly the requirement of the maximum poseible radical
conoentration, combined with the lowest possible concentration
of other types of molecule in the resulting beam, Only when
thie has been satisfied can the preference for a relatively
low temperature be exercised. If a choice still remalns
after this, avallabllity of starting materials and eaee of
operation are worth considering.

Furthermore, it is desirable to choose a method

which can be easily modified to produce radicals other than
methyl. For it may turn out that the methyl moment 1s too

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

1f 1t could be shown that the spparatus is capable of detecting
the moment of, say, the ethyl radical. Because of 1ts asymmetry,

this radical should have a small moment, Quite independent of

the configuration of the <CHp: group.
Thus, of the production methods reviewed 1n Chapter I,

that of photolysls can be ruled out, for the maximum
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concentration obtalned in this way seems to be much less than
the concentrations obtal ned by other methods, ,

Pyrolytic methods have the advantage of simplicity
of operation, and of the possible starting materials, four
seem to be worthy of further consideration:-

1. Lead tetramethyl was, as we have seen, the original
source of radicals used in the experiments which demohétrated
thelr existence, Unfortunately this materisl does not appear
to be manufactured in this country. Since its high volatility
makes particularly serioue the well-known toxic hazards
assoclated with these metal alkyls, and also because the
standard method of preparation seems to involve a definite
risk of explosion, 1t was felt that the preparation and use
of this material was to be avoided if possible, Furthermore,
the temperature requi red for complete decomposition seems to
be relatively high, The results obtained by Eltenton (57)
indicate that this tekes place only at about 730°G. The
results of Hipple and Stevenson (61) would seem at firat sight
not to asgree with this figure, In thelir apparatus they had
no means of megsuring the pyrolysis temperature, and therefore
the temperatures they quote are only rough estimates. They
obtained a maximum ion current for B/e = 15 at around 300-350°C.
It 18 not at all certain, however, that the change in 19n
current with pyrolysis furnace current which they obtained

bears any real relationship to the degree of pyrolysis at these
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temperatures, for they obtalned & very sharp maximum at the
temperature quoted. Their resulte, however, are of interest
in that they show very oclearly that insufficient heating gives
rise to a wide variety of fragments, and slso that the desired
radical is not neceesarily the major component in the beam.

Nevertheless, slince a sample of lead tetraethyl was
avallable in the laboratory, this material waes sometimes used
in the preliminary experiments when a source of radicals was
required quickly, for the extra apparatue required was very
simple, SBome of these experiments and the equipment used
will be described in the next chapter, in connection with the
account of the investigations into methods of detection,

2. Mercury dimethyl has been used successfully by
Lossing and Tickner (60) for the production of relatively high
radical concentrations. However, 1t also is toxioc and does
not decompose until relatively high temperatures are attained.
Ingold and Losseing (59b) estimate that 1t does not decompose
at temperatupes lower than sbout 600°C., and that complete
decompoeition occurs only at sbout 800°C.

Moreover, the molecular beam apparatus to be described
in Chapter V contains a considerable area of brass exposed to
the vacuum, Consequently esny compound capable of yielding
mercury vepour is to be avolded wherever poasible,

3, Di-tert-butyl peroxide (Bup®02). Bince the
diecovery (120,121) that thie material decomposges to yleld
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almost exclusively two methyls and two acetone molecules per
molecule, it has come into inoreasing use as a convenlent
source of these radicals, The corresponding di-amyl compound
vlelds ethyle in the same way. It 1s, moreover, claimed for
this material that decomposition takes place at relatively low
tempe ratures. Durham and S8teacie (47) used temperatures
around 3250C,, whereas Milas and Surgenor (120) and Raley, Rust,
and Vaughan (121) used even lower temperatures (250 to 300°C.,
and 2250C, respectively). However, it would eeem that, under
conditione of very high flow rate, much higher temperatures
than this are needed., - Thus Lossing and Tickner (60) found
that the meximum concentration of methyls from this mdterlal,
in their arrangement, was obtalned at about 850°C. Some
preliminary trials carried out in the present investigation
would seem to support this (of. p./59). TResults quoted by

Logeing and Tickner also indicate that the concentration of
radicals obtained from this substance was not as high as that

obtained by the use of mercury dimethyl. This result 1s not
altogether surprising since, with Bugtoa, the initial
decomposition step 1s the rupture of the 0-0 bond, and the
methyls are formed later by_deoompositlon of the fragments,
1f these have an apprecisble half life, methyl formation will
only take place after the fragments have been gwept away from
the reaotion zone and from the neighbourhood of the aperture

leading to the jonisation chamber of thelr mass speotrometer,
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In the case of meroury dimethyl, however, free methyl is
an immediate product of the decomposition step,

- 4. Azomethane has also been used as a souprce of
methyls, and would seem (25) to decompose at the relatively
low temperature of 400°C. This material, however, was not
immedlately avallable and has not been considered any‘further
up to the presentg,

The other possibility to be considered was some
modification of the sodium flame technique, which should,
conceivably, be capable of high initial yields of radicals
provided that the collision efficilency of the reaétion is
sufficiently great, This condition is satisfled in the case
of the lodides (30). Results have been obtained (cf.ref,123)
which indicate that in the vapour state reaction of sodium
.and methyl iodide, one in every 1.5 collisions reeults in
reaction (34) and, in the case of the sodium - ethyl lodide
reaction (122), one in every 2.5 collisions is effective,
Efficiencies of this order were smple for the arrangement
envisaged for, at a pressure as low as 10"'2 mnm,Hg,, the mean
free path is still only asbout 1 mm, As the reaction zone 1ie
several centimeters in extent, every lodide molecule will
almost certainly have a chance to react. Thus, in conditions
of sodium excess, none of the iodide should reach the
neighbourhood of the slit, and the beam should consist only
of the padical and the products of its resction with itself.
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http://cf.ref.123

The sodium 1odide 18 relatively involatile at the temperatures
used, and deposits on the walls almost immediately adjacent to
the zone of reaction. If the 811t housing and the walls of
the reactlion vessel close to it are not heated, moat of the
excess sodium deposits there, It was found that, with the
arrangement used, little if any sodium deposited on the slit
iteelf,

A sodlum vapour lamp placed near the reaction vessel
provides vislble proof that the sodium excess is being
maintalned, for the whole reaction spamce is filled with a
yeliowish-white glow under these conditions, If the vapour
pressure of the iodide is increased sufficliently the glow is
immediately extinguished. This is a very sensltive test, for
this glow is visiblé in a darkened room for sodium pressures
as low ae 105 mm,Eg. or less (35). As the reaction proceeds,
vieibility becomes lese because the heavy layer of sodium
1odide tenis to obscure the view, It was, however, found
possible to use this check even after 15 to 20‘hours running
time, once eXperience had been galned.

The temperature of the reaction is determined by the
vepour pressure of sodium required. At 400°C. thie 1s sbout
0.35 mm.Hg.; at 440°C., sbout 1.C mm.Hg. Pressures o this
order should be more than sufficient and thus, in this reepect,
the method has a diétinct advantage over the pyrolysis methods,
while being, in principle, at least thelr equivalent in
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potential yleld of radicals,

Since thie method seemed to satisfy most of the Q
requirements quite well, and the materials were readily
avallgble, it was decided to use it as the major source of
radicals, It had the added advantage that it had been used
sucoessfully for other purposes by people at work in this
laboratory. In one respect only 1s 1t inferior to pyrolysis
methods. It is not so simple to operate, for it is necessary
ﬁo introduee fresh sodium into the apparatus by distillation
at regular intervals, This is & tedious procedure,

It has already been mentioned that the final aim
was to obtain a beam containing the fewest possible number of
molecular specles. For this recason it was resolved to vary
the usual procedure and to work, if possible without the use
of carrier gas. Trial experimente in a simple apparatus,
containing no slits, seemed to indicate that this wae possible
(ef. p./23), As long ago as 1933, Horn,Polanyi, and Style
(35) had observed that appreciable back dif fuelon of the
resoctants 18 obtained under these conditions. This has been
amply confirmed in the present investigations, but was not
considered to be serious 8o long as the bulld-up of .sodium
10dide did not impede the flow. It would now seem, however,
that a carrier gas 1s necessary. The conditione at the inlet

of a mass spectrometer, such as that used by lossing and

Tickner (60), bear a very close resemblance to those obtalning

_66_




in a molecular beam source, This work, published in 1952,
indicates that the concentration of methyl radicale resulting
from the pyrolyseis of mercury dimethyl drops awsy very rapidly
a8 the flow rate on the "high'"pressure side of the source
81it 1is diminished. In the absence of carrler gas, very low
methyl concentrstions were obtained even when separate pumping
was maintained on the source side of the slit.

These results must be taken into account when future
development of the molecular beam apparatus is being considered,

APPARATUS AND MATERIALS

In all descriptions of glasse spparatus in this and
succeeding chepters 1t may be assumed that pyrex glass was
used, unless otherwlse specified,

Source Pressure Control.

Whichever of these production methods is used, the
firet requirement is some means of regulating the pressure,

and of measuring 1t, _

With the exception of the sodium, all the starting
materisles discussed are relatively volatile 1iquids under
normal conditions, It is possible to control the pressure
in the reaction chamber by maintaining the liquid reservolr at
some temperature at which the vapour pressure 1s much higher
than required (say at room temperature or jJust below it), and
to rely on the "reslstance" of a caplllary connection to reduce

the pressure to the deeired value. Ueed by 1teelf this method
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18 relatively inflexible, end controlled variation of the
Pressure 1s not easily carried out,

If the 11quid is maintained at constant temperéture,
use of a velve or tap is the only means of pressure variation
which presents itself, The simplest method is to modify an
ordinary glass tap by scoring two grooves on the ground
surface of the key, Each groove 1s at the level of the side
arms on the barrel, and runs, in the same direction, from one
end of the central holé about half way round towards the other
end, The length of the capillary leak thus formed can be
altered by a slight turn of the tap key. The length of the
grooves 18 limited so that there 18 one setting of the tap
where 1t cuts off completely. One disadvantage of this control
- method 18 that the groove tends to get clogged up with grease,
The other is that all of the vapours whose use 1ls proposed
dlssolve very readily in hydrocarbon tep greases (e.g. Aplezon
products), These cannot, therefore, be used, for the stage 1is
very quickly reached where the vapour pressure of the substance
in the reaction zone 18 appreciable even when the tap 18 shut,
Within a few days the grease becomes so moblle that it runs out
of the tap, with deleterlous effects on the vacuum. Lead
tetraethyl wae found to be particulerly bad 1in this respect,

Other tap greases were tried. First, a sample of
the old-fashioned "sugar"! grease was obtained from Dr.L.Tordal.

This grease had the composition mannitol (1.7), dextrol (3.5),
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glycerol (12.0), where the figures in brackets represent

parts by weight, This mixture 18 quite resistant to the
alkyl halides, but 1t has two disadvantages. Firstly, it
rapidly becomes stiff, and neede replacement~at.frequent
intervals. Secondly, it 1s extremely hygroscopiec. During
its preparation, therefore, care must be taken both with
starting materials and with experimental conditions. And

in subsequent storage 1t must be protected as far as possible
from the atmosphere, Even g0, 1t seems to absorb water vapour
after a time, When this has happened a good vacuum is almost
impoassible of achievement, If this grease is used 1t must be
protected from the atmosphere by a liberal coating of petroleum
Jelly placed on the outside of the tap at points where the
grease would otherwise be exposed. The use of thils grease was
aleo discontinued after a time,

Dow-Corning silicone grease (high vacuum qQuelity) was
also used. This grease has the general disadvantege that 1t
tends to "run®, but it seeme to be falrly resistant to organic
vepours (see, however, p./5/). This grease was used on the
maln apparatus on the tap isolating the iodide reservolr from
the rest of the apparatus during "shut down" perlods, At
these times the storage vessel was kept immersed in a Dewar
flask which was replenished, at least once or twice a day, wilth

1iquid nitrogen.
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A variety of designs for "greaselesa" valves has
been published. These often seem to be rather complicated
in design, or fragile, and the simpler ones often involve
the use of mercury, which was to be avoilded in these:
eXperiments as far as possible. A new greaseless "cut-off®
velve, employing a plastic diaphragm in an otherwise all
metal construction, has recently come on to the market, It
can be sealed to a glass apparatus by means of "Housekeeper®
copper to glass seals, If the plastic dlaphragm proved
insufficiently resistant to these vapours, a metal one could
be used. Thie, however, is not quite so vacuum tight,

Thie tap would, however, prove very useful on the high
pressure storage slde of a system such as the one undepr
consideration, as it would obviate the necessity for the
dally vieits to refill the Dewar flask, |

For aoctual pressure control, however, attention wase
directed to the possibllity of regulating tpe temperature of
the liquid. If this is satisfactory, relatively wide
connections between storage vessel and source are sufficlent,
The effect on pressure of minor temperature fluctuations can

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

the line (o.f. fig. 26), |
' Lead tetraethyl, methyl lodide, ethyl iodide, have

a vepour pressure of 0.1 mm,Hg. at,temperatures approximately

-8, =98, -79°C., respectively. The figures for the lodldes
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were obtained by graphical extrapolétion on seml-log. paper
of data taken from a paper by Stull (124), and checked with
figures given in Sanderson's book (125), Neither of these
figures are absolutely certain, although of the two, more
reiianoe can be placed in the one for ethyl iodide. The
melting point of this subetance is -105°C., and thus the
only uncertalnty 18 involved in the rather long extrapolation
'to temperatures well below those for which'experimental data
are aveilable, At -98°C,, methyl iodide is s0l1d (M.P.
~64°C.). Since no figures are available for vapour préssures
in thls'etate, estimates are correspondingly less reliable.
Three figures for the boiling point of lead tetraethyl were
found, one from each of three different standard reference
books (Landolt-Bornstein, Lange's handbook, and I.C.T.).
Vepour pressure estimates for this compound were made by
extrapolation of these three figures in the same way as for
the iodides, ‘Ip this case there seems to be no recorded
melting point, presumably because the substance must always
freeze to a vitreous condition,

"Slush" baths may be devised (125) which will provide
a steady temperature for periods of about half an hour. They
are not sultable for longer periods, however, as violent
temperature fluctuations are caused during the process of
re-freezing. Moreoever, at temperatures below about =-60°C.,

there are few organic liquids which are sultable for the
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maintenance of a steady pre~determined temperature, and the
intervals between avallable temperatures are rather large,
and do not constitute regular steps,

A moderately satisfactory control was achieved
in the following manner, The storage vessel, which was
constructed of glass tubing about 2 cm, dlemeter, was
surrounded by a plece of copper tubing, closed at one end
and rather larger in dilameter. The intervening space was
filled with finely gfanulated copper in order to provide some
sort of thermal contact, This assembly was cooled down with
elther 1iquid nitrogen or an acetone-solid carbon dioxide
bath, The Dewar vessel which contained this could be ralsed
or lowered as the need arose, The tube was first cooled
repidly by ralsing the Dewar as far as it would go. When
the temperature had fallen almost to the required velue, the
flask was lowered by stages until the heat loss from the tube
to the coélant was Just balanced by the heat geined by the
exposed part of the copper tube from the surroundings,
Alternatively, the coolant could be maintained at a constant
height, and éhe heat input varled by passing 6urrent through
& few turné of nichfome wire wrapped round the toptof the
tube, The heater was insulated from the copper with a few
layers of asbestos paper, Control was not very close,
however, ae the arrangement has an appreciable time lag

because of 1ts relatively high thermal ocapscity, The best
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control attained was sbout + 3° at -55°C. over a period of
about an hour. To attalin even this the arrangement required
cohatant attention, particularly when liquid nitrogen was
used, eince an appreciable drop in the coolant level had the
same effeoct as was obtalned by lowering the flask, The rate
of consumption of 1liquid nitrogen was high,

The device installed on the main apparatus was,
howevef, much more satisfactory. Two of these were
constructed. The first, which wae used in the molecular
beam experiments, was a falrly close copy of the design
published by Comstock and Rollefson (126). The second,
which was used only on the suxiliary apparatus, incorporated
 some 8light modifications in an attempt to improve 1ts
operation even further, A similaer plece of equipment has
been used by Miller énd Bteacie (127), who call it "a trap
similar to the Ward still® (128), In the present investigations

it has been named a low temperature thermostat.

In broad principle 1ts mode of operation bears some
similarity-to the device already outlined. That is, the
temperature is maintained by balancing the heat input agelnst
the heat loss to the coolant, Both of these variables are,
however, much more finely controlled, over a much greater

range of temperatures,
The 1liquid storage vessel was sealed lnto a glass

outer jacket to which was attached a two-way glass tap (£1g. 26)e
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One lead of thie tap was connected to the auxiliary high
vacuum system at A (f1g.13, p.//2 ), the other was drawn
down to a capillary opening which made it possible to let
any desired quantity of air slowly into the jacket apace,
The whole assembly was immersed in & coolant, usually liquid
nitrogen,
gince the conductivity of the alr space depends
on the pressure, at low pressures, the rate of heat loss from
the reservolr to the coolant could fhua be controlled. Heat
input was provided by a short length of nichrome tape
(resietance about 12 {)) wrapped around the reservoir, and
sil#er soldered to two copper leads which were waxed into
capillary side arms, With 1iquid nitrogen as coolant, a
temperature of =-50°C, wae eaelly mainteined with a heater
current of about 0,2 smp and a good vacuum in ﬁhe Jacket
(< 10™4 mm.Hg. ). The heat input was therefore of the order
of 1/2 watt, and the consumption of coolant was quite low,
The reservolr temperature, as measured by a copper-constantan
thermocouple inserted down the thin re-entrant tube lying
between reservoir and heater, seemed to be relatively
insensitive, between quite ﬁide 1imits, to the coolant level,
The method of operation was as follows: Sufficient
aly was let in through the two-way tap to give a pressure of
- g few millimeter of meroury, a8 measured by a mercury manometer

attached to the side-arm (£ig,.26). The arrangement was then






immerged in the coolant until the temperature was as low as
possible, It was necessary to walt about 15 to 20 minutes
after this had been attained before pfooeeding to the next
step, to be sure that the interlor of the device had become
'properiy cool, Then the heater ocurrent was adjusted to
the required value and the Jacket pumped out to the required
préssure, Once equilibrium was attained, the temperature
remained sensibly constant for as long as the supply of
coolant was maintained, The temperature did tend to Arop
8lightly when vapour was being withdrawn, but this could
easlly be compensated by a elight adjustment of the heater
current,

Before the'devioe was finally inetalled, a complete
calibration was carried out. The results are 1llustrated in
figure 6, which shows the Jacket pressure as a function of
thermocouple teﬁperature for a series of heater currents up
to 0,35 amp. The thermocouple had been roughly calibrated
againset a pentane thermometer. The thermostat calibration was
carried out using both liquid nitrogen and acetone - "drikold"
as coolants, It will be seen that a much greater temperature
range 18 available when 1iquid nitrogen is used. Currents
greater than 0.2 emp. are not desirable as they cause the
coolant to boll awsy rather too rapidly. When relatively
high temperaturee are reqdifed, therefore, 1t is better to

change over to the "drikold" mixture, Liquid nitrogen 1is
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more convenient to use, however, The 0.C5 amp, curve lies
very close to the curve for no current at all,

Thle chart was found very useful for deciding on
the operating conditions, The temperature necessary for
the required vapour pressure was determined by consulting
the seml-log extrapolations referred to on p.7/ . Economy
of coolant wae achleved by choosing the jJacket pressure
which would give this temperature for minimum heater current.

The device responded falrly quickly to changes in |
heater current, and therefore it was found necessary to use
& stable voltage supply. This was, for a time, achieved by
means of a "Varlac! connected to the stabilised 240 V. supply.
The only availlable Variac 414 not, however, allow for very
fine control. It was therefore changed for a fixed transformer,
connected et1l1l to the stabilised 240 V., whose 6.3 V. and 4 V.
windings were connected so as to give approximately 10 V, output.
The current was controlled by means of a rheostat of about
100 JL total reelstance.

The only objection to this device was that the
source pressure, as measured by the thermocouple gauge
described in the next section, seemed to depend to a certain
extent on the quantity of liquid 1in the reservolr, This
§ou1d be ascribed to uneven heating by the nichrome wire

because of the poor thermal conductivity of the pyrex glaes.



In the second model an attempt was made to overcome
this defect. The heater wire was replaced by a glass tube
which slipped over the storage vessel, and extended from some
distance below it (but well clear of the bottom of the Jacket)
almost to the top seal. This tube was coated, for most of
ite length, with a thin layer of metallic platinum obtained
by "burning in" a thin coating of "11quid bright platinum®
solution obtained commercially (c.f, method for making "ofen®
heaters, ref.108, p.767). By a process o trial and error 1t
was found possible to produce a coating, about 13 cm. long,
whioch was reasonebly uniform and had a resistance of 10 JL .
If the resistance was too low, 1t could be ralsesed slightly by
heating with a flame, but care was needed because the platinum
coated glass rapldly became hot enough to bend, Once this
happened, a fresh start had to be made, Adequate contact
with this deposit was obtained by first burning in several
thick coatings of platinising solution at each end, then
twisting a platinum lead round the thickened portion, and
finally burning in another few coatings at these two places,
The platinum leads were then sealed into caplllary gide arms
on the vacuum jacket with black wax as before. These leads
gerved also as supports for the heater tube,

At the seme time the construction of the lnner

reservolr was simplified, The "trap" form of the first model

was not really necessary. Instead, the thermooouple well
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was placed down the centre of the tube, so that 1ts end rested

in the 1liquid., Thie had the advantage that, not only was the
thermoocouple now well awsy from the heaﬁer, thus measuring the
actual temperature of the 1liquid, and not something approximating
to 1t, but the arrangement was now completely symmetrical about

a vertical axls, with a corresponding improvement in the
temperature gradients,

Thies model also worked well but, because of the
greater thickness of glass, ite response to changing conditions
weas slower. In some respects this is an advantage - e.g. when
a steady temperature is to be malntained - but it greatly
inocreased the starting up time, Provided that a more suitable
method of making firm contact with the coating oan be devised,

a further 1mprovemént woula be to deposit this coating directly
on to the outeide of the reservolr before construction 1s
completed,

Source Pressure Measurement

Since the source pressure is such a oritical factor
in moleculsr beam work, it was deemed necessary to provide
some means of meéeur1hg it directly, and not simply to rely'on
the indirect methbd of meaeuring the temperature of the liquid.
In any system where a gas 18 being pumped along a tube there
18 a steady fall of pressure. It ie therefore desirable to
place the mandmeter as close to the slit as possible. with

the spparatus as construoted (Chapter V) the closest possible
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position was some considerable distance further'aWay than it
should belfor preference, Since the geometry of the
arrangement 18 rather complicated, ro attempt has been made
to estimate the expected pressure drop between the manometer
and the reaction ochamber, But, as the slit 1s without doubt
the narroweet part of the system, it waé considered possible
that it is not great.

Because of the importance of high source concentrations,
- however, this is a matter which should receive further attention
when an apparatus of new design 1s'being considered,

The pressure renge to be measured is an awkward one
from en instrumental point of view, What 1s really required
is a.device which 18 most sensitive in the range 1,0 to 10'2
mm, Hg. ,

The McLeod gauge cannot be used, for it 1& desired
to measure the pressure of condensible vapours and, in any
case, mercury cannot be allowed in the maln vacuum system,

It 18 poselble, with the aid of suitable electronio
devicee, to extend the range of the Bodenstein quartz spiral
gauge.. Thie ie best used, however, as a null instrument, and
would lead to undesirable complications in an apparatus which

is already sufficiently elaborate,
The best solution wes thought to be a hot wire

manometer of the Pirani type. 1In the interests of eimplicity

1t was decided to sacrifice a certaln amount of sensgitivity and
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try the thermocouple gauge.

Thle is a modification of the Piranl gauge 1n.whioh
the temperature of the heated wire is measured by means of a
thermocouple attached to 1ts<centfe. va no great sensitivity
i1s required 1t 1s sufficient to connect the thermocouple leads
directly to a microammeter (or millivoltmeter), The only
other equipment required is an accumulator (2 V. output), a
meter to measure the heater current, and a rheostat to
control it, The external circuit is shown in fig, 26,
attached to a2 drawing of the most recent model constructed,

It was found that the most eensitive‘range of this
gauge is from 10™% to 10™2 mm,Eg., Yt will, however, indicate
pressures from about 4.10"1 to 2.10"3 mm,Hg. with reasonable
certainty, The sepsitivlty in the high pressure range can be
increased by the use of a sultable elaboration of the assoclated
elrcult (see 129,130,131),

In designing such a gauge, the condl tions for
maximum sensitivity will be very similar to those set out by
Fraser (ref,103, pp.,37=40) for the Pirani gauge,

"End effects" are minimised by making the wires, both
heater and thermocouple, as long and a8 fine as possible,

This ensures that heatlloaees by gaseous conduction predominate
over metallic conduction, Thin ribbon like wires, by inoreased
surface area, would increase thle tendency even more (cefe,

however, 131). Fine nickel ribbon which oould be used for
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the heater was available, but there was little point in using
such & thin heater when equally thin material for the thermo-
couple was not avallable, The heater was therefore
constructed from the finest available constantan wire
(approximate dlameter 0,C8 mm.), and the thermocouple of one
length of this wire and a2 length of copper wire of comparable
diameter, Both types of wire were coated, the one with
cotton, the other with lacquer. This insulation was carefully
scraped off before assembly,’

Heat lo088 by radiation must slso be kept to a
minimpm. Thie 1s achleved, firstly, by using wires which
are as highly polished s8 possible, and secondly, by operating
at the lowest convenient temperature. The ease with which the
vapours are pyrolysed also places an upper limit on the smount
of heater current, As ageinst thie, if the wire temperature,
for the lowest pressures, is not very great, the maximum reading
on the thermocouple meter will not be sufficient to allow of
adequate sensltivity in the pressure readings, In practice,
since the wires were fixed together with soft solder (MP ~~
200°¢,), the heater current was run at & value which
experience showed was just insufficient to melt the solder at
preesures less then 10~4 mm,Hg. When appreclable pressures
of iodide were present, the temperature was correspondingly
lese. After one year's operation there was no visible

evidence of iodine liberation under these conditione, The



only meter available had an internal resistance of 186 JL
(=50 to 0 to + 50 PA.). A meter with lower resistance
would give a slight increase of sensitivity.

The temperature of the walls must be as low as
poseible, That immersion in liquid nitrogen has an appreciable
effect was demonetrated with some of the earlier trial models
during calibration runs with aly. However, thig ig not
posslble when condensible gases are being used. It was
found aleo that veriatione in room temperature had an
appreociable effect on the reading, Thie 18 due, no doubt,
partly to the effect on the temperature gradient from wire to
wall mentioned by Fraser, and also to the effect on the virtual
éold Junction of the thermocouple, which would be either at the
meter terminals or at the tungeten seals leading into the
vacuum, Thie effect was kept to a minimum in the final model
b& surrounding it with a water Jacket which was in series with
the diffusion pump water supply. The tungsten seals for the
thermocouple 1ead§ were mounted in a re-entrant seal 1n order
that they should be well within the body of the'gauge.

There 18 one final point not mentioned by Fraser
(c.fo131), Since the sensitive range of the gauge seems to
be in that pressure region where the mean free path of the gae
molecules is roughly of the order of the wire to wall dlstance,
an attempt was made to construct a gauge where this distance

was as small as poeslble, This ehould shift the sensitive
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range to slightly higher pressures. Within the 1imits
expected from the relatively minor differences in diameter
of the two designe, the variation was in the expected direction.
Of the designs tried, only two were at all
successgful, The major feature of the first was that 1t was
mounted with all four tungsten seals at the one end. These
four wiree were arranged at the corners of a square in the
well of a re-entrant seal affixed to a B.29 glass cone,
The seal protruded slightly below the end of the cone, The
well was filled with Everett's wax, which served to protect
the seals from breakage by holding the copper leads firmly,
and at the same time was an "insurance" against the development
of oracks in the glass, The tungeten wires were in pairs, at
opposite corners of the square. The two long ones, of 1 mm,
dliameter for rigldity, were held apart at the free end with a
glass spacer. Immediately below this the heater was soldered,
The two thermocouple wires were soldered to the short tungsten
wires, The application of soft solder to tungsten is
facilitated by prior application of a layer of silver solder.
Connection to the vacuum was made through the free end of the
corresponding socket, which served as the outer wall of the
gauge, This model had the advantage that, should the wires
burn out or become unsoldered, it was a simple matter to
replace them, It had the disadvantage that the wire to wall

dlstance wae relatively large, and that the presence of the

-83-






Jolnt necessitated the use of some sealing compound. It

was found that black wax was the least obJectionabie provided
that it was not permitted to extend right up to the vacuum
eide of the Joint. Even this, however, was capable of
absorbing quantities of the vapour 1f the pressure were
allowed to rise too far,

When experience had been acquired in the operation
of the gauge it was no longer necessary to provide for the
re-mounting of the wires, In the later model, therefore, the
two pairs of leads were sealed in at opposite ends. The
length of the wires was at the ssmée time increased, and the
other improvements already mentioned were incorporated (sece
fig. 26).

The gaugee were calibrated with alr against a
McLeod gauge on the test apparatus (fig.13). Tﬁe trap was
kept cold to prevent mercury from reaching the test section,
Typlcal curves are shown in figuré 8. Curve a 18 that for
the first type, curve by for the later one,

As Fraser points out, however, the response of the
gauge should depend to a certaln extent on the molecular
weight and specific heat of the gas. The expression involves
only the square root of the molecular weight, and 1t might
therefore be expected that the effect would not be large.
Nevertheless 1t was declded to test this polnt by a further
calibration of the second model, using ethyl iodide, The
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vapour pressure curve previously referred to was taken as
sufficlently acourate for this purpose. The following
melting points were also assumed to be correct: Toluene
(Analar grade), -95°C.; trichlorethylene, =86°C.; n-butyl
acetate, -76,8°C.; chloroform, -63.5°C. (Lange's Handbook),

The arrsngement 1llustrated in figure 9 wae sealed
to the "test" vacuum line (see figures 13,22). The taps were
lubricated with silicone grease,

The ethyl iodide was stored over anhydrous magnesium
sulphate, together with a little silver powder, in vessel A,
It was frozen with liquid nitrogen and the épace ébové it was
pumped until the gauge showed maximum reading. Then, with
tap Tl closed, 1t was gllowed to meit. This procedure was
repeated untll no more gas bubbles formed on melting. It was
then assumed to have been out-gassed,

A semi-frozen slush of toluene was then prepared
at the temperature thue defined (=95°C.), ethyl iodide has a
pressure of about 1.6 . 1o'§¢@and is in the 1liquid state, It
is therefore safe to pump it continuously without risk of any
great loss of material. This was done for several houre untll
the gauge reached a constant reading. It was then assumed
that the ethyl iodide was sensibly pure. With tap T, closed
the ethyl iodide was then transferred to vessel B. Thls was
constructed with a re-entrant well just wide enbugh to

accommodate comfortably 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 placed in the well
together with a 1ittle ethanol to provide thermal contaot,

A seocond pentane thermometer was placed in the toluene bath
close to the outslde of the vessel, and its height was
gdjusted 80 that the two thermometer bulbs were approximately
at the same levsl, The bath was stirred., As the toluene
bath warmed up, the gauge and the two thermometers were read
at frequent intervals,

It is well known that pentane thermometers are not
to be rellgd on for any great accuracy, neither over an
appreclablé temperature range nor for the same temperature on
different days. To guard agalnst this the toluene melting
curve was not followed for more than sbout ten degrees above
its melting point. The temperature at which each thermometer
remained steady for several readings was assumed to be the
true melting point, (It was necessary that at least part of
the two "flate" should overlap in time) The other readings
were then corrected on thls.assumption.

The sasme procedure was carried out using cooling

baths made with the other three compounds whose melting pointe

were listed above,

Ae waes to be expected, the two thermometer readings
414 not slways tally, even when corrected for the appropriate
steady temperatures, For, even though the temperature changed
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only slowly, 1t was quite likely that the interior of the
well should lag behind the bath. It was assumed, however,
that the "effective' temperature of the ethyl iodide would
lie somewhere between the two measured limits. The gauge
readings at the actual esteady temperatures for the four
cooling bathe were taken, however, to be definite fixed
points,

The pressures corresponding to all the recorded
temperatures were read off from the vapour pressure curve,
and were plotted againat the aeppropriate gauge reading,
Where the two pressures for the one observation set differeq,
the two points were Jjoined by a vertical line. The
calibration curve was then drewn as the line of best fit which,
at the same time, passed through the four fixed points, The
resulting curve, without all the separate points, is shown 1in
figure 8 (bII)° _The crosses represent the four fixed points.
The circles illustrate the effect of a slight increase of a
few degrees in the water jacket temperature (curve by, air
16°C., water 15.20C.; circlese, ailr 19°C., water 20.5°C.).
Reaction Unit

_ A number of points had to be considered in the design
of the source unit for the beam apparatus, The sodium, which
should be in excess over the whole reaction zone, should not
| condense on the slit itself, but on the walls lmmediately
preceding 1¢t, The reaction chamber should have the largest
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posslible surface area in order to minimise the density of
the sodium ilodide depoeit. The alkyl iodide should be
introduced at a point immedimtely opposite the slit, and as
near to 1t as 1g consistent with other constructional
requirements, Provielon must be made for heating it, and
for measuring its temperature. Since the whole unit was
ineide the collimator chamber, 1t had to be designed so that
it could be removed, cleaned, and replaced with the minimum
of disturbence to the rest of the apparatus, Since the
vacuum had to be let down to atmospherie pressure each time
this oleaning process was necessary, some means had to bs
devised for distilling, and storing in vacuo, ﬁhe sodium
metal, and for opening this eodlﬁm to the reaction chambepr
by remote control once the vacuum had been restored.

The early sodium flame experiments on the test
vacuum line (pp.//s /23) were carried out with a reaction unit
of the design shown in figure 1Oa. The cepillary was provided
between the sodium chamber (lower) and the reaction chamber in
order to inhibit back diffusion of the alkyl i1odide into the
sodium chamber during operation, For it was thought that, if
a crust of sodium iodide were formed on the surface of the
sodium, the rate of evaporation would be so much diminished
that insufficient sodium would reach the reaction zone at the

normal operating temperatures (c.f., however, D./49).
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When a carrier gas is passed over the sodium, this
capillary serves its purpose very well, However, in these
experiments 1t was found that, in the absence of a carrier gas,
the greatest amount of depositlon took place on the end of the
caplllary ﬁith the result that it soon became blocked. In
later (horizontal) models this capillary was omitted altogether.

The small weil was placed in the sodium chamber so
that a thermocouple (chromel-alumel) could be placed close to
the sodium,

The reaction unit used in the later trial experiments
(p./39), and in the molecular beam apparatus, was of the form
11lustrated in figure 10b, The reaction chamber was blown
out to a roughly spherical shape, slightly flattened on top,
The alkyl lodide entered via the small bent tube whose orifice
was placed directly opposite the slit, The distance from this
point to the slit was about 6 om,

The extreme left hand end was left open until the
sodium capsule had been introduced., It was then sealeqd,
taking caré to avoid heating the capsule as far as possible.
The unit was not, therefore, annealed after this proocess,

Thie omission did not subsequently prove to be deleterlous,
Connection to the slit system was made by means of an
vextended” B.,14 cone which fitted into a brass socket,
attached to the slit backing by means of a metal bellows,
The joint was lightly greased with sillicone, The glass
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elongation served, to a certain extent, to prevent the
radlcale from coming into contact with the metal of the
bellows. At the same time it protected the bellows from
the condensing sodium,

S8ince the heating element was inside the vacuum
chamber, none of the usual types of insulation ocould be used,
A coil of stout "Kanthal" wire was finally employed. This
wire, approximately 1 mm, diemeter, was sufficiently rigid to
support 1ts own weight when hot. The coils were arranged so
that they were closest together at the sodium chamber end,
and opened out slightly towards the slit, Thie ensured that
the temperature was greatest at the sodium capsule, where it
was needed to produce a good supply of vspour, and at the same
time 1t prevented the slit from becoming too hot, The
reaction zone temperature was high enough to prevent the
deposition of sodium in that region, Most of the sodium
deposited on the cone and its extension. The heater
resistance was 5,9 4. (cold). Current was drawn from the 50 V.,
A.C. supply, and controlled with a high watt "step" variable
reslstance, Maximum current ueed was just under 4 amp,

At the temperatures thus‘attained the walls of the
gsodium chamber quite rapidly beceme brown, probably by reaction
with the hot sodium vapour. This phenomenon was observed in
all sodium flame experiments whenever the temperature

spproached 400°C. for any length of time, When the coloration
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was removed by prolonged soaking in water or ethanol, visible
signs of attack on the glass could be observed.

The constriction between the reasction and sodilum
chambers served as an anchorage site for the thermocouple,
which was strapped into place with a length of fine borated
copper wire, The thermocouple, the wire strap, and the
heater leads, were all threaded through glass sleeving to
ensure that no accidental contacts took place. The Junction
of the thermocouple was not at the hottest part of the furnace
(see above), The sodium pressures estimated from the
recorded temperaturesare therefore likely to be low. This
would only prove important, however, if quantitative measure-
ments were to be undertaken, ;~For qualitative experiments,
such as those underteken in this work up to the present, it
is probably sufficient to adjust the alkyl halide pressure to
the desired amount, and then to adjust the sodium furnace
current until the resonance glow persists. The thermocouple
1s then needed only as a guide to the temperature attalned.

The whole unit was, in the beam apparatus, surrounded
with a glass shield. This was constructed from tubing of
sufficient diameter to encompass the heater wire. A slot
was "pulled" along the underside so that it could be s1id well
forward over the lodide lead, Shield and reaction unit were
adjusted to be roughly co-axial by means of three supporting
"feet", Two were poked into the top of the slit end of the
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shield, and rested on the flattened top of the reaction
chamber, The third, at the bottom of the opposite end,

wae shaped to f1t over the iodide lead at that point. This
shield served, to some extent, to concentrate the heat from
the coll on to the unit,

Sodium Purification

When it was to be used for reactions on the test
apparatus, the sodium was distilled directly into the chamber
according to the following procedure: A plece of glass tubing
was shaped, as i1llustrated in figure lla, into a series of
fairly thick-walled bulbs separated by "seal off" consetrictions,
The last constriction was sealed to the reaction chamber, At
the other end about 6 om, of the original tubing was left
uneltered.

Lump sodium was cut into small pieces and melted
under boiling toluene, | This removed the outer fskin®" of the
sodium, and left 1t me falrly clean spheres, When the toluene
had cooled 1t was poured off, the sodium wae washed several
times with small quantities of petroleum ether (low-boiling
fraction), dried roughly with filter paper, and transferred to
the open end of the glass side arm. This was then sealed off
and pumped out,

The sodium was then gently heated with the hand
torch, using a luminous gas flame, As 1t melted there was

considerable evolution of gas. This probasbly ceme from traces
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of the vaerious solvents which had been in contaot with the
. 8odium and had not been completely removed by the filter
paper, This explanation was supported by the formation of
black deposits, which could be carbon and other decomposition
products, on the walle of the section into which the sodium
was first introduced,

These deposits were visible before the development
of the brown coloration referred to above, and were clearly
distinguishable from 1t, When this initial heating was not
carried out very gently the sodium was often forcibly ejected
along the chain of bulbs into the sodium chamber, It was
also necessary to take care that the constrictions ahead of the
heated zone were not blocked by condensing sodium. As each
bulb was cleared of sodium, it was sealed off and removed,

Since this was a very time consuming operation,
alternative methods of distillation were tried, None was
entirely satisfactory. Perhaps the best was to replace the
chain of bulbs by a verticsal pot. Near the bottom of this
a side arm was atteched, via a seal-off constrictlon, and
arranged so that it sloped slightly down towards the pot,

The sodium, cleaned as before, was plgced in this side arm,
When melted, 1t rolled down into the pot, and the slde arm
was removed, Distillation into the sodium chamber was carried
out by electrical heating of the pot, which was sealed off and

removed when sufficient quantity of sodium had been removed.
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This process took place much more smoothly, but it took
rather longer and it was still necessary to keep a constant
watch on the constriction to meke sure 1t did not become
blocked, When this occurred, it was cleared by gentle
heating with a fine gas flame,

When required for use in the beam apparatus, clean
sodium was distilled into a slightly modified version of a
device described by Sherwood (132), This consisted (fig.llb)
of a small Dewar shaped vessel, gpproximately 4 cm, in length
and 2 om, outside dlameter, to which two connecting tubes were
attached, by means of seal off constrictions. One wes
attached to the end where the "nipple" 1alusua11y found on a
Dewar flssk, the other was attached to the rim of the Dewar
seal,

A short length of duralumin rod wae turned down on
the lathe, first to a diameter which was just too large to fit
in the well of the capsule, and then it was given a very slight
taper. A "head" of rather larger diameter was left at the
thicker end, This provided a cylindrical surface which could
be held firmly in the lathe for the "finishing® operatlione,
and also proved useful as a finger hold during the final
manipulations in the laboratory. A hole was drilled down the
centre to provide an exit path for water and carborundum during
the grinding, and for alr during subsequent evacustion, This
tepered plug was then ground into the well of the capsule with
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fine carborundum until ite tip Juat started to mark the
bottonm, The carborundum was then thoroughly washed out.,
If, on drying, the plug dlq not fit tightly into the well, a
small smount was removed from its tip on the lathe.

_ The capsule was then attached to the auxiliary
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 dietillation systems already described. When
sufficient sodium had collected in the capsule it wag sealed
off and stored for subsequent use,

When 1t wae desired to start an experiment, the
"sodium furnace" was heated. Because of its high expansion
coefficient the duralumin usually succeeded in cracking the
capsule st some temperature between 100 and 200°C., as
intended, In trial experiments with empty capsules thls worked
very well, and the capsule was completely shattered. When it
contained sodium, however (usually to not more than one third
of 1te length), it 4id not shatter quite 8o well, The initial
cracks sppeared on the well at the expeoted temperature, but
they did not spread very well to the outside. If the
temperature was raised sufficiently, however, a strong
resonance glow eventually filled the reaction chambér. One
possible explanation for this 18 that these ogpsules had been
too well annealed after manufacture, It had been found that

a large number developed small cracks during the grinding
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process, and sc they were annesled by electrical heating in
an attempt to cut down the wastage of effort. It seems
probable that a certain residusl strain in the glass is
desirable,

In the course of experiments on the main apparatus
1t wae necessary to let the vacuum down every time a target
was changed. Since contact with ordinary damp alr would
very Quickly cause the oracks in the capsule to bloock up,
"epecial" nitrogen, oxygen free, was alWaye used to £111 the
apparatus to atmoepheric pressure once the capsule had been
broken, This was a slow process, but was well worth while
in that 1t permitted the use of the one capsule for several

runs,

Preparation snd Storage of Alkyl Todlde Samples

A glase tap greased with silicone was the only means
of 1solating the storage section, which included the low
temperature thermostat, from fhe rest of the source. Becauee
the only pumping path was through the elit into the collimator
chamber (see fig. 24 ), evacuation of the whole source section
wae a slow procees, especially when glass blowing had recently
been carried out,

It wae therefore desirable to provide some arrangement
whereby the alkyl iodide ocould be gsealed on to the supply line,
and kept 1solated while the rest of the spparatus was being

pumped down, A glass "break seal" was the most convenient
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method of attaining this obje ctive, Furthermore, the
storage side of thie seal should also be evacuated, so that
no rush of alr takes place when the iodide i1s admitted to
the apparatus,

This was conveniently achieved on theé auxiliary
vecuum line. A series of traps (fig.l2) was set up, with a
connection at each end to the vacuum line, each connection_
conteining a glass tap (To, T3). These taps were lubricated
with "sugar" greese in earlier operations, with silicone in
later ones, Trap A was the storage vessel for the system,
and wae isolated from the rest by tap ™, lubrioatqd in the
same manner as the others, Trap D was the final storage
vessel, Attached to 1ts side arm was a bresk-seal unit, and
both tubes connecting 1t to the rest of the apparatus were
provided with seal off constrictions. Thie vessel was some-
times of the type shown, and sometimes of the "well" type when
the use of a pentane thermometer was intended (see fig.9).
Some silver powder, to take up any free lodine formed, and some
dehydrating agent, formerly calcium metal, later anhydrous
megnesium sulphate, were placed in the bottom of each trap.
It was found to be advisable to place some sharp bends between
taps and trape when the latter dehydrating agent was used, as
it 1is very.flnely divided and tends to fly asbout as the last
traces of liquid evaporate from 1%, When a thermocoupie

gauge was avallable it attached in the poeition shown. As
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in all other operations, the "pump section? (fig.l3) was
separated from the "test section® by cooling the main trap
with liquid nitrogen,

The methyl and ethyl iodide samples used in this
work were obtalned from Mr,H.C.Sutton, who had purified them
by distillation when working in this laboratory. After
purification they had been placed in blackened glass bottles
end stored in a dark cupboard,

The 11quid sample was introduced down the central
tube of trap A by means of a funnel. This wae then Jusat
frozen with 1liquid nitrogen, the tube was sealed, and the aipr
pumped out, The sample was then outgassed by alternate
freezing with Ty open, warming with T; shut (c.f. p.85),

Then trap B was cooled, and suffiocient 1liguid for one charge

was transferred from A, T1 was subsequently kept shut,. The
sample was then transferred from trap to trap a number of times,
Taps Ta_and T3 were opqrated 80 that the direotion of pumping
was alwayes the same ag the direction of transfer. Thus there
was alwgys a trap at 1iquid nitrogen temperature between the
liquid and the mein trap. Thie procese was continued until

the McLeod gauge indicated that a satisfactory pressure ( <'10“5
mm,Hg.) had been attained, The 11qu1d was then finally
tfansrerred to D, which was sealed off, removed, and stored,

This procees was probebly not reelly adequate %o

remove ethane (a possible decomposition product). For immediate
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purpoees this was not, however, so very important, as long as
oxygen was removed, For more recent samples of ethyl lodide,
the method of continuous pumping at =95°C. (p.85 ) was
employed.,  The low temperature thermostat would be well
sulted for such operations,

The free end of the break seal could then be
attached to the source supply line on the maln apparatus
(fig. 26)., Then, when the lodide was needed, the low
temperature thermdstat was adjusted and the septum broken
with steel balls placed in a side arm in the line during
assembly. During Yehut down® periods the 1solating tap was
closed, and the liquid wae returned to the original storage
vessel, which was kept cool with 1iquid nitrogen.
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CHAPTER 1V, EXPERIMENTAL.

RADICAL DETECTION

In all molecular beam work great attention must
be pald to the cholce of detector, for, as has been shown
in chapter II, the intenslties encountered are small. A
number of technigues hae been used for this purpose, and
the more‘recent ones are very satisfactory for most types
of bean. None, however, with perhaps one exception, 1is
sultable for the detection of a beam of radicals.

The manometric devices can be rejected immedlately,
for they can measure only the total intensity arising from
all types of molecule, Even if carrier gas is not used,
the radicals will be accompanled by theilr decomposition or
reaction products. The concentrations of these can, in
some circumstances, be considerably greater than the
concentrations of the radicals themselves (61), Moreover,
unless the conditions in the reaction chamber are chosen
properly, there may also be present either the starting
material itself or one of the products of its incomplete

reaction (e.g. PbMeB, PbMe_, PbMe from the pyrolysis of

2’
PbMe4 (61)). Thuse, even if the methyls were deflected
in an inhomogeneous field, the deflection could remain
undetected by one of these devices because of the low

proportion of radicals in the beam, Or, 1f some of the
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~other constituents also possess a moment, the deflection of
these could also mask the radical effect,

From these considerations i1t i1s apparent that the
chosen detector must react strongly to radicale, and as
little as poesible to all other molecular types,

It may be poseible, under some circumstances, to
use a device which depends for 1ts action on the relatively
low ionisation potentials of the radicales (e.f. chapter I).
Bome such device may yet prove to be the best for quantitative
radical beam intensity measurements,

The bolometric type of device, also, has been
mentioned (see p. /3). It 18 understood that this method
'has been tried, and found to be insufficlently sensitive for
the radical concentrations encountered (50 b). It might,
however, be useful if more intense souroes can be achleved.

When this investigation was being planned, it was
considered that the best chance of success lay in the choilce
of a detector which reliled on some specifio chemiocal property
of the radicals, with preferenbe for a method which could
eventually be made gquantitative in its actilon. The first
methods considered involved the application of their well-
known property of attacking metallic mirrors. Such methods
have two virtues for the present purpose. Firstly, they
will detect nothing but radicals, and secondly, 1f a radioactive

mirror 1s used, the sensitivity would seem to be governed
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ultimately by the specific activity, or isotopilc purity, of
the metallioc 4eposit.

A numeriocal example ie instructive,

In a calculatlon in chapter II (p.37) 1t wae
estimated that the beam intensity at the detector might be
of the order of 1014 molecule om™2 sec™! for a source pressure
P = 10™1 mm.Hg. The radical concentration in the source
would probably amount to only one tenth of this under the
most favourable conditions. BSay J, = 103 molecule om™2
gec™l,

Suppose, now, the target to be a thin wire, 5 mm.
long and 0.2 mm, diameter, and lying parallel to the slits,
The surface presented to the beam will then be 10~3 om®.
Thus the number of molecules arriving at this surface per
second will be 1019 molecule sec™l,

If the wire can be coated with i1sotopically pure
RaE (210 B1), the radicals would combine with this to form
BlMes. Thus a beam of thls intensity would be capable of
removing 3.109 atoms of biemuth per second.

Now suppose the activity of the wire, immediately
after 1t had been coated, was 4000 ¢/m. If we aseume a
counting efficiency of one in twelve (probably too high),
this gives a figure of 800 disintegrations per second,

= O‘N/dt in the decay equation. fﬁ-—-—év= - AN,
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wvhere /, 1s the number of atoms present at zero

time [ =0

The half 1ife, T , of ReE 18 5.0 day (133), i.e. 4.32.10° seoc.,

Thus, since A , the decay constant, = ,693/r , we obtain that

N, = 5.108 atoms (of Bl) on the wire,
Thus a beam of the assumed intensity should be

capable, under ideal conditions, of removing such a deposit

in about 10"'1 second, and not much longer than fifteen minut es

should be taken to remove all this activity by a beam with an
| 1ntensify as low as 107 molecule om,~2 gec.™t,
| It 1s not necessary that all the activity be removed,
The radical beam intensity can equally well be estlmated by
, following the decrease in activity over a period of time. This
should make it posslble to measure even smaller intensities, and
the 1imit of detection could be lowered further still by the use
of a more active target. Because of their high reactivity, the
"background" concentration of scattered radicals should be
negligible,

The detectable intensity thus calculated will be a

lower 1limit, for i1t is not at all certaln that the RAE coating
will be absolutely uncontaminated by lnactive bismuth, although

it should be possible to make 1t substantially so,
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This example 1llustrates one possible method of
utilieing the mirror technique for beam deteot:l.dn which has been
consldered. The major attraction of this method lay in the
possibility of 1te use for plotting the beam peak-shape. If
this proved feasible 1t would furnish a means of estimating
the dipole moment by the standard procedure outlined in
chapter 11,

A detector arrangement'des'_igned for thie purpose
will be. described in the next chapter. It consists of some
means for traversing the fine wire across the beam in small
steps, and an end~-window counter placed 1nside the vacuum
behind the wire, and perpendioular to the direction of the - "
beam, It is clear that it is necessary to use a B or y
actlive 1sotope. If the wire 1s small enough its absorption
of the Ie rays will be small: -, Thus 1t should not matter |
that the surface from whioh the activity is being removed 1s
on the far side of the wire from the counter,

It is necessary, however, to ensure by previous
experiment that sufficlent activity can be deposited on such
& wire, and that this activity can be removed by the actlion of
radicals, Moreover the rate of removal must be proportional
to the radical intensity. The desired relationship 1s of the
form  dNjy=-AI , where # 1s a constant for the
the detector, N the number of detector atoms at time 7 and I
the radical intensity. /N may convenlently be represented
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by the measured activity of the detector, sultably corrected
for the natural decay rate of the isotope used. In the
following pages the measured activity at time 7 is represented
by the eymbol A, and B is used for the activity which the
detector would have had 1f no removel by radicals had occurred.
For any time ¢ after the initial count (f =0, A= Ao) , the
ratio (& ) % may be read off from a semi-log. plot of the
decay ourve calculated from the accepted figure for the half-
11fe of the isotope (133). From fhie, B may be obtained, and
the corrected activity is represented by the ratio ( A/B) % .-
Thus the detector wlll have the desired characteristics
if a straight line 1s obtained when A/B is plotted as a function
of ? , for constant I , and if the slope 1s proportional to L.
If these conditions are satisfied, it would be necessary to make
two, or at most three, activity measurements for each setting of
the wire as it is traversed across the beam, Then the slope of
the A/g — £ ourve may be taken to represent the intensity, and
may be plotted againet the wire position to give the peak shape
of the beam.
- Another poseible application of the mirror technique
was also oconsidered. in this, which bears a close resemblance
to the original molecular beam target techniques, the active
mirror 1s deposited on a flat surface which may be either metal
or glass. This is then placed within the apparatus in the
usual target position - i.e., perpendicular to the beam direction.
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After 1t has been exposed to the beam for a time which it 1is
estimated will be long enough for almost complete removal of

the activity from the area impinged on by the beam, the plate

is removed from the apparatus and an autoradlograph 1s

prepared. In the ideal case, the result will be a "negative'
image of the beam, with a minimum of blackening on the photo-
graphlc plate where the radlcal intensity at the target was
greatests This method is, in the first instance, purely
qualitative in nature, although it might prove possible to

obtain at least semi-quantitative results with a mioro-
densitometric scanning of the photographic image. It has

the advantage in prinociple that 1t should be possible to form
several images, slightly dlsplaced from each other on the one
target, before the photographic exposure. This 1s of importance
when the apparatus has to be shut down, and air let in, each time
a targét is changed.

B8hould it happen, however, that surface migration takes
place to any appreclasble extent on the target at_tha temperature
at which i1t 1s maintained, the method would be uselées. This
migration could be either of the original active deposit, of the
radloals themselves, or of the partial products of the reaction.
It would appear that migration of bismuth is not very great at
room temperature. It might seem, however, that formation of

the final products would involve a certaln amount of migration
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at some stage of the reactlion with the radlecals. For thils
reason the method would require exhaustive testing before any
confidence could be placed in the results it ylelded.

In contrast with the wire method, an. & —active
isotope is to be preferred in this method, in order that the
density distribution in the photograph may correspond as closely
as poasible to the intensity distribution in the beam (ef. 134).
The most obvious cholce for this purpose is the thoron active
deposit.

Some preliminary experiments on both of these prodedures
are desoribed in the following pages. Neither is, in its present
form, entirely satisfactory. '

Some experiments on the use of a molybdenum oxide
deposit will also be described, and a report is also madé,of
a single trial of a new method suggested by Mr,G.R.Martin,

If 1% should prove possible to make 1t sufficiently
sensltive, this latter technique has interesting possibilities.
It should be insensitlve to the presence of traces'of atmospheric
oxygen - an advéntage which 1s not shared by mirrors of lead or
bismuth - and should be sultable for the wire technique.

 Iodine reacts very rapldly with alkyl radicals (38),
and 1s therefore a useful detector for them, particularly if a.
radloactive 1sotope (e.gz. 131 I, 7= 8 day) is employed.
However, because 1t 1s so volatile, 1t i1s not convenlently

applicable to beam detection. Its use might be possible,
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TABLE II

Fr_‘o o
He, at 25°C, in Keal/mole : AH, reaction
Radlcal Koa1 /o1 )
cal/mole
Rig) * 48L(g) —>RI(g) * Ag(a)‘
CHy 32,0 = 14,91 = 4.9 + O «12,19
CoHs 22,0 = 14.91 = «1 + O -8 (approxy

The value for ethyl lodide i1s not certain, as only
that for the 11quid (7.4 Kcal/mole) is 1listed in the literature
(136, 137). - From its heat of vaporisation at 72.3°C
(7.15 Kcal/mole), and by analogy with methyl lodide, for which
values for both states are listed, 1t 1s assumed that the value
used 18 correct to within one or two kilocalories,

Closely agreeing values for methyl radicél are given
in refs., 2 (32.0 Kcal/mole, calcﬁlated) and 43 (32.5 Koal/mole,
from experiment). Those for ethyl differ rather more, being
25,2 Koal/molef(ref.a, calculated) and approximately 22 Kcal/
mole (ref.135, from experimentf. The less favourable value
is used here.

The other values were obtained from references 136

and 1370
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however, 1f 1t ocould be "fixed" by some means which would lower
its effective vapour pressure without at the same time making it
impossible for the radicals to react with it,

It 1s known that clean metallic sllver is a very 3
efficlent method of removing elementary lodine from organic
solvents, and 1t was oconsldered likely that this could take
place also from aqueous solutions. If it 18 assumed that the
iodine depoesits on the silver as AgIl, a rough thermochemical
calculation should indlcate whether it could be removed by
free radicals. Sufficient information is now avallable for
the ocalculatlon of the heat of the reaction

Rigy *+ 48L(g) —> B, + Ag(y)
where R 1s either ethyl or methyl.

)

The caloulations are presented in table II.

Thus 1t would seem that both radicals are likely to
react with silver lodide. Of the two reactions, that of methyl
is probably the more favourable.

BISMUTH TRACER TECHNIQUES
PRELIMINARY EXPERIMENTS WITH Ral

In most previous applicatlons of the mirror technlique
the detector metal has been deposited on a glass or silica
surface and'has, moreover, been present in sufficient quantity
to be readily vislble. In the method now proposed the condltions
are very different, as a further extension of the numerical

example (p./02) will show.
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The total surface area of the wire is of the order
of 3;10-2 om.2. On this there are 5.108 atoms of 210Bi,

Thus the area of surface "oocupied"” by each atom is 6.,10"11

cm.e, 1,80 6,100 A2, The area covered by a single atom
of neutral bismuth (r= 1.46 A ) 18 6,7 A2 . The smallest

number of atoms needed to form a barely discernible trace in
atomic beam experiments with metals (cf. 106) corresponds to
a closely packed deposit of two atoms average thickness.

The average 1nacf1ve mirror used for radical detection will

usually contaln even more atoms per unit area. |

It was necessary, therefore, to carry out some
experiments to determine whether such a sparse deposit could,
in fact, be removed from a metallic surface by radicals. Ag
the same time this investigation waglof value in that it
provided an opportunity to gain some experience in the production
of radicals as well as thelr detectlon, and also of general
operating condltionsa, such as those required for the vacuum
handling of organic vapours. It has already been shown in
the previous chapter that special conditions arose in this last
connection, for the conventlonal type of mercury cut-off control
could not be used in the final arrangement.

Since 21981 was readlly available from "stale" radon
capsules, and inactive bismuth has often been used in the past
for radlcal detection, it was decilded to carry out the first
experiments with this material, 210pb (RaD) 1s dissolved, with
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some ordinary lead chloride as carrier, in dilute (0.2%h)
hydrochloric acid,. The daughter element 21°B1 will aécumulate
in this solution, and will have reached 75% of i1ts maximum
concentration within ten days of the purification of the lead.
The isotope purity of this bismuth will depend only on the amount
of bilsmuth impurity in the added lead carrier,

If a plece of clean nickel is then immersed in this
solution, 1t has been found (133 p.218; 138 p.52) that a large
proportion of the bismuth will deposit electrochemically on the
nickel, whereas the lead is almost exclusively left in the
solution. The presence of the carrier lead ensures that, 1if
any of the lead 1s deposited, the amount of RaD will be
relatively small,

Preparation of RaD Solution.

The source of RaD was two small glass capsules
obtained from Woolwich which.had, twelve months previously,
contained 1020 mc and 980 mc of radon, respeotively. They
also contained some charcoal, and were about one third full |
of mercury. It was necessary to carry out a preliminary
wot-way separation of the mercury from the lead, since mefoury
1s sald (139) to interfere with the anodic deposition of Pblo.
The procedure is further complicated by the necessity for
dissolving the charcoal, and the glass itself, in order to
ensure the higheat possible activity in the final solutions
It was found that a considerable proportion of the activity
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wasg retained by the glaas if i1t were merely ground up and
leached with a bolling mixture of concentrated nitric and
perchloric acids.

The procedure used was as follows:

1. The capsules were ground to a fine powder in a
mortar, and washed into a small beaker, The
%ginding was carried out in a "perspex" dust

Xe

2. Concentrated nitrioc acild, and some concentrated
perchloric aold, were added, and the solution
was silmmered for several days until all the
charcoal had disappeared.

3¢ About 50 mg. Analar quality lead nitrate was
then added and, after some further heating, the
solution was diluted and filtered. The flltrate
was s8et asilde, after first evaporating it to a
- 8mall volume,

4. The powdered glass, which was still very active,
was transferred to a platinum crucible, solid
ammonium fluoride was added, and the cruocilble
was heated, gently at first, until all the
ammonium fluoride had sublimed. This process
was carried out three times,

5¢ The residue was then fumed to dryness several
times with concentrated perchloric acid to ensure
complete removal of fluoride, a crystal of lead
nltrate was added, and the material was transferred
to a silioca evaporating dish, It was then fumed
to dryness several times with concentrated nitric
ao%d, and finally dissolved in a small quantity of
waicer,.

6. The two fraotions (3 and 5) were then transferred
to a centrifuge tube, and the lead precipitated
with a few drops of dilute sulphurie acid. This
was centrifuged lmmediately and the mother-ligquor
drained off. By this means most of the merocury
was separated from the lead.
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7« The lead sulphate, after washing, was dissolved 1in
a strong acid solution of ammonium nitrate formed
by mixing concentrated ammonium hydroxide with
excess of concentrated nitric acid, Solution was
rather slow., At this stage a test was made, with
a clean copper rod, for the presence of mercury,

8. The concentration was then adjusted to give a 15%
nitrio acid solutlion, and the lead was collected.
on a platinum strip by electrolytic deposition as
Pb0,. (2 V, about 0,2 amp. of. ref. 139).

9. This deposit was dissolved in dillute nitric acid
by the addition of a few drops of hydrogen peroxide
gsolution, The resulting solution was evaporated to
dryness, and converted to chloride by repeated
evaporation to dryness of 5N hydrochloric acld.

10, PFinally, sufficlent 0.2% hydrochloric acld was added
to dissolve the lead chloride, and the solution was
divided into three portions, which were stored in
glass contalners.
8ince each run usually lasted at least three to four

days, 1t~was therefore possible, by using each solution in
rotation, to ensure that sufficient time was allowed for the RaE
to accumulate before 1t was needed again,

Apparatus.

o " The vacuum was produced by means of a smell electrically
heated all-metal mercury diffusion pump (Edwards Type 3), backed
by an Edwards "Speedivac" single stage rotary pump., The pump
and gauge section, whioh was separated from the experimentéi '
section by the main trap is illustrated in figure 13. This
section was subsequentlj transferred to the new laboratory, and
used on the auxiliary or test, apparatus. The vacuum jackets
of the low temperature thermostats were connected to this

pumping system at A.
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The apparatus used for the first experiments is
illustrated in figure 1l4.

The main section consisted of a long straight tube,
about 25 mm. bore and 1 metre long, The small electric
heater (ggg.redncing furnace) next to the punplng lead was
formed by winding nichrome fape over asbestos paper on to a
cylindrical brases former., Its resistance was 22 L ,

The central Bl9 side arm held the small nickel ’
splral used for collecting the RaE from the solution. The
activity could then be evaporated on to a metal foll placed
underneath the spiral. Copper connections were provided between
the spiral and tungsten seal, This permitted adjustment of the
position of the spiral in the tube, while at the saeme time being
sufficlently rigid to ensure that the setting, once made, would
not suffer any unintentional alteration, The external leads were
agaln copper. All metsal connectiohs were made by sllver soldering
the ends of the wires 1nfp nickel sleeves. The external weill
was filled with soft wax to give mechanical protection to the
seals, A plece of mica was placed around the spiral in suéh a
way that 1t 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 further along the tube. The
mica, thickness 17 mg., om.~2, was supported by a circular brass
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platform which fitted over a "blown out®? section of the tubes
The rim of this "blow out" was ground flat. "Sucking in' of

. the mioca was inhibited by placing over it a brass guard ring
(see inset a, fig. 14). The whole assembly was held together
and rendered vacuum tight by means of Apiezon W ("black") wax,
Provielon was made for building a "castle® of lead bricks

round the counter and thls section of the tube,

To this end of the tube was attached a tube of
narrower bore, into which the silica pyrolysis tube Just
fitteds This also was sealed in with black wax, and was
fitted with a small heater = the pyrolysis furnace - narrower
in dlameter than the reducing furnace, but of similar con-
struction. )

Temperature measurmments on both furnaces were
carried out with a narrow gauge chromel-alumel -thermocouple,
connected through copper leads to a micro-ammeter. Junctions
were effected by means of silver solder. The arrangement was
roughly calibrated against a merocury-quartz thermometer.

The source of lead tetraethyl is shown attached.

The initial method of pressure control, by means of a scored
tap, was described in chapter III,

To the other side arm on the long tube, near the
sllica tube, was attached the hydrogen line. This incorporated
a discharge tube with conical aluminium electrodes for the
produotlpn of hydrogen atoms, a charcoal trap which could be
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immersed in liquid nitrogen if pure hydrogen was required,

and a system of taps, pinched nickel capillary leaks, bubbler,
and blow-off tube, to control the flow rate. Cylinder hydrogen
was used as a source of supply.

Subsequently, when a satisfactory thermocouple gauge
had been built, it was attached to the pumping lead at A,

This gauge was in use during the sodium fleme runs (6 - 14)
with methyl radlcals. For these latter experiments the

slllioca tube was removed, and the first type -of reaoction

chamber (fig. 10a) was sealed on in its place, A well type
reservoir, similar to that shown 1n figures 9 and 14, wasg again
useds This time 1t was isolated by just one tap, and
lubricated with "sugar" grease.

In most of this serles of preliminary runs the
pressure was governed by a rough éemperature control exerclsed
by attempting to keep the reservolr at approximately the same
height above a small quantity of liquld nitrogen in the bottom
of a Dewar flask. In one or two of the later runs (13 - 14)
the methyl lodide temperature was controlled by immersion in
an socetone-solld carbon dioxide bath, The ooﬁtrol me thods
described in the last chapter were not developed until some
time later. | J
Detector Preparation.

B The cholce of the metal to be used as the support
for the RaE 1s governed, in the first place, by two considerations.
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p
Firetly, the radicals must be able to remove the deposit from

this support. Secondly, it is preferable to deposit the
activity directly on to the wire, for it would seem unlikely
that a sufficiently high aotivity could be transferred from,
say, e nlckel wire to some other fine wire by vacuum evaporation.
This transference is, in general, only practicable when the
recelving esurface 1is lérge, although a technique has been
proposed (140) in a recent publication which might be adaspted
for the transfer to smaller surfaces. Alternatively, it should
be possible to deposit RaE on to any metal by an electrolytic
method, provided that none of the many interfering ions are
present, This would be most sultably performed by the eleo~
trolysis of a carrier free solution of pure RaE, A method for
the preparation of such a solutlon 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,

Nickel is the most obvious choice in the firet place,
a8 has already been indicated. But should it prove difficult
to remove the activity from it, platinum could be used. A
method has been published (142) by which bismuth and polonium
can be collected on a platinum surface which has been saturated
with hydrogen.

8ince, therefore, i1t may have proved necessary to try

& number of metals as support for the RaE, the apparatus had to
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be arranged, as described, so that this could be done. Folls
were used, for it is easlier to evaporate a useful activity on
to a large surface, and, besides, a variety of metal folls was
avallable in the laboratory.

The design of the apparatus requlired that the foil
could be moved from place to place along the main tube between
successlve operations. This was achleved by means of the little
mild steel "trolley" illustrated in figure 14, inset b . The
foll was silver soldered to a length of 0.5 mm. tungsten wire,
bent as shown. This bend served to support the foll at a fixed
distance from the walls of the tube, and hence from the counter
when measurements were being taken, It was necessary that the
supporting wire should be thin, so that the area exposed to the
evaporating RaE should be small compared with the area of the
foll, and long to ensure that little activity was received on
the trolley. The leéngth was also arranged so that the trolley
projected from the lead castle, This permitted the adjustment
of the foll without the necessity for removing the'oastle. The
trolley was moved from outside the tube by means of a small
permameht magnet, The posifion of the foil under the counter
was defined by a scratoch mark on the tube,

The sequence of operations was as follows:

With the apparatus evacuated, a stream of hydrogen
was pumped by way of the liquid nitrogen cooled charcoal trap,
and sufficient current was passed through the nickel spiral to
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railse 1t to a red heat. This ensured a clean surfade. The
epiral 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, for it seemed to be
very difficult to remove the last traces of flux from them.
Interaction of the flux with the lead eventually proﬁuced

a deposit at the bottom of the solution, and this had the
effeot of reducing the amount of available RaE in the solution.
Thus the solutions had to be re-~treated from time to time.
Spot-welding, rather than silver soldering, of the wires would
obviate this diffioculty.

The rate of deposition depends, for a small area of
nickel and a large volume of solution, on the rate of diffus;on
of the RaE to the surface. Immersion for periods as short as
half an hour without stirring was found, however, to give an
adequate activity. The spiral was then withdrawn, washed with
water and alcohol, dried with a current of warm filtered alr,
and 1ts activity was checked by placing 1t momentarily under a
counter, It was preferable that the activity should, at
this stage, be sufficlent to "Jam" the scaler, i.e. > 40,000¢/m,
when the wire was several centlmeters from the counter window,

The spiral was then replaced in the apparatus, the
trolley with its attached foll was inserted through the end B24
Joint, and pumping was re-started. The foll was then mailntained
at about 500 to 550°C, by means of the reducing furnace, in a
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stream of purified hydrogen for at least half an hour. It
was then moved into position under the mica window, and the
background count was recorded as thé last of the hydrogen
was being pumped awaye.

The foll was then moved back to a position directly
under the spiral, which was electrically heated to a dull red
for a maximum of about 6 minutes. The "background" was again
counted, the foll was returned to 1ts position under the counter,
and the experimental run was begun. ,

In the last two runs (13 and 14) with this apparatus,
the foll was replaced by a loop of nickel wire. The RaE was
then deposited directly on the loop, and the procedure waé
modified.acoordingly.

Testing Procedure.
o Two sets of experiments were carried out with this
arrangement,

The results of three of the first set (runs 2, 3, 5),
using ethyl radicals from lead tetraethyl, are shown in figures
15, 16, 17. The annotations indicate the operations which
were oarrlied out during these runs, Times were taken from
the laboratory clock, Each deposit was used until the activity
became too low (~ 1000 to 2000 c¢/m) for convenient measurement
with short counting times. One or two minute counts were
preferred, with the proviso that a 1% statistical accuracy
(10,000 total counts) was aimed at, The results so obtalned
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were corrected for the "normal'" decay according to the procedure
set out on page /05, and plotted as shown. No correction was
made for counting losses at high counting rates. The usual
counting arrangement was used, but one or two minor variations
in procedure should be noted.

It was shown that movement of the trolley, for the
purpose of taking frequent background counts, was not desirable
as 1t was very difficult to replace 1t in exactly the same
position each time., These slightly differing positions showed
up a8 excessive deviations of the recorded count from the value
fo be expected from the "normal" decay rate. Binoce, in these
early experiments, the control over radical intenslity was not
good, 1t was declded to neglect the background count in the cal-
culation of the results, That this makes comparatively little
difference, particularly at high counting rates, can be seen in
figure 15, where the broken line was calculated after first
correoting the activities with reference to a background count
taken at the end of the run, The baockground at any given time
was calculated from the observed figure by assuming that it
arose, for the most part, from RaE contamination on the inside
glass walls, and applying the 5 day half 1life correction. In
all other curves, where the background has been neglected, the
percentage drop in activity will appear to be slightly less
than it really 1is.
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It was found, also, that the starting voltage of
these commerclally made counter tubes had a very high temperature
coefficient, being upwards of 80 v for a 5° (C) rise in room
temperature. A standard source superposed on the foll activity
would be of little value because of the large counting losses at
high rates of count. It was therefore assumed that the counting
rate at a given position on the "plateau’, relative to the
starting voltage, would be reproducible from day to day within
a sufficlient degree of accuracy. Before each count, therefore,
the counter voltage was found for which the counting rate was
approximately half the "plateau" counting rate, and the
measurements taken at a setting exactly 100 v higher than this,
This procedure was possible because the "plateau" extended over
gome 250 v, and the operating voltage was thus well away from the
ends of the plateau. This "half counts" voltage was chosen in
preference to the starting voltage, for the counter characteristic
curve changes very rapidly in this region, and the reference

point was thus more closely defined. When this technique was

‘used, it was found that individual measurements remeined within

the expected statistlcal error unless some.other chemical, effect
was ococurring.

The sequence of operations was decided during the
couree of the eiperiments, and was altered periodically in order
to check on the possible causes of the phenomena observed. The
result of the possible operations on the decay rate, when lead
tetraethyl 1s belng used, should be as follows:
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1. "Normal" 5 day half life when the vacuum system
~ 1s shut down. If appreclable amounts of RaD
are collected, this should not be so,.
2e Again, norﬁal half life on continuous pumping,
with the reservoir tap shut, whether the
pyrolysis furnace is hot or cold.
3e Continuous pumping, reservolr tap open, pyrolysis
furnece cold - still no effect.
4. As in 3, but pyrolysis furnace on - linear drop
in activity, with slope dependent on radical
concentration.
However, 1t is well known (of, 41) that traces of
oxygen inhibit the removel of lead or bismuth by radicals.
The standard technique for overcoming this, when the mirror
is deposlted on the walls of a tube, is to move the mirror up
énd down the tube a few times by gently warming it in a stream
of pure hydrogen gas. Although this is not possible when the
"mirror® i1s deposited on a wire or foil, it 1s said that
hydrogen atoms from a discharge are equally effective. The
dlscharge tube shown in figure 14 was 1nstg11ed for this purpose.
Finally, therefore, it was necessary to investigate
5. The effect of discharge alone on the activity
should not be large, but 1t might facilitate the
removal of the activity by radicals.
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When 1t had been shown that ethyl radicals would
remove at leasat some of the activity, and a possible explan-
ation obtained for some other of the observed effects, the
whole experimental section of the apparatus was taken down
and thoroughly cleaned. After it had been re-assembied,
pumping was ocontinued for a period of two to three weeks,
before the second set of experiments was begun, (1.e. with
methyl radicals produced by the sodium flame technique).

The combinations of operations investigated were
simllar to those outlined for lead tetraethyl. In some of
the runs, particularly when tests were being made of the effect
of the discharge on the activity (no radicals), the nlckel
foll was replaced by a platinum one, Figures 18 and 19
(runs 13 and 14) represent the results obtained for the action
of methyls on RaE deposited on a loop of nickel wire.
Discussion.

o Although they differ in detall in numeroue respects,
the curves shown in figures 15 - 19 have ohe important feature
in common. In most of the cases where a sharp initial drop
was obtained - presumably by radlcal attack = only a proportion
of the activity was removed, and the sharp drop was followed
by a "talling off",

Thus, although there is some slight indication from
the sodium flame results that the initiasl slope does depend on
the methyl intensity, the other condition for the use of this
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method as a beam detector is not fulfilled, at any rate under
the conditions which are obtained in these experiments. That
is, 41541t is not constant, Indeed, 1n some cases
the "talling off! occurred as the methyl iodide pressure was
inoreasing.

In these experiments the conditions were continuously
adjusted so that a slight haze was always visible in the reaction
chamber when it was illuminated with a sodium vapour lamp. That
ls, the condltions wefe,always of slight sodium excess. S8ince
the ocapillary through which the sodium emerged tended to become
blocked with sodium lodide deposit, the methyl lodilde temperature,
rather than the reaction temperature, should be taken as a rough
indloatlon of the relative radical intensities. Thus in figure
18, the radical intensity in curve a (-66°C) was probably greater
than 1t was in ocurve b (~71°C), It should be noted that, at
these temperatures, methyl liodide 1s so0lid. Thus the extra-
polation prooedure mentioned on page 7/ can only give, at best,

a very approximate 1dea of the probable vapour pressures.
Bearing this in mind, the pressures at these two temperatures
will be of the order of 2,1 and 1.4 mm.Hg. respectively.
However, the pressures in the reaction chamber were sure to
be much less than this, for the methyl iodide was pumped
through some 14 cm, of capillary tubing with bore rather less
than 1 mn, The thermocouple gauge indlcated pressures of
10~3 mm,Hg,
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There are a number of possible explanations of the
"tailling off% process, Firstly, it may be that small traces
of oxygen are in some way being continuously introduced into
the system, and that this oxygen progressively reacts with the
bismuth until the stage 1s reached when 1t 1s no longer posslble
for the radiocals to react with it, If this 1s s0, treatment
with hydrogen should regenerate the surface, which would then
be avallable for further reaction until i1t once more became
oxygenated. Some of the results with methyls could be taken
to support thls explanation. No barticular precéutions 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 until no further
bubbles were evolved on re-melting. This 1s usually taken to
be sufficient, but the amount of RaE 18 so small that very slight
traces of oxygen could cause the effect.

Curve a in figure 18 might indicate that the methyls
remove the activity but only very slowly, when they are not
preceded by hydrogen atom treatment, This 1s shown again in
the latter part of curve b On the other hand it can be seen
(curves b and o) that previous discharge treatment results in
a much sharper fall, whose slope also varies in the expected
direction with methyl l1odlde temperature, The same effect
can also be seen in figure 19, Moreover in 19b it can be seen
that a second sharp drop 1s obtained when the discharge treatment
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18 applied after the first "tall® has been reached. In
this ocurve can also be seen an example of a phenomenon which
sometimes ocourred in the precedlng runs with folls, whose
results are not shown. Discharge treatment by 1tself can
give rise to & drop in activity. This does not happen every
time, and 1s usually not very large. It cannot be ascribed
in all cases to the formation of radilcals in the discharge,
even though thils explanation could be advanced for the last
steep drop in 19b. In some of the earlier runs this effect
was obtained before any methyl 1odlde had been introduced
into the systeme It may be that the discharge, whose
conditions of hydrogen flow rate were not exactly reproducible,
sometimes produced atoms in sufficlent quentity to cause
appreciable heating of the foll and thus evaporate the bismuth,
It is sald (ref. 41, p. 48) that this metal does not form a
hydride by dlrect reaction with hydrogen atoms, |

Evidence which appears to be in contradiction with
this oxygen hypotheslis 1s presented, however, by the curves
from the lead tetraethyl experiments. In figures 15 and 16
a number of examples may be found of sharp drops which were
not preceded by discharge treatment of the foil. Indeed, in
15b, the initial portion of the curve shows what occurred when
an alr lesk developed in the reservoilr tap. The curve did
indeed flatten out, and only the normal decay occurred during

the time when the whole system was at atmospheric pressure
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while the tap was re-greased. Immediately the vacuum was
restored, however,vand the lead tetraethyl was once more
being pyrolysed, another sharp drop, although smaller, was
obtained. This one occurrence by ltself seems to cast
considerable doubt on the validity of the oxygen hypothesls
(cf., however, figure 17a).

Alternatively, this "talling off" could be
explained by assuming that, in addition to the volatile
metal alkyls whose formation 1s reapohsible for the decreease
in activity, some are formed which are relatively involatile
and prevent any further reasctlion by "clogeging" the surface.
Discharge treatment could then perhaps generate sufficilent
heat to volatilise these compounds. This is quite feaslble,
particularly for methyls, for Paneth (19) has recorded that
the compound _(Bi(CH3)2) 0 has been 1solated as a product
of the reaction of methyls with a hot bismuth mirror. It
is not inconceivable that small traces of this compound are
formed on a mirror at room temperature, No similar compound
seems t0 have been 1solated in the case of ethyl radicals,
although only a very small amount would be meeded to
explain the results. This explanation is very difficult to
prove or dlsprove with the availlable data, although, once
again, the initial portion of figure 15b is difficult to
reoonclle with 1t, unless the supposed involatile material
1s destroyed on ocontact with the air, If, however, the
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explanation i1s that involatile ethyl compounds are not formed,
some other explanation for the "talling® off must still be
éought.

A third possible explanation is assoclated dlrectly
wiph the sparse distribution of the bismuth atoms on the
surface, With the folls thls 1s even greater than was
indlcated by the numerical illustration previously given in
this chapter. The surface area of the foil waas of the order
of 1 em.2, Thus, even with a counting rate of 40,000 ¢/m,
and a counting efficlency of only 1%, the area occupled by
each bismuth atom turns out to be of the order of 2,105 A 2,
Even 1f this amount of activity were deposited on the loop
(about .2 mm, diameter, 2 cm. length, i.e. surface area
0513 om;z) the area per atom comes to about 3.10% A 2, It
is very likely that thése atoms will not be uniformly spread

out over the surface, but will coalesce t0 form small aggregates

of varying size. The radicals, which are themselves not so
very much bigger than the atoms, will strike the surface at
random, Thus, unless some surface migration process takes
place, only a proportion of the radicals will react with the
detector, and as this 1s removed, the number of avallable
reaction centres will decrease, with a consequent reduction of
the rate of activity decrease. This hypothesis would give
rise to an explanation of the form 'd’%[f =—-AT fV)

(ef. p. /04), where £(N) 1s the relationship between the
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number of RaE atoms on the surface (N) and the number of
reaction centres. This would £t in with the shape of
the ocurves quite well, provided that, in addition, 1t was
rostulated that a certailn minimum size of aggregate of
blsmuth atoms 1s necessary before reaofion can take plaoce,
Otherwise the curve should not completely "flatten out!
until a large proportion of the activity was removed.
Then discharge treatment could have the effect of re-
distributing the remalning atoms on the surface, and thus
create fresh reaction centres.

This hypothesis by itself does not, however, account
for the inference to be drawn from curve a, and the latter
part of curve b, in figure 18 -~ that a discharge seems to be
necessary before methyl radicals will cause a sharp drop in
activity. None of these explanations accounts satisfactorily
for the phenoména shown in figures 16 and 17 where, with
comparatively low ethyl oconcentrations, a relatively steady,
but slow decrease takes place over quite an extended period of
pumping and even, in one instance, overnight when the pumps
were shut off,

The possible causes of this low decrease require sohe
further explanation, It occurred 6nly during these early ethyl
runs, and usually only when the long "test" ohamber was being
contlnuously pumped. As a general thing the last count at
night, after the pumps had been turned off, and the first count
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next morning, before they were started agaln, gave evidence
that only the "natural® rate of decay had taken place. Two
separate factors gave rise to this phenomenon. Firstly,
concentrated sulphuric acid had been applied to the walls

of the dlscharge tube, Secondly, the taps shutting off the
reservolr had been lubricated with Aplezon grease,which very
rapidly absorbed an appreclable amount of lead tetraethyl,
particularly when the reservoir had been left at room temper-
ature. Thus, even when the tap was shut, the lead tetraethyl
diffused through the grease in sufficient amount to give an
appreociable concentration in the pumped chamber. This could
then react with the acid (143), ylelding lead sulphate and
ethyl radicals.

In one small pool of the acid which had collected,
indeed, a white crystalline solid was observed, and was shown
to be lead sulphate. Thus, when the system was being pumped,
the radlcals were drawn over the foil and removed the actiyity.
Under stationary conditions an equllibrium state was set up
and most of the radicals were probably destroyed before
reaching the foil. This, then, can acocount for curves
16b and o (run 3). However, before run 5 (fig.17) was
carried out, the sulphuric acid had all been washed out,Q
and the apparatus cleaned. The decrease stlll occurred
(f1g.17b). That this was in some way connected with the
lead tetraethyl is shown by ounves 17c¢ and 4. These show
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a slight, but nevertheless real, decrease even when the lead
tetraethyl reservoir had been removed altogether, and the
sllloca tube blanked off at 1tq ground Jolnt by means of a
sealed off socket. Moreover, when the use of this substance
was dlsoontinued altogether, the apparatus was thoroughly
cléaned and subjected to several weeks pumping. In subsequent
runs 1t could be assumed that all traces of lead tetraethyl had
been removed. The loss in activity then followed the natural
decay curve unless methyl radicals were‘present.

It might seem then that the lead tetraethyl could
react with the bismuth even when thefe was no apparent means
of producing radicals from 1it, No further attempt was made
to follow up thls interesting side-line. It would be of
interest to investigate, some time, whether this 18, in fact,
a real effect. For the immediate task 1t was taken to be
the final argument in deciding t0 seek some other source 6f
radlocals.

Although these results indicated that further
development was needed before the "wire" form of detector
could be accepted as satisfactory, it was considered that
this development might poseibly be fruitful. Attention was
then turned to the construction of the beam apparatus, for
i1t seemed that this would offer the best chance of obtaining
a controlled varlation of intensity which could be used to

check whether the slope of the "decay" ocurve really depends
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on the radical intensity. In the design of this apparatus,
therefore, provision was made for the introductlon of hydrogen
atoms into the target chamber, and for a device on which the
wire could be mounted and traversed across the beam. Attention
was also pald to the question of preparing samples of sodium and
| of alkyl lodide which were oxygen free.
AUTORADIOGRAPHIC TECHNIQUE
‘ "This technique has recelved comparatively little
attention for, in addition to the doubts ralsed on page /76,
the results discussed in the preceding section apply to this
also, For this technique the most significant observation
is that only a small proportion of the activity was removed
before the rate of decrease "tailed off"., Unless, therefore,
the conditions could be arrahged 80 that all the activity was
removed by a sufficiently prolonged radiocal treatment, the
technique would not be satisfaotory. A reduction of even
30% in activity along a very narrow strip in an area of
otherwise uniform activity would not yield a photograph of
very great contrast, and the fine detalls of intensity
variation would be difficult to pick out.

A few exploratory investigations were performed to
find out something about the best conditions for obtaining a
uniform deposit and a satisfactory photographic image at the
end of an experiment, but no separate test was made of the

abllity of radicals to remove this deposit. A few runs were
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also carried out in the beam apparatus, to try out the operating
procedure.

For the radloactive deposit 1t was decided to simplify
procedure by using the whole of the active deposit from thoron
(¢£.133). This consiste of a mixture of 1sotopes of lead,
bismuth, polonium, and thallium. The first two are known to
be attacked by radicals. It is possible that the other two
wlll .also be attacked, but this 1s not important because of
their very éhort half lives. The decay scheme 1is

TAC'(ZRPO)
31\ N
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This deposit has the advantage that 1t emits the
particles required for the production of a good autoradiograph
and at the same time there 1s an adequate flux of 4 and [
radiation which permits a rough preliminary check on the
deposlted activity by means of an ordinary end window counter,
This is very useful for the estimation of photographic exposure
times. It has the disadvantage, however, that its half life
is only 10.6 hr, Because of the required operating procedure
the activity must still be sufficlent to give a good photographic
imaege at least 50 to 70 hours after the target has been removed
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from the emanating source, that is, for at least five to seven
times 1ts half life. Thus the initial activity must be of the
order of 100 times the activity finally required for the auto-
radiograph. An activity of about 2,000 ¢/m when the target
was about 1-1/4 cm. from the counter window gave a useable
photographic density after two days exposure (cf.a.fig.2l).

Small pleces of Ilford C2 Nuclear Research Plate
were used. This type of emuleion has the advantage that it
1s sensitive to & -particles while being relatively insensitive
to other types of raediation, including light. Thus advantage
could be taken of the sharper resolution offered by & -auto-
radiographs (cf.134), and a fairly bright green safe-light
(X~-ray type) could be used. Because of the low penetration of
these particles into the emulslon, only a short development time
was necessary (maximum of 4 to 6 minuteé at 18°9C, of. ref.134),
using developer solution ID19, Because of the thickness of the
emulsion, a relatively long fixing time, of at least 30 minutes
agltation in IF2 solution, was required. The emulsion was then
washed in running tap water for at least an hour, and stored
vertiocally until dry. For these preliminary investigations no
speclal precautions were taken to ensure that the target did not
move on the emulsion during exposure. They were simply lald
together and stored in a cardboard photographic plate box.

Two other condlitions must be satisfied. Firstly,
materials which can cause the pseudophotographic effect must be
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avoilded (ref.l34, p.9), even though it 1s said that this
effect 18 not of particular importance when nuclear type
plates are used. Hydrogen peroxide, which is sald to be
the cause of this production of an image in the absence of
lonising radlations, 1s also sald to cause a fading of the
latent image in thls type of emulsion, Lead, copper, brass,
iron, silver, nickel, and cobalt are sultable materlals,
Posslbility of corrosion makes iron, and even copper,if it 1s
accldentally touched wlth the bare fingers, unsuitable, Lead
1s too soft. It was declded, therefore, to use nickel,
Secondly, the best resolution 1s obtained when the
active surface has the largest posslble area of contact with
the emulsion. To a close approximation the central portion
of a nuclear plate is of uniform thickness, Consequently, 1if
the edge sections are rejected when the plate 1s cut up, 1t
may be assumed that the.emulsion surface 1s flat. It was
therefore necessary to ensure that the target surface also
was flat, Thie was done by lapping on a flat piece of plate
glass, first with fine carborundum then with "Sira" abrasive.
Sheets of nickel of sultable thickness were not available:
Therefore the target (fig.20a) was made of copper sheet, which
was lapped before nickel was plated on to it. Since the nickel
was deposited on both sldes of the copper base, the "bimetallic
strip" action was minimised, and the target remained sensibly

flat over the whole range of room temperatures encountered.
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Emanating Source.
A small amount of solution contalning ferric iron

aend radiothorium dissolved in hydrochloric acld was avallable
in the laboratory. On addition of dilute ammonium hydroxide,
the ferric hydroxide carried down with 1t the radiothorium,
This was filtered on a pad of filter paper pulp, washed, and
pushed out, pad downwards, on to a small "dieh" made from a
plece of gold foil.

Two types of glass "emanating source chamber! were
used (£1g.20)., Both were fitted with leads so that a
potential difference could be applied between the gold dish
and the target, if desired. The target lead, which served
elso as 1ts support, was provided with a amall cross bar
which fitted into the curled "hook" on the top of the target.
It was arranged so that the target could be put into place
wlthout the need for too much force, yet was held firmly once
in place. This support was made from 1/8" brass welding rod,
and was waexed into the narrow tube at the end of the ground
glass cone, Connection was made to the gold dlsh by means

of a "spring" of fine tungsten wire, silver soldered to another

plece of welding rod. Thie rod was also waxed into its side
arme In both arrangements a single thickness of "Andrex"
tollet paper was placed over the gold dish to ensure that only |
gaseous molecules could reach the target. The ground joints

were lightly greased with veseline, to ensure that no apprecilable
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amount of thoron escaped into the atmosphere, At the same time
thils helped to preserve the ferric hydroxide in a damp condition,
thus preventing it from "ageing! prematurely.

The first arrangement (fig.20b), with the target

hanging vertically over the source, was falrly satisfactory
as long as no potential was applied (fig.21d). Since an
electric field caused all the activity to collect along the
bottom edge (fig.2lc), the second arrangement (fig.20c) was
tried. This was only partially successful (fig.21lb).

With the first, vertlcal, arrangement, a rough check was
made of the effect of the applied voltage, and its sign, on the
activity collected. The results are shown in table III, and are in
qualitativé accord with expectations.

TABLE III
E. eXposure | 577 1% of max.
arget{Volts on t {activity}backeround} for c/m for
target {hrs, min,! c/m o/m t=0 { t=0m '
II 0 16 35 2793 17 66.5 4187
EI -Eg to |17 35 | 9222 - 68.5 13450
I [+130 to |25 40 632 17 81,0 776
+150

Each activity was measured by hanging the taréet in
roughly the aéme position on a fixed support in front of a Ge.E.C.
counter which was lald on its side on the bench. No lead

shielding was employed. The percentagesshown in the second
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last column were obtained graphically, assuming a 10.6 hr,
half 1ife. A rough check, over an eight hour period with
target II indicated that this was correct.

These results indicate that the application of a
negative potential to the target greatly increases the
collecting effiolency. However, slnce thls destroys the.
uniformity of the deposit (fig.21lb and ¢), it i1s probably
better to use a more active source with no field than to
attempt to shape the target in an attempt to achieve a more
uniform field distribution.

One other small point was investigated, In order
to obtaln some guide to the resolution attailnable, a short
length of fine nickel tape (cross section ,03 x .005 mm.)
was placed across a target prior to exposure over the emanating
source, with no field. The tape was fixed in place with a
touch of soft wax, applied to the back of the target. Prior
to the photographic exposure, the wire was removed. Figure
214 indicates that little of the activity deposited under the
wlre, and that the resolution promise& to be reasonably good,
provided that‘the surface migration effect turned out to be
not too large,

However, the preliminary experiments with RaE seemed
to indicate that a reasonable proportion of the activity might
be removed only by the applloétion of repeated discharge treat-
mente., Operational trials (see next chapter) with the beam
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apparatus indiocated that this would be far from convenlent, for
a satlsefactory beam is only to be achieved when a good vacuum

( * 10-6 mm.Hg.) i1s attained, and every hydrogen discharge
destroys the vacuum. This takes at least 15 to 20 minutes to
restore.

It was decided, therefore, to discard both of these
radloactive methods for the time belng, and to search for some
alternative detector which does not need any "sensitising'
treatment once it has been installed.

OTHER TECHNIQUES

AUXILIARY APPARATUS

o At the ciose of the RAE experiments i1t became necessary
to transfer the apparatus to another 1aboratory,_ In the course
of the move it was re-designed so that it would take up less spacs,
and at the same time be adaptable to a wilder variety of purposes.

All the subsequent tests were carried out with this system, which

is referred to as the test or auxiliary vacuum line.

The pumping unit (£1g8.12) was as before, and the hydrogen
line (fig.14).was much the same, with the exception that the
ocharéoal trap was subsequently removed. The taps isolating 1t
were, however, left in place, ﬁnd a glass socket (B,14) was
sealed to the tap on the discharge tube side. A needle valve
could then be inserted -in the hydrogen line if it was desired to
control the flow rate when, for instance, vacuum gauges were to

be calibrated.
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The new test section consisted of a glass bulb, of
approximately 700 cc. capaclty. It 1s shown in figure 22,
Targets were inserted through the top B.24 socket, and were
supported by a "ocrocodile" oclip which was waxed to a glass
rod sealed to the corresponding cone (fig.22b). The source
of radlcals was similar in construction to the source used in
the beam apparatus (fig.10b). It was attached to the B,29
slde arm by means of a B,14 - B,29 adaptor with an "extended"
cone, Subsequently the B.,14 Joint was omitted. In its
place a constriction of comparable dimensions was formed.

This obviated the necessity for a greased joint so close to the
heated zone. The alkyl lodlde supply line was simlilar to that
described for the main apparatus. The first model thermocouple
gauge (p. 83 ) and the esecond model low temperature thermostat
(pe 73 ) were used. Bodium was, however, distilled directly

into the end of the sodium chamber. With this deslign the sodium
tended to condense on the sldes of the reactlion chamber during
the distillation. In order that the resonance light could be
seen during the reaction, thie fllm of sodium was moved to nearby
glass surfaces by gentle heating with a small flame. During the
reaction, the sodium was heated by a small electrical heater of
conventional design (see p.//3). The reaction chamber was kept
warm by a few turns of nichromewire in series with the sodium

furnace. Taps and Joints on this section were lubricated with

sllicone grease.




It was found to be desirable to make some provision
for the "working" of the joints nearest to the reaction chamber,
This was achieved by incorporating a glass spiral in the alkyl
1odide supply line between the reactlon chember and the "buffer!
bulb, After the radical source had been put in place the alkyl
lodlde line was sealed together with the spiral in slight
compression so as to compensate for the tendency of the silicone
to flow out of the Jjoint. This spiral was shaped as a very flat
. double cone. This shape gave 1t more stabllity unmier compression
than 1s possessed by the more usual helical form.

No one particular point was used for connection with
the other arrangements used for special purposes, such as the
preparaetion of alkyl 1odide and sodlum samples, or the callbration
of the thermocouple gauge (chapter III). Point B (f1g.13) and
either of the two sockets (fig.22) were the points of attachment
most frequently used. The choice was declded according to the
other operations being carried out at the time.

In the first of these spherical test vessels a mica
window, similar to that shown in figure 14, was provided at
A (fig,22). This window was later omitted. |
MOLYBDENUM OXIDE
o Melville and Robb (48) have observed that radicals
produce a blue coloration in molybdenum oxide. Since they
claim that ethyl radicals are 0.38 times as effeotive as hydrogen
atoms in thls regard, 1t was considered that this might prove to
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be & useful qualitative detector. They glve no figure for

methyl radicals, but the indication from the present tests is

that they are less effective. In agreement with these authors

(48b, 49) 1t has been found that the sensitivity of thils material

as a detector does depend on 1its "previous history'. The

coloration, as with that produced by hydrogen atoms, does not |
persist on exposure to alr (cf.1l14). The time taken for it

to fade seems also to depend on the method of deposition of the

oxide.

Initially, the deposit was formed in a very simple
manner (of.144). Some powdered molybdenum oxide in a silica
cruclble was heated with an oxy-gas flame to a temperature in
excess of 1ts melting point (795°C, ref.145). The surface to
be coated, usually a plece of microscope slide, was held in the
emoke of subliming oxide above the crucible until sufficient
thickness of deposit was obtailned. This deposit was rapldly
turned blue by close proximity to the edge of the flame,

Subsequently a system of electrical heating was
employed in an attempt to obtain a more uniform and coherent
deposit, A length of "Kanthal! resistance wire was formed into
a cup shaped spiral, whose dlameter was adjusted so that 1t fitted

closely round a small silica "test tube", of about 15 mm, bore and
2-~1/2 em., length. This contained the molybdenum oxide. This
unlt was suspended inside a cylindrical»glass envelope with the
top of the silica tube about 1 cm. below the rim of the envelope.
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The intervening space was packed with pleces of asbestos,

The heater wire was protected from the molybdenum oxide by

means of a mice annulus which covered the entire space between

the sllica tube and the glass envelope. On top of this, wet

asbestos pulp was bullt up to form a tight seal, leaving the |
orifice of the silica tube at the bottom of a shallow wells

A rectangular hole was cut in another pilece of mica, which

served to support the mlcroscope slide on top of this device,

and at the same time to shut out stray air éurrentg which would
otherwise disturb the homogeneity of the deposit.

If the temperature of this arrangement was brought
up gradually to a bright red heét (approx. 800-850°C), a
coherent deposit formed on the glass slide without cracking it.

If the slide was placed too close to the orifice, the resulting
deposlt was hard and almost clear, as though the oxide had
condensed as a liquid, and subsequently crystallised. This

wag found to be unsultable for detection purposes. Insufficient
access of air, as with heating in vacuo, was found to result in
the formation of the blue coloration. With this arrangement,
however, the deposlt was always white,

These deposits were shown to possess a gréater sensltivity
to radicals than that obtailned by the original method, and the blue
coloratlon was much more stable on exposure to the atmosphere.
Although fading is appreclable after several monthe, little change
was noticed in the space of a week. The contrast in light valuéa
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is not good, but it 1s possible to obtain photographic
reproduction of the "radical blue", as shown in figure 23.

The uniformity of deposition is much better than that obtained
in the first method, although in this last respect there is
stlll some room for improvement.

It was hoped that, 1f this deposit proved to be
sufflciently uniform and sensitive, the beam could be detected
as a vieible trace. It i1s claimed (48) that every radical
colliding with this material is captured by it. Therefore 1t
would appear that, as long as the radicals continue to reach
the target, 1t should only be a matter of time before a trace
was produced by even a weak beam, This method could not very
easily be made quantitative, but it could show qualitatively
whether an inhomogenelty was producing a broadening of the

beame

Reactlion with Ethyls.

N For the breliminary tests one corner of the deposit
was covered wlth another, smaller, plece of microscope slide.
By this means 1t was possible to detect quite small changes in
coloration,

Before setting up the sodium flame system, a preliminary
trlal was made by pyrolysing lead tetraethyl in a silica tube.
This was waxed in to a B.29 cone, and attached to the test bulb,
With the reservoir held at between -8 to -149C, the thermocouple
gauge registered pressures from 10~1 to 4.10~2 mm,Hg. The heated
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zone was maintained at 4200C, and the total distance from heater
to target was 29 om. Appreclable blueing was obtained within a
few minutes, and steadily became more intense, although it was
only a pale pastel shade, which faded rapidly on exposure to air,
The trlals with the sodium flame apparatus were carried
out under conditions roughly comparable with those obtaining ih
the beam apparatus, The lodide supply line was, however, rather
longer because of the spiral, and ®0 it could be expected that
the pressure drop from the "buffer" vessel (to which was attached
the thermocouple gauge) to the reaction chamber would be greater
on the test arrangement, particularly in those experiments which
were oonducted with no slit between the reaction zone and the
target, Thus, although the ethyl lodide temperature was about
the same (~ -72°C = 0,2 mm.Hg, pressure), the sodium temperature

needed was low ( ~ 250°C = 2,103 mm.Hg. pressure). Further,
since the pumping system was not as efficient, the pressure in the
target space was higher ( ~ 10~4 mm.Hg. on the McLeod gauge).

As a oonsequence the mean free path would be shorter, and thus
there was a greater probability that the radlcals would be

reacted before they reached the target. All of these faotors
would tend towards ylelding a maximum estimate of the probable
"appearance time" of a trace in the beam apparatus., As against
this the distances from the tip of the ethyl ilodide jJet in the
reactlon zone to the target were 22 cm. in the test arrangement

and 35 cm. in the beam apparatus. For those tests where a slit
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was waxed to the flat end of the B,29 extension, the slit to
target distances were 10-1/2 om., and 29 cm. (source slit)
respectively,

This test slit was of very simple construction., A
small dlsc was cut from duralumin sheet. Its dlameter was
Just equal to the outslide dlameter of the glass extension
plece. A slot, about 3 mm, x 2 mm., was cut in the centre
of this, and over it were waxed two pleces of razor blade
whose sharp edges formed the slit jaws, These were arranged
by eye to be roughly parallel, and of the order of O,1 mme
apart.

If the radical concentration deviates, as 1t surely
will, from the inverse square law in the test arrangement, this
deviation will have the effect of increasing the appearance time
of the blue coloration.

Thus, on the assumption that the inverse asquare law
holds for both the reepective slit to target dlstanoes,-it is
estimated that the beam trace appearance time will be, at a
maximum, seven times the appearsnce time for the blue coloration
when the slit is in the test apparatus,

The appearance times recorded in the following pages
are not to be relied on too closely, for the first visible sign
of coloration is difficult to detect. A much greater number
of trlals would be required before the accummulation of experience

made 1t possible to place any real confldence in the figurese
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Melville and Robb used a photometric device for following the
change, but this could only be applied with difficulty to the
detection of & narrow streak of blue in a large expanse of
unchanged white background, such as was expected to be the
result with the beam, It was decided, therefore, to rely

on visual observation for a beginning. _

Desplite these limitatlons, some interesting deductions
were possible. As soon as the experiment with pyrolysed lead
tetraethyl had confirmed that detection of ethyl radicals was
possible with this technique, an unsuccessful attempt had been
made to detect these radicale in the beam apparatus, both at
the detector position and at a position jJust in front of the
source slit, in the collinator chamber., Radlcals were undoubtedly
being formed in the source, for there was a heavy deposit of
sodlum lodlde. Therefore it would seem that, either they were
beling destroyed before they passed through the slit (an .
eventuality which 1s not at all unlikely), or the detector might
have been desensitised by oil vapour from the diffusion pump.
Since, in the design of the baffles in the pump throats, high
efflclency was sacrificed in the interests of high pumping speed,
it waé considered not at all unlikely that "hot" o0il molecules
were striking the target.

The first sodium flame experiments on the test
apparatus suggested that this desensitisatlon could take place.
In order that thée sodium should be exposed to the air as little
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as possible, a target was placed in position before it was
distilled. The reaction was then started, and the first
faint coloration was noticed some 15 to 18 minutes after
openling the ethyl iodide reservoir tap. The reaction was
then stopped. After several hours further pumping, radicals
were pro&uced for a further half hour with only a slight
intensification of the blue color. When the sodlum had had
time to cool, a fresh target was introduced. Under the same
conditions this target showed some coloration within four
minutes from the time of starting. After about 40 minutes
treatment the blue coloratlion was considerably more intense
than 1n the previous case. On exposure-to alr both targets
faded overnight, Of the two, the color of the second was
slightly more persistent.

The slit was then installed and the procedure
repeated. The times were now about 40 minutes for the target
which was in place during the sodlum distillation, and about
14 minutes for the first signs of color in the next one,

An interpretation of this phenomenon may be offered
after reference to the account of the sodium preparation
procedure (p.92). It was noted there that appreciable

evolution of gas, and charring, was encountered when the

sodium was heated in the first stage of the distillation.
Some of the products of this reaction could Well be adsorbed
on the target as they are being pumped away, and thus affect
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the target sensitivity, For subsequent runs a fresh sodium
sample was only introduced when the thickness of the sodium
1odide deposlt made it necessary to clean the reaction chamber,
Admission of air to the cold sodium 4id not seem to 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 1is employed, for then the oracks from
which the sodlum emerges are much more easily bloocked.

The target support in the test ochamber was therefore
modified so that an investigatlion could be made of the effeot
of silicone vapour on the target, In addition to the "orocodile"
¢lip target holder, two tungsten leads were sealed into the
eentral astem fitted to the B,24 glass cone (fig.22c). These
leads supported a "Kanthal" splral, similar to that employed
for the molybdenum oxide furnace, A small eamount of silicone
pump oil was contained in a emall glass vessel placed in the
heater spiral. With the target supported vertioally about one
centimeter above the top of the spiral, varying amounts of the
01l could be condensed on to 1t by controlling the duration and
amount of heating prior to treatment with the radicals,

These and succeeding runs were carried out with targets
deposlited by electrical heating. An indication of the improved
characteristics of thie type of deposit was furnished by the
firet trlal, with no slit, in which an appreciable coloration
was obtalned within two minutes of opening the ethyl ilodide tap
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to the already heated sodium; The sodium temperature was
slightly lower in this case (220°C = < 107 mm.Hg.) than
previously, as also was the reservoir pressure (=76°C, thermo-
couple gauge, ~ 0,1 mm.Hg). Furthermore, in the run
immediately preceding the sllicone tests it was noticed that,
with the sodium at only 200°C, and the ethyl iodide tap closed,
a dlstinct blue had developed in just over 35 minutes, This
implied that sufficient ethyl iodide was diffusing through the
ellicone tap grease, which had not been renewed for some time,
Whatever the origin of the lodide, the concentration of radicals
can not have been greater than 10™3 om.Hg., which was about the
lowest pressure detectable by the thermocouple gauge. Further
investigation of this was left until after the silicone tests,
which were carried out with the ethyl iodide tap shut,

It was found that the silicone 0il did not completely
inhibit the coloration of the target under these partiocular
conditions unless it wae condensed in sufficlent quantity to
be readily visible, However, with amounts of heating found
to be Jjust insufficient to cause condensation of droplets, a
distinot gradation of the color was observed up the target, from
a very pale blue at the bottom to a deeper color at the top. In
a run typlcal of these tests, the color firet appeared, after about
20 minutes, on the upper portion of the target where, presumably,
relatively little of the vapour had been adsorbed. On prolonged
ethyl treatment the intensity gradually inoreased.
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Thus 1t would appear that, to be gquite certain that
the target sensitivity is as great as possible, 1ts surface
must be protected from the oil vapour by an efficient baffle
in the pump throat,

From a cursory examination of the blueing obtained
by merely heating the sodium, it would appear that diffusion
through the tap grease 1s not the only source of the ethyl
lodide. It 18 to be presumed that the presence of this
compound 1s necessary for the production of the blue coloration,
which took place even when the reservoir tap was re-=greased and
the reservoir 1itself was kept cold with 1liquid nitrogen, not
only during the run itself, but also at all other times.
Warming up of the reservoir, however, cannot be entirely
avolded, for very little of the coolant remained in the Dewar .
flask by morning, even when the level had been replenished juet
prior to departure the previous evening, That the "diffusion"
effect may play some part in this effect 1s illustrated by the
following appearance times:

1, Immediately after the tap was re-greased, a faint
. suggestlion of coloration 17 minutes after starting
to heat the sodium; a definite blue developed in
about 24 minutes,
2o Eight days later, a blue developed in 12 minutes,
3. Three days after this again, a definite blue

appeared in 10 minutes,
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The sodium temperature in all three runs was 250°C.

At this stage the slit was replaced, fresh sodium
vas 1ntroduced, and the 1solating tap was replaced by a new
one, The sodium was pre~heated for about 30 minutes before
the fresh target was introduced, and‘the ethyl l1odide was kept
cold, and not outgassed, during this time., Heating of the
sodium then produced no coloration in 42 mimates.

Even after allowing for the presence of the slit,
this might be taken to indicate that, although some of the
ethyl 1odide 1in the previous runs had diffused through the
sllicone tap grease, some mueét also have been adeorbed on the
reaction chamber side of the tap. The most likely place is
the small quantity of grease which always tends to accumulate
after some time in the tap side arms. This material 1is
difficult to remove completely unless the tap 1e cut out of
the apparatus, Adsorption of the 1odide at some point nearer
to the reactlon vesssl ie not ruled out by these observafiona,
but 1t 1s considered to be less likely.

| Thus 1t would seem that, although the silicone grease
1s more resistant to these vapours than 1s Aplezon grease, 1t
is advisable to take the precaution of keeping the reservoir
as cold as possible ét all times when 1t 1s not actusally in uese,

The two final runs in this series were carried out in
order to gailn some idea of the effect of the slit on the flow of

radicals, and thus to estimate the exposure time probably required
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for detection of the beam with a molybdenum oxide target.,
' The ethyl lodide temperature lay in the range =72
to =76°C (.2 to 15 mm.Hg. pressure at liquid). The sodium
tenmperature, 250°C (approximately 2,103 mm.Hg.) gave a slight
exoces8 of sodium in the reaction zone, A blue coloration was
.detected after 54 minutes,
With a_fresh target, the corresponding time was 48
minutes, with the temperatures at ~76°C and 250°C respectively.
Thus on the basis of the arguments presented above
(p. /45) a trace of the beam should be detectable after a maximum
of seven hours crunning time.

OTHER TARGETS

S8ilver Iodids.

It has been demonstrated (p./08) that radioactive
"silver iodide" might prove to be of use as a detector, An
opportunity was therefore taken to compare this method with the
molybdenum oxide during the course of the experiments Just
described.

A plece of silver foll was soldered, for convenience
in handling, on to the top of a nickel counting tray. The
sllver was cleaned with metal polish, washed first with benzene,
then acetone, and finally with alcohol which was burnt off,
After this treatment, water epread readily over the surface,

A solutlion of paraffin wax in petroleum ether was then prepared

and painted on to the back and sides of the nickel tray, and
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also around the edge of the silver surface, Thué when thie
target was dipped into the solutlon, the silver was the only
metal to come in contact with it,

An o0ld solution cort aining 1311 as sodium 1odide,
allegedly "carrler free', was obtained from Mr,B.C.Purkaysstha.
From information supplied by him it was possible to calculate
that 10 ml, of this solution should contain, at the time of
thie test, approximately 3800 c¢/m of 1311, Af 1t were all
contalned in a solld source placed on the top shelf in a "lead
castle',

To 20 ml, of this solution (which was neutral to
litmus) were added two dropes of dilute sulphuric acid to
liberate the lodine, and the eilver disc was immersed, with
occasional agitation, for 130 minutes, On removal it was
washed with distilled water and acetone, and dried in a stream
of filtered alir,

Its actlvity was found to be

Ag = (1057.3 £ 10.28) — (17.6 + 0.6) =

1039.7 # 10.3 (1.e. + 0.59%) c/m.

That 1s, about 14% of the activity in the solution
had been collected. |

The target was placed in the test apparatus and,
after evacuating, the sodium was heated to 250°C (no slit

present) for 23 minutes with the ethyl 1lodide tap shut,




On removal from the apparatus, the activity 34 hours
after the first count was found to be

A3y = (963.5 % 9.B) = (17.6 4 0.6) =

945.9 + 9.8 (1.e. + 1.04%) co/m.

Thus the ratio Az} /A, = 91.C + 1.4%.

The ethyl radicals had therefore removed 9% of the
1y 4p 23 minutes, Since the half 1ife is 8 days, there was
no need to correct for the natural decay.

A molybdenum oxide target, treated an hour after the
sllver disc had been removed from the apparatus, gave a blue
coloration in 10 minutee under the same conditions.

A calculation similar to that carried out for RaE
(p./09) would ehow that the area oocupled by each iodine atom
on the silver 1s almost as great. Further investigation might
therefore show that the activity-time curve for this detector
was similar to thoese obtained for RaE. In th¥s connection it
is of interest to note that the percentage reductions obtained
for the two different detector elements are very similar in
amount, although naturally the evidence with the iodide 1s much
too meagre to draw any conclusions from this, The matter was
not pursued, for the result was sufficient to indicate that the
molybdenum oxide was, at the present stage, preferable for use

ag a qualitative indicator.

Tellurium.

Early workers with inactive mirrors (146) found that
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tellurium was a very sultable detector for it seemed to retain
ite aotivity towards radicals even when exposed periodically to
the atmosphere, The poesibillfy of using this element was,
therefore, also consldered. Some visible deposits of inactive
tellurium were evaporated on to plecee of microscope slide by
vacuum evaporation in the "test® bulb. Thie was simply done
by replacing the silicone 0il "oup" by a fresh one containing

a small lump of the element. The glass "target" was introduced

" through the B.29 slde arm, and was supported horizontally over

the cup by means of a "orocodile clip".
When these deposits were tested with ethyl radicals,
very little difference could be detected betwéen the exposed
surface and the corner protected by the glass cover,
Of the avallable active lsotopes, it might be possible
to try 129Te, which has a half 1ife of 32 days and emitg measurable
J raye and some 8 rays, if it could be obtained in high
isotoplec purity.

METHYL RADICALS

Di-ter-butyl peroxide (de 02).

An acoount of the short exploratory Ainvestigation into
the pyrolysies of this compound has been left until the last,
since ﬁolybdenum oxide was used as the detector, A resume of
1ts possible advantages as a radical source, and the pyrolysis

temperatures reported in the literature, was presented on p. 62
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Modlfication of the test apparatus was simply
achleved, The sodlum reaction unit was replaced by a glass
tube of about 2-1/2 cm, bore. One end was sealed to the
same line which had been used for the ethyl iodide. The
other was attached to the test bulb by means of the B.29
joint (fig.22a). This tube was heated with the old reducing
furnace (p.113) which i1e 6:5cm. long. No slit was uséd.

The avallable vapour pressure data are meagre.

Boiling points at two pressures are given by Milas and
Surgenor (120), who aleo list 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 1list the
melting point at -18 to -19.5°C, and u40°C, respectively.
Vaughants boiling point (110.09C), however, agreed fairly well
with that given in reference 120 (109-109.2°C at 760 mm.Hg.).

If Milas and SBurgenorts two results are extrapolated,
we obtaln that the vapour pressure at the melting point, _
assuming this to be -18°C, is about 3-1/2 mm.Hg., Extrapolations
to temperatures below the melting point can only be relied on to
give even an approximation to the vapour pressure 1f the latent
heat of fusion is small, and therefore such extrapolations can not
be relied on to any great extent, as has already been mentioned in
the discussion about methyl lodide preesures. However, the

heat of fusion 18 usually lov for organic compounds, and the
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extrapolation of the two figurees of Milas and SBurgenor was
used as a rough gulde, On thls basis, a vapour pressure
of 0,15 mm.Hg. could be expected at about =£0°C., Of the
two extrapolation formulae, that of Vaughan gave very much
lover pressuree, whereas the other gave pressures just a
1ittle higher. |

The thermocouple gauge used in the present
experiments (first model,_callbrated with air only) ie not
particularly sensitive at pressures of this order. Nevere
theless the readinga-it gave with ethyl 1odide corresponded
fairly oclosely with the.preesures to be expected from the
extrapolated vapouf'preasure curve, which, with this substance,
is more reliable in that all experimental temperatures were
above the melting point (cf. p;7l ). It 18 therefore of
intereet to observe that the vapour pressures indicated for
Bﬁ%zoe were only a little lower than the préasuree deduced
from the two points of Milas and Surgenor. Temperaturee in
the region of«60° gave vapour pressures of the order of
10" mm.Hg. This would seem to indicate that the heat of
fusion 18 not very large. The results are not sufficilently
accurate, however, for any firm conclusion to be drawn,

The results of these experiments are collected

in table IV.
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TABLE IV

Pyrolysis of Di~ter-butyl Peroxide

Effect on Molybdenum Oxide

t
Bu2 02 Approx.press,} Pyrolysis Comment
temperature} T/C gauge j}temperature and pyrolysis time
___ % um,Hg. og
=59 .15 320 no coloration, 47 minutes
-5l 24 first sign of blue, 30 mins,
to to 430
=48 o3 pale blue, further 11 mins.
~55 .14
to to 470 very pale blue, €9 minutes,
«h3 17 540 target two days old.
first sign blue, 18 minutes.
—_— — o - —_— . - _ - —_ . —_— — -— — - —_ - -_ -
-49 .2 540 good coloration, further

42 minutes.

From these results it is apparent that, when due

allowance has been made for the differences in pressure, much

higher pyrolysis temperatures are needed under these conditions

than those usually quoted in the literature (cf. p.63). At

these pressures the mean free path is short compared with the

length of the heated zone, and so most molecules pasesing through

it must presumably have come to temperature equilibrium with the

glase walle.

Therefore it would seem that there 1s little

advantage to be gained by using this material, aes far as the
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low temperature requirement 18 concerned.

Even in the last run, the coloration was not nearly
as intense as that produced by ethyls in the previous expere
iments, and, in general, the appearance times are considerably
greater. It may be that a lower concentration of methyls
contributes to this, but on the whole it would appear that
methyls are not as effective as ethyls with this detector.
Since the pyrolyels zone wae of pyrex glass, it was not possible
to use the higher temperatures quoted by Lossing and Tickner
(60). It would be of interest to try this.

A few trials with targets several weeks old, some
but not all of which had been used in the beam apparatus and
ma& therefore have been contaminated with pump .0il vapour,
gave negative results under conditions where freshly prepared
targets turned blue, This tends to suggest that "ageing! of
-the oxide.deposit might take place in time, although this
was not appreciable (last run in table IV) after only two

days.
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CHAPTER V.,  EXPERIMENTAL AND DISCUSSION

MOLECULAR BEAM

The conditions required for molecular beam
production were reviewed in Chapter II, and summarised on
pege §§.  Within these limits a wide variety of designe 1is
possible, depending on the properties of the subetance to be
investigated, For a start, therefore, it was decided to
base the design of the present apparatus 6n the arrangement
used by Fraser and Jewett (53) for their measurements of the
lonisation potential of free methyl,

Filgure 24 is a drawing, approximately to scale, of
the mein vacuum chambers in which the beam was to be formed
and detected, The "backing line", source supply, and
"hydrogen line" are shown in figures 25 and 26, An idea of
the general arrangement may be obtalned from the photographs
in figures 27 and 28,

During the course of the investigations with this
equipment a number éf inadequaciee in design became apparent,
Minor modifications were effected as they became necessary,

and have been included in the description, which ie of the

apparatus as 1t was finally evolved. Alterations which would

involve major changes were left, however, until sufflcient
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experlence had been acoumulated in this technique to make a
completely new design worth-while. The stage has now been
reached where this 1s necessary, and suggestions for further
developmente will be found in the last section.

VACUUM SYSTEM

The maximum permissible pressure 18 governed by the
condition that the mean free path of the "astray" molecules
must be greater than the path length of the molecules in the
bean, The source to collimator slit distance was jJust under
10 om,, and the dlstance from the collimator slit to the
target was approximately 20 cm, The mean free path of the
ammonia molecule 18 5 om. at 10™5 mm,Hg. (ref.149, p.113).

If thie is assumed, for the sske of argument, to be roughly
comparable with free methyl, 1t may be deduced that the
maximum permissible pressures will be of the order of 5.10'4
mm,Hg, in the collimator chamber and 2.10™4 mm,Hg. in the
~target chamber, The proportion of molecules ecattered out

of the beam at these pressures will, however, be high (c.f,
Pe36). It is best, therefore, to demend pressures not
greater then 10~4 mm.Hg. in the collimator chamber, and of the
order of 10-6 mm,Hg., Or better, in the target chamber,

These pressures must be maintained against a
continuous flow of gas coming from the source, where the
pressure is to be about 10-1 mm, Hg. If these conditions are

to be attained, the outer envelope muet be completely free of
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leaks, enl a high pumping rate must be maintained,

Glass vessels fitted with "Pyrex Induatrial-Pipelihe“
connections were used for the two main chambers, This type
of connection has the great advantage that i1t i1s sturdy at
digmeters much wider then are possible with the cone and
socket type of joint, Also 1t requires a relatively small
space for manipulation during essembly, and connections to
metallic sections of the apparatus are achieved with a minimum
of machining., Rubber "Pipeline! gaskefs l1ightly greased with
silicone high vacuum grease were found to be adequate, The
target chamber wae a crosspiece made from two 3 in, and two
2 in, oconnections. Its volume was gpproximately 1l-1/2 litre,
The collimator ohamber wae a 10 litre bulb, to which were
attached three 3 1n, connections and one B,24 socket., The
end plates, through which connections to the inner parte of the
apperatus were mede, Were 1/4 in, brass discs, with diameters
6 in, and 4-3/4 in, for the 3 in, and 2 in, connections,
respectively. This large volume was chosen for the collimator
chamber so that the heated source would not be too close to its
walle, and also to minimise the effeot on the pressure of any
small inrush of gas. The wide connections made it possible
to achieve one of the conditions for high pumping rates, That
is the provision of short.wide connections between the pump and

the evacuated space,
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Pumgs _
Bince the impedance to gas flow of the slits is

much greater than that of any other part of the system, the
problem of caloulating the necessary pumping speeds may be
reduced to very simple proportions. The gpeed of an "i1deal®
eperture (8), which 18 independent of the magnitude of the

pPressure subject to the conditlon of molecular flow, may be

g =g |BT om.3 sec.'l,
,‘2wm

2

defined as

where a 18 the area of the aperture in cm.“, M the molecular
weight of the gas, T the absolute temperature, and R the gas
constant (in dyne om.'a). 8ince the same restriction applies
to the validity of this expression as applies to the formation
of a beam, 1,6. A D 2b (c.f. p. 56), 1t 1s assumed that it
ﬁay be applied with sufficient accuracy to the source pressures
which will be encountered in practice, The speed of a slit
with finite thickness will be less than that glven by this
expression,

The qusaifity q of gas which pasees through the slit .
from a region where the pressure is p; to a reglon where 1t 18
pPp 18 given by q = (py - pp) 8, where p 18 expressed in mm,Hg,

A similar expression holds for the speed of the pump
(B}):- p.8, = q, where p 1s the pressure at the pump head,

For a system at equilibrium q will be constant throughout,
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With the short, wide connectione used, p: may be taken as
approximately equal to Po.

Thus 8, =442 g,
p2

For deflection experiments, the slits must be as
narrow as possible, The dimensions assumed in this
celoulation were, therefore, 3 mm, x 0,05 mm., i.e, & =
1.5 . 10~7 om.2, For alr (or ethyl), M = 29,

Thue 8 = 17.5 om.J seo.”! at T = 3000k,

For source pressure p; = 10=1 mm,Hg., and po
(collimator chamber) = 104 mm.Hg., AP A 10-1 mnm, Hg.
Thus 8p = 17.5 lit.seo.'l.

It would seem, then, that a "Metroviok® type 03B
oll diffusion pump (Sﬁ'= 30 lit.eec.fl) would be sufficient,
Under the conditions stated, this pump would maintain a -
pressure p2 = Ap %3.10"3 = 5,8 . 10'5 mm,Hg, for ethyls or |
alr, S8ince both 8 and 8; depend in the ssme way on M, this
pressure should be independent of the molecular welght of the
gese. |

" For a wider slit (0.1 mm. X 3 mm,, & = 3.10"'3 cm.z)

this would not seem to be quite so satisfactory. The attainable
pressure then is 1,2 . 10‘4 mm,He, However 1t must be
remembered that the source slit was canal shaped, -~ °

) ’
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* This: would tend towards improving
the vacuum gttained, Moreover, "cold fingers" (P, fig.24)

were to be provided in each chamber, If the vapour pressure
of the gas 1s negligidble (say < 10"7 mm.Hg.) at the
temperature of this surfece, it has a very hlgh effective
pumping epeed (o.f, ref,103, p,21). The averege area of
liquid nitrogen cooled surface in the collimator 6hamber was
of the order of A = 90 cm.2. Thus, on the assumption that
every molecule is condeneed on its first 1ﬁpact, this eurféce
by itself should be capable of mainteining a pressure (loc.
cit.) of P18 = 3.10“'6 mm,Hg., even when the slit is 0.1 mm,
wide, E

Thus 1t was considered that the 03B pump and the cold
surface could deal adequately with all gases, both condenslble
and non~condensible, which were likely to ocour in the beam.

A similar calculation was made for the target chamber.
For & = 1.5 . 10~3 on.2, pp = 104 mm.Hg., p3 = 100 mn.Hg.,
the pumping speed redquired was SP = 1.7 11t.s§c."1. Thus the
"Metrovick" type 02 oll diffusion pump (7 11t.sec.‘1) was more
than adequate, even without a cold surface, The calculated
pressure given by thie pump was 2.10‘7 mm, Hg. |

1t wae decilded to use silicone pump olle (type 703)
tnetead of the hydrocarbon oil recommended by the makers,
gince it is claimed that a lower ultimate vacuum 18 possible by

jts use, Aleo 1t 18 more resistant to decomposition 1f large
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quantities of alr are accidentally admitted while the pumps
are in operatlon.-

A baffle unit (I, fig.24) was installed between
each pump and the chamber 1t was to evacuate, This oconsisted
of a water cooled conical copper spiral, soldered into the
walle of a copper cylinder, of 3 in. diameter, fittved at each
end with brass flanges, The colls of these splrals were
arranged so that, as far as possible, the pump throat was
prevented from "seeing" into the chamber. They were connected
in series with the pump cooling jackets. The 02 pump baffle
(not shown) was completely enclosed within ite houeing, and was
expected to be rather more efficient in that a copper strip Was
soldered to 1t to mgke dulta sure that pump o0il must etrike 1it,
The O3B baffle wase left as a simple spiral in the interests of
high pumping rates,

All flange connections on the high vacuum side were
bolted tbgether. With the exception of the Junctions between
the baffle housings and the pumps, which had O-ring seale, the
flat rubber "Pipeline® gaskets were used,

The two diffusion pumps were connected to a common
backing line (fig.25) which was exhaueted through a 11quid alr
trap by & two-stage rotary pump (Edwards “Spegdivac" type 3).
Wide bore (3 cm.) glass tubing was ueed for connections on the

O3B pump line,
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The long tube (shown hatched) was filled with
ectivated charcoal, and was a196 provided with a glass isolating
tap. This tube, when cooled with 1liquid nitrogen, served as
an adequate subetitute for the backing pump when 1t was desired
to continue pumping, with the reservoir shut off, overnight
and at week-ends, It was necessary, however, to replenish
the coolant at least once a day. Periodically the diffusion
pumps were 1lsolated from the backing line, and the charcoal
was pumped out with the backing pump while maintained at 350
to 400°C. with a tube furnace, The temperature was measured
by a chromel-alumel thermocouple connected to contacts 5 on the
-8elector switch (fig.26a).

Pressure Measurement

Becguse of their simplicity and ease of operation it
was decided to use Penning (150)'gauges for pressure megsure-
ments in the two main chambers,

The anade was a ring of stout nickel wire. The
cathodes were aluminium. During operation a brown deposlt,
which may be conducting, forme on the inner walle of the glass,
which was therefore shsped as shown to inhibit the formation
of & continuous layer between the electrodes,

The two gauges were run in parallel from a half-wave
rectified power supply whose output was apprOX1ﬁate1y 1800 V.
(nominelly 2 kV,). The circuits of this unit and the

assoclated metering unit are shown in figure 29. The
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resistanceq Placed in series with the méters were chosen 80
that the voltage drop for full scale meter deflection was

Jgst sufficient to cause the neon tube to sﬁrike. The

500 FA.-metar Was permenently in series with the collimator
chamber gauge, Two switohes were provided for the 100 Pée
meter. One made i1t possible to messure the current flowing
through either gauge on the more sensitive meter without
interrupting the discharge,or to short the meter out altogether.
The second switch, with its associsted shunt resistors, was
1ncorporated‘1ater-to extend the range of both gauges to higher

pressures. (The X_ 0.1 range.)
The magnet field, of about 2000 gauss parallel to the

common axis of the electrodee, was obtained by the use of a
magﬁetron magnet,

Bince, in common with all vacuum gauges which involve
the action of ions (149), these gauges have a "gettering"
action, 1t 1s desireble that they should be connected to the
vacuum by a short wide connection if they are to give a true
reading. In the present arrangement the only avallable means
of connection wae through the ground joint (F, £ig.24) on the
"oold finger® jacket (see f£ig.,27). This wés not at all ideal,
both béoause of the length of.thé connecting tube which was
requiped, and becsuse of the possibility that condensible '

material would not reach the gaige when the trep was filled

This latter effect did not, however,
o

with 1liquid nitrogen.
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appear to be appreciable if the level of coolant was
meintained a few centimeters below the B24 ground joint on
the top of the chamber. It was not considered advisable to
make sny ettempt to shorten the connection by sealing another
connection into the side of the mailn envelope.

Before they were finally inetalled in this poselition
the gauges were roughly cselibrated against the McLeod gauge
on the test apparatus (point B, fig.13). The i’get:t:ermg"
action in a "etatic" vaouum (1.e., no continuous flow of gas)
was very marked, In quite a short time the pressure was
reduced to a "sticking vacuum" as measured on the McLeod
(10"6 mm,Hg. or less). At pressures of this order the
Penning gauge reading was in the range 1 to 5 uA. Therefore
& needle valve was installed in the B,14 jJoint in the hydrogen
line (see_p.139); and a continuous flow of cylinder nitrogen
was maintained through the test spparatus. By this method the
‘pointe shown on the greph in figure 29 were obtained. The full
1ine is the ocurve given in his pgper by Penning (loc,cit.).
It .will be seen that each gauge differe slightly in its
characteristics, but that theee differences are relatively
unimportant when an indication of the order of magnitude of
the pressure 1s all that is required. This calibration was
carried out before the (X 0.1) range was installed. It hae
since been found that saturation current for thils arrangement

18 in the regilon of 600 to 650 pa. (~ 2 %o 4 . 10~3 mm.Hg.).
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The apparatus was checked for lesks at each stage
of 1ts erection, Gross leagks were detected by the change
in the color of a dlscharge, at backing pressures, when either
coal gas or cotton wool soaked with acetone was applied at the
position of the suspected leak, When no serioue leagks were
present, the backing pump could reduce the preasﬁre from

atmospheric to about 10~

mm,Hg, (discharge slmost completely
dlesppeared) in less than 30 minutes, The hydrogen discharge
tube (A, fig.24) was used for these tests, In the early
stages a second small discharge tube, run from the "Ford" _
coil, was temporarily attached to the collimator tube by the
B.19 joint (P) in the end plate, Although, for the most part,
they were satisfactory, the rubber "Pipeline" gaskets needed’
replacing after a time for they tended to become deformed,
Acetone was not used for leak testing on these, Suspect
soldered jJoints in the end plates (usually soft soldered) were
painted, This usually ﬁroved to be effective, except for the
B.24 socket on the top plate of the target chamber (fig.24) to
which was attached the "cold finger'", When this was cooled
the thermal stresses were too great for the solder. Ablezon
Q compound proved to be én effective sesgl in this instance,
Because of the large surface area of metal exposed

to the vacuum the time required to obtein a resally good vacuum

was rather long, particularly as "baking out" was not
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practiocable, Careful polishing of the metal parts was found
to be beneficial in this respect. A steady rate of fall in
the Penning gauge reading from day to day, however slow, wase
taken to indicate that the system was leak-tight, The
pressures finelly obtalned, after continuous pumping for 24
hours per day for several months, were around 3 to 4.FA.
(c\/10”6 mm,Hg, or better) when the source reservoir was
closed,

BEAM FORMATION

8lit System

It has been seen (Chap.II) that narrow eslits which
are not too long are required for success in deflection
eXperiments, Maximum beam intensity can only be obtained 1if
they are exactly parallel. This 1is most conveniently achieved
by constructing the sllt system as one rigid unit, with |
provision for ite adjustment which can be carried out on the
bench before 1t is installed in the gpparatus, The alignment
of the electric field unit with the 8li ts is also of importance,
for the "wire'must lie parallel, and very close, to the beam,
Therefore this unit must also be rigidly attached to the slit
mounting, For ease of alignment, and for flexibllity in the
control of experimental conditions, it 1s desirable that the
width of each sllit should be adjustable, In achieving this
object it is importent, however, to ensure that the twvo Jaws
of each slit remain parallel at all settlngs. A fuprther
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deslrable, but not necessary, feature would be a provision
for altering the slit width from outeide the apparatus
¥Without the necessity for dlsturbing the vacuum. Finally,
if the calculated pump speeds are to be adequate, the slit
apértures must be the predominant, if not the only means of
communication between the three chambers of the system.
With the slit Jawe themselves, the best that can be done 1s
to ensure that thelleakage paths are as long as possible,
Other parts of the mounting should be made vacuum tight,

The general arrangement of the system designed to
satiefy these conditions 18 shown in figure 24, and figure 30
is a more detailed drawing. The slits, which were similar
to each other in construction, were made by Sir Howard Grubb-
Parsons Ltd. Standard stainless steel optical slit jaws were
attached to a brass disc-shaped base plate, The slot in the
plate, 3 mm, wide, defined the length of the slit, The bottom
fixed jaw was held in place by two screws, which also held two
small strips of spring steel whose function was to press the
top, moveable Jaw firmly agains?t the base plate. The width
of the slit was controlled by means of a small screw attached
to the base plate, This pushed the top Jaw along the fixed
runner, attached to the base plate immediately above 1%, agelnet
the tenslon of the emall helical spring in the top right hand

corner, This spring alsoc served to hold the top Jaw firmly

ageinst the runner.
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The collimator slit had bevelled jaws, Its base
pPlate was ﬂsweated" with soft solder into the end of a small
well which was firmly sorewed, by means of its flenged O-ring
Joint, to the 6 in, brase centre plate, The source slit
Jaws had flat edges, thus forming a "cenal" of about 1 mm,
depth, Although this increases the difficulties of gl ignment,
1t 18 of advantage in that it is said to reduce the total
quantity of gas effusing through the slit without materially
affecting the intensity in the beam (c.f, ref,.103, p.17).

Three small screws in the rim of this base plate fixed it to

& brese tube which was a "telescopic! f£it over the collimator
8lit well, This tube was slotted along the length of the well,
~and a small brase band, similar in conetruction to a emall hose
clip, clamped it firmly to the base of the well, The section
of this tube between the two sBlits was cut away to allow the
greatest poesible flow of gas without, at the same time,
reducing the rigidity. The three holes at the end of this
tube, through which passed the source slit fixing screws, were
gslotted to allow the base plate to be rotated and tilted to the
required setting. Tﬁe brass connection to the glass reaction
unit (see p. 89 ) consisted of a ground socket to fit the B,1l4
cone on the reaction chamber, a short metal bellows for

f1ex1bility, and an O-ring flange which was firmly screwed to

the back of the slit base plate.
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During the construction of this unit a system of
helical gears (two for each élit) was attached to the slit
6perat1ng screws, The driving shafts lay parallel to the
exis of the slit support tube, and provision was made for
connecting these, by means of "Mecocano! universal couplings
(two per shaft) to two brass cone and socket ground Joints
(B.10 size) on the collimator chamber end plate. Part of
the collimator slit drive'may be diacerﬁed in figure 28,

This system mede 1t possible to alter the width of the slits
from outside the apparatus, However, there was far too much
"backlash®, and it was not possible to set the slits to a
predetermined width by this means, Therefore, when the
reaétion unit was finally installed, and the aval lable speace
in the 3 in, slde arm beceme too congested, the use of this
device was discontinued, '

Source,

The 1odide pressure control system (fig.Z26a) was
located outsidé the main vacuum system, on the frame immediately
below the collimator chamber end plate, The tube leading from
this to the resction unit (pe 89), which was inside the vacuum,
wae waxed into a brass tube (R, fig.24) which was soldered to.
the end plate. Care was needed in the exact shaping of thle
glaee.lead, for otherwige it would break when the end plate was
being screwed in place. A preliminary alignment on the bench
was poesible, but the final adjustment wae best carried out 1in
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the apparatus, by trial and error, until the lead moved freely
in the tube when the end plate was in position. It was then
sealed to the control system, with the bellows in slight
compression, and then the Wax wae applied.

The sodlum heater current was lead in through the
end plate by means of two small "Kovar" eeal unitse, which were
soldered in place (Q, fig.24). Two chromel-alumel thermocouples
were provided. One was attached to the reaction chamber at ite
"walet", the other to the source slit base plate, These Were
brought out through four glass capillary side arms in the qnd
of a B.19 cone (P), into which they were sealed with black wax
(Aplezon W). They were connected to the microammeter (fig.26a)
through connections 3 and 4 on ths selector switch,
Alignment. -

The slits were aligned, prior to assembly in the
apparatﬁs, by means of a vernler microscope with & oross-wire
in its focal plane, It had an (X.7) eyepiece and a 3 1in,
objective, end its oversll magnification was approximately (X.12).
The slit widths were measured by substituting a small graduated
gratiocule for the oross wire gratiocule,. The graduations were
calibrated against a steel rule whose accuracy was guaranteed
to be within 1/10 mm. in 50 cm., oversll length at 20°C.

The 6 in. centre plate, With the slit system attachedq,
end the microscope were mounted on a stout duralumin base plate,

The slit system was supported by the arrangement illustrated in
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figure 31, The adjustment procedure was as follows:

The "travel" of the microscope was first madi
parallel to one edge of the base plate to better than /256 in,
in 30 em, This was checked by sighting the cross wire of the
microscope, which was swung into a vertical position, on to a
pre=determined graduastion on an engineer's square which was
set against the reference edge,

S8mall metal wedges were then adjusted under the base
plate until the "bed" of the microscope carriage was horizontal
when checked with a small spirit -level in two directions mutually
at right angles at each end of the "bedl, The engineer's squarse
was then agaln used while the bottom of the 8lit system support
was adjusted perpendicular to the base plate reference edge,

At the same time the microscope, now in a horizontsl position
parallel to the direction of travel was focussed on to a spare
brass disc supported in the mounting, to ensure that the vertical
cross Wire colncided approximately with the centre of the turning
marks on the disc,

The slit system was then installed, and adjusted so
that the tube joining the 8lits was horizontal, and the cross
wires focussed on the slit, At the ssme time the centre plate
should be vertloal, The source s8lit was then removed, and the
oross wire was focuesed on the edge of the fixed jaw of the
collimator 81lit, which wae opened wide, At this stage the
horizontal cross wire should be close to, and parallel to, the
Jaw edge, and the vertical wire should come in the centre of
the 8lit, 1If this was not so, the system was re-adjusted until
this was attalned, The slit was then closed down, the cross
wire was replaced with the graduated scale, and the slit width
was measured, Vielbility was improved by means of a emall
auxillary light, .

With the cross wire replaced, a further check ensured
that 1t still retained its previous orientation with respect to
the slit, The microscope was then withdrawn and the souroce
8lit was inserted. The distance between the slits was recorded,
The source sllt was then sdjusted parallel to the cross wire
tilted until front and beck edges of the fixed jaw were in 1line
with the fixed jaw on the other s8lit (i.,e, the same orientation
to the cross wire), and sorewed firmly into place, It was then
closed down, and 1ts width measured,

Next the 1odide lead was adjusted. The central brass
plate was laild flat on a retort stand base with the slits
pointing upwards. The collimator chamber end plate was then
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clamped above 1it, A epirit level was used to check that
both plates were horizontal, and three plumb lines were used
to arrange them in the same relative orientation that they
occupied when fixed on to the collimator chamber. = The
reactlon unit, with only the bent part of its lead attached,
was clamped in position, and the straight portion of the lead
was inserted down the tube R (fig.24) and sesled on,
Assembly,

The supporting fraemework was constructed from lengths
of 1/2 in. 1ron rod welded together snd screwed to the f£loor,
This 18 most oclearly illustrated in fig,28. | Two semi;circles
of 3/4 in. hoop iron, padded with felt, supported the ends of
the collimator chamber, This was clamped in position and 1t
wée rarely necessary to disturb it, or to disconnecf it from
the O3B pump, A third hoop iron support was provided for the

further end of the target chamber, The attachment to the
collimator chamber provided sufficient support at the other

- end, The diffusion pumps were normally supported by their

connections to the chambers, although a system of rods and

bosses was provided to support them during assembly, or at
other times when 1t became necessary to disconnect them,

When the alignment had been completed,_the reaction
chamber was removed, and the slit assembly Wwas inserted from
the left hand side (fig.24) of the collimator chamber. The

target chamber was then jnstalled and bolted in place, The
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02B pump and baffle and the target chamber end plates were
then attached, and the connections made to them. Next the
reaction chamber, with 1ts cone 1lightly greased with silicone,
was inserted from the opposite end, snd the end plate was

carefully placed in position, The rest of the procedure has
been described above (p./76 ),

BEAM DETECTION

S8ince work on the design and construction of the
beam apparatus was proceeding simultaneously with the experiments
described in Chapters IIT and IV, the target system was designed
so that 1t could be used for any of the detector methods
envisaged, . It consisted of three parts:- the counter for
measuring the activity, if any, of the target (C, fig.24); the
target mounting (D) which provided the means for moving the
target, in a vertical direction, across the beam; and the
discharge tube with its associated hydrogen line (A, fig.24,
fig.26b), in case 1t was decided to use lead or bismuth isotopes,
which need activating by hydrogen atoms (p./22), '
Counter,

The counter was of a conventionsl end-window pattern
with some speclal features, The window was of copper foll
(~ 23 mg.cm.“a), soldered to the end of a brass tube which
wee segled into the end plate with soft solder. The dlameter
of this tube was limited to 1,9 cm, because of the need to

leave room for other attachments to the end plate, and its
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length (13 cm,) was governed by the desire to have the window

as close as possible to the target, The central wire was a

plece of non-thorlated tungsten, 0.1 mm, diameter. The

glass cap, through which the tungsten was gealed, was attached

to the brass with black wax, A small brdes cylinder was

waxed over this seal to give it some protection, and was

connected to the tungsten by a length of fine copper Wire,

To meintain the rigidity of the arrangement it was necessary

to support the "free” end of the tungsten wire, This was

done by fusing to 1t a small bead of silica which was supported

in & phosphor bronze "stirrup®, This stirrup rested in two

small niches in the end of the counter immediately below the

window, The saf t solder ensured that thie end was leak-tight,

The counter was fllled with 9 cm,Hg. of argon and 1 cm,Hg. of

ethanol, The characteristic curve (fig.32) was not ideal, but

was good enough for use, Standard counting equipment was used,
During the finsl experiments, when it was declded to

concentrate on the molybdenum oxide target, the window and

wire attachments were removed, and a small diso of flat glass

wae waxed to the outer end of the counter tube. This provided
a clear view of the target,

Target Support.
The target control was similar in its action to a

micrometer head, A detalled drawing of ite construction 18

given in figure 32, The brase cepstan head formed the cone
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of & B.19 ground joint, A greduated scale with 50 equal
divisions was marked on itse top circumference, Immediately
below this, six tapped holes were provided for the insertion
of a mild steel lever which was used for turning 1t. The
central well, 1/2 in, diameter, was threaded with 40 turns
rer inch, Thus each scale division on the capstan head
corresponded to 0.,0127 mm. displacement of the target in a
vertical direction,

The lower, non-threaded, section of the brass shaft
which screwed into this well was provided with a slotted
keyway; This engaged with a key in the housing which was
screwed to the underside of the top plate, _"Back—lash" in
the thread wae prevented by mesns of the compression spring
in the well, sbove the shaft, This shaft was iteelf provided
with a threaded well (6 B.A.) which held the target support,
This thread provided én additional means of adjusting the
distance of the target below the top plate when 1t was belng
set in position, and at the ssme time provided for the correct
orientation of the target face about a vertical axis, A lock
nut was provided to fix this position once the getting had
been made,

Three different types of target support were provided
esch attached to a length of 6BA threaded rod which fitted into

‘the bottom of the micrometer unit (see fig.32).
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The first, for the wire, was a small hollow cylinder,
mounted horizontally, and held in place by a brass “fopk®
which was pressed round 1t. The activated wire.was waxed into
two small grooves on the end of this cylinder. Two small
posts were provided so that the wire could be adjusted parsllel
to the slits by rotation of the oylinder from outside the
apparatus, .

The second type of support, for the asutoradiographic
targets was cross shaped, similar to the support in the
emanation collector (p. /36),

The third was a small brase frame, with slotted side
pileces, which held the pleces of microscope slide on to which
the molybdenum oxide had been deposited,

Shutter,

The third attachment to the target chamber top plate
was provided for the shutter - a metal "gate" which could be
interposed between the target =nd the besam, With this device
the target could be protected during the starting up and closing
down periodevor vhile it was belng reset to a new poslition,
Thie made possible the estimation of the precise time of
exposure to the beam, Since the preparation of conical ground
joints involves much tedious grinding of the brass components,
a simple type of eeal, involving a greased O-ring, was tried as
an alternative, No slteration of the Penning gauge reading

was observable when this was rotated. It was therefore
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presumed to be satisractory. The O-ring was kept 1in
compression by means of the screwed insert which bore on the
enlarged section of the central stem.

Hydrogen Line,

A glass tube, ending at the outside with a B.19
gocket, wae waxed into a brass tube which waé soldered to the
target chamber end plate, A slight expansion of the glass
where it butted against the brass tube ensured a firm joint.
The glass extended to the inner face of the end-plate, The
B.19 cone attached to the centre of the discharge tube was
of the extended type so that there was only a small possibility
of the discharge or its products coming into contact with the
wax seal, which made simple the removal of the end plate.

The electrodes were aluminium cylinders closed at the bottom,
and connection to them was made by tungsten seals through the
glass, The diecharge was produced by not more than O.1 to
0.2 emp, at about 3 kv, A,C., supplied from a transformer prun
off the mains,

The hydrogen supply was oontrolled'by the system
shown in figure 26b, The bubbler and "blow off" unite
contained concentrated sulphuric aciqd. The brass needle valve
had been cﬁnstructed for some previous worker in this laboratory.
Since 1t may at some etage have been contaminated with mercury,
a plece of gold foil wae placed in the tube between 1t and the
two-way control tap. The small glass spiral (f1ig.24) was
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inserted to allow the discharge tube to be dlsconnected from
the endplate without bresking the hydrogen line, Although,

in the end, thie line was not used for 1te original purpose,
the discharge-proved useful when lesks were belng investigated,
and the line was used for the admisslion of oxygegyggtrogen
(cefe Pe96 ),

DEFLECTION

As it has turned out, the electrostatic field unit
which has been designed for the initial attempt to deflect the
radical beem has not been required up to the present, for the
attempts to detect the undeflected bgam have not yet proved
successful, The following 1s a description of this arrangement,
which had been constructed and was ready for immediate use,

Although the condenser used by Scheffers (o.,f. p.47)
would seem to be the best for this purpose, it was decided that,
gince rather precise machlining was needed for its satisfactory
operation, the construction of a more adjustable device (fig.33)
would be preferable for a beginning, The"wire" section
consleted of a small blade, with a rounded upper edge, whlch
was attached to & shelf by means of two identical lever systems,
The shelf was to be fixed rigidly to the 6 in, centre plate
which supported the slit system (see £ig.24, @). Two paire
of small set screws, one palr for each of the lever systems,
were provided. The two screws in each pelr were mutually at

right angles, and operated against the tension of a small spring.
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With these 1t was possible to adjust the top edge of the
blade so that 1t was exactly parallel to, and running just
below, the central axis of the beam, Lock nuts were provided
on the set screws to fix them firmly in position once the
blade had been adjusted, This part was tb have been at earth
potential, since it was firmly attached to the slit system,
which was earthed,

The "oylinder", to which the potential wae to be
applied, was to be a "flat" plate in the first place, It
was given rounded edges, and the céntral portion on the top
surface was hollowed out to reduce its welght, It was
supported by a metal strip from a small bracket which was
fixed to another bracket .screwed to the centre plate by means
of two lengths of silica tubing, which also provided the
insulation (see fig.33). The tubing fitted into small brass
tubes on the brackets, and was held in place by black wax,
Holes were.drllled in the flat front of the "high tension"
bracket to permit the alr inside the tubes to be pumped away,

The high tension lead was to be a long brass rod
supported in the centre of a glase tube of the widest possible
diameter (1 in,) vhich was wexed into the third brass tube
(B, £1g.24) on the target chamber end plate. By thls arrange~
ment it was hoped that the region of grestest inhomogenelty
round the lead would be well away from the glass, and the

danger of dlelectric breekdown thereby diminished, The end
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of thle brase lead, which was about 3/16 in. diameter, made
"push" contact with the flat end of the plate supporting
bracket by means of a small spring device shown in figure 33.

All metal surfaces near the high tenslon components
were rounded and polished to reduce the possibllity of break-
down,

The high voltege was to be obtained from an 0ld X-ray
supply set which coneilsted of an oll-immersed voltage doubler
valve rectifying unit, and its associated control unit which
controlled the input to the main transformer by means of a
system of selector switches connected to an autotransformer.
As recelved, the set was said to dellver a range of five
selected voltages between 60 and 100 kV, across the two output
terminals, or between 30 and 50 kV, from one terminal to earth,
This was modified by connecting & Variac and protecting fuse
in the control unit output line, in such & position that the
circuit bresker incorporated in thie line came between the
Variac and the main transformér. 4#n A.C. volt meter, 2650 V.
full scale, was placed across the output of the Variac. In
this way 1t wae poesible to obtain any voltage up to a maximum
of 50 kV, This could be either positive or negative with
respeot to earth, dependling on tﬁe choice of output terminal.
A meter reading 5 kV. full scale was avallable, and thie was
used to obtain the beginning of a callbration curve, of A.C,
volts input to the rectifier unit against kV, output, The
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stralght line extrapolated from these readings passed
through the expected point of 50 kv, output for 233 V. input,
This input voltage had been measured, in checks on the control
unit alone, a8 the meximum gutotransformer output under the
epecified operating conditions,

This high tension was to be supplied to the lead on
the apparatus through the circuit shown in figure 34. The
two resistore were of the liquid type, made by Mr,D,Hall

according to the directions of
‘ Apparalvs.

Gemant (151). Two flat Supply.

platinum electrodes, oQFF
Somv

perpvendicular to the whkg.

direction of current flow, =

Fig. 34

of a glass tube, This contained a central side-arm for

were sealed into opposite ends

£111ing. After f11ling, this side arm was corked, and waxed
over, The length of eéch_resistOr was 30 om, |
The "1line" resistance, in a tube of crose sectlonal
area of about 1 cm.Z, contsined 22% ethanol and 25% phenol
(by volume), The "bleeder"‘resistance, in a tube of cross
sectional area 3.B cm.S, contained 11% ethanol and 25% phenol.
Each solution contained 1% picric acid, anl was made up to 100%
by volume with benzene, It was found that care was needed to
ensure that all components were dried before the solutions were

made up. The reeistance of each unit was calculated from the

-187-




measured currents at a range of voltage drops from 1 to 5 kv,
All connections were made with "co-axial' cable, with P,V.C,
ingulation, The reslstors were mounted away from the wall,
in & fume cupboard, on "tufnel" strips. Thie insulation was
not adequate, however, at 30 kvV,

CPERATIONAL TESTS

Pumps and Vacuum,

As each stage of construction was completed; the
apparatus was continuously pumped for at least several days.
A steady fall in the Penning gauge reading was taken to indicate
that no lesks had developed (c.f, p./72),

_ Further, 1t was possible to check that the pumps were
able to deal with a contlnuous flow of gas as soon as the slit
system had been installed. Alr was used for this purpose, and
the ficold fingers" were left ét room temperature, The readinge
given by the two Penning gauges were obeserved for varyling
"source" pressuree, as measured by the thermocouple gauge, at
several different slit widths,

For this test the source conslsted merely of a tube

attached to the bellows behind the source slit, This was lead

.out through opening R (fig.24) end connected to a flasek of

1 1itre capecity to which Was attached the thermocouple gauge
(first model). Alr was allowed to leek 1into this flask through

a fine caplillary, and i1ts flow wase controlled by a tap. The

external s8lit controls (p./75) were used. Teste carried out

-/88 -




TABLE V

Collimator

Target 4
Source Chambe r Chamber
mm, Hg. Comment
BA. mm, He, } g&, | X 10 pA, § mm O,
6 5 81 6 14 (10"'5 e11ts almost
g o4 46 4 1 " closed,
03 38 2‘% 1 " (N 0.01 mmo)

9 o2 32 2 16 "
12 .1 22 1 16 " +

8 o3 69 ok 1 {1070 source slit,

9 o2 75 6 1 n open 2/3 turn.
10 .15 64 5 1 n (~ 0,04 mm, width%
12 .1 9 4 1 n coll,slit. open & turn,
14 .07 7 24 18 " (~ 0.03 mm, width)
17 .05 29 1.8 1 "
21 .025 29 1.8 1 "

. 270 | 2 1 107 source slit

E .% 150 15 1 <" open another # turn,
9 o2 150 1? 17 " (~ .07 mm,)
10 .1 120 | 12 17 " coll,.slit,
11 .1 110 | 10 1 " open another 4 turn.
12 .1 86 E 1 " - (~ .05 mm,)
13 .08 75 20 10




when the slite were being aligned showed that only a very
- approxXimate idea could be gaeined of the slit widths actually
used in this serles of tests,

| The results, which are shown in Table V, indilcate
that the observed pressures agree falrly well with those to
be expected from the pump speed calculations (p,/64), At
this stage the target chamber had not been pumping for very
long, end therefore the pressure was etill rather high. The
pressures obtained at this time for no gas flow Wwere:-
., Collimator chamber, 4 to 5 pa. (~ 10~6 mm.Hg.); Target
Chamber, 16 to 17 PA. ( < 10" mm, Hg, )« After several months
pumping, both geugee eventually gave readings of from 2 to 4 pA.

It was therefore assumed that the sllts would be

satisfactory, and that, with a condensible gas in the system
and the "ocold fingers" at liquid nitrogen temperature, the
pressures would be sufficiently low for Batlafactory'beam
production,

Choice of Ethyl Todide, _
All the subsequent tests were carried out with the

reaction chamber in poeition, and ethyl iodide in the reservolr.
This compound was used in these 1initial experiments in

preference to methyl lodide for two major reasons.

Firstly, the most satlefactory radical detector of

those tried was molybdenum oxide, Therefore, since this seemed

to be more sensitive to ethyls than to methyls, a search for a
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beam of ethyl radicals would have more ohance of success,

Secondly{ the required source preaeured were of
the order of 0,1 to 1.0 mm,Hg, Ethyl 1odide and methyl
10dlde have an equilibrium vapour pressure of 0.5 mm,Hg, at
-639C,, and approximately -820C,, respectively. At these
temperatures, methyl iodide (M,P, =64.4°C.) 18 solid, ethyl
liodide (M.P, =105°C.) is still liquid. Therefore ethyl
lodide is the more reliabdble for preliminary experimente on
vapouy pressure control,

811t Alignment,

Before any attempt at radical production was made,
the 8lit system wae further tested by an attempt to form a
beam of ethyl iodide, This was detected by a conventional
condensation target,

A depoeit of platinum, obtained by "burning in®
several successive applications of "Liquid Bright Platinum"
éoluxion, was formed on the lower portion of the target chamber
cold finger (c.f, ref,106). A thick layer (approx. 0.3 to
0.5 mm,) of copper was electrodeposited on this, and polished |
smooth with fine emery paper, A plece of silver foll was
flrmly attached with soft solder to a copper backing, and this
composlte plate was soft-soldered to the copper on the cold
finger. In this way good thermal contact between the cold

finger and the target was assured. The silver surface was
given a high polish with metal polish, which was rubbed on in
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such & way that any faint soratch marks were perpendicular
to the length of the expected trace,

The dimensions of the trace were csaloulated from
the geometry of the spparatus., Although it meant placing
& great deal of reliénoe on the collimator chamber cold
finger, the slite were set wide (.10 mm,) for these exploratory
experiments, so that a more readily visible'trace'could be
obtalned. The dimensions were:~ both slits, 0,1 mm, X 3 mm.;
distance between the slite, 8,41 om,; collimator slit to
target, 17.7 om, Thus the "umbra® should be 0,1 mm, x
3 mm,, and the 1imite-of the "penumbra", 0,52 mm, x 14.9 mm,
These figures assume that the pressures aré so low that
scattering is negligible,

The glass walls of the target chamber were streaky,
were not uniform in thicknese, end were of variable curvature,
particularly in the region where 1t was desired to view the
target, Consequently it was not at all easy to see the trace,
end any "timee of appearance" have very little significance
since the deposit was probably very thick before it could be
distinguished from the streaks in the glass with any degree of
certainty. The observation of é trace was considered to be
confirmed 1f the "trace" dilsappeared when the target was
allowed to warm up to room temperature, |

After some preliminery trials, in which it was thought
that a trace was probably being obtained, and which confirmed
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TABLE VI

] Col1T, Target
Reservolr Source t  Chamber } Chamber
T.C.gauge ¢t Penning 1§ Penning '
og :e%u%l.l g : . Comment
o: ol e P Ommog- .mmo L ) .mm.H.
:m.m.,r* pA B {pA e
-89} 0,033| 28 | 0.004 g | 7| <10™2| no coolant in
-6% 0.3 26,3 0.00; n cold fingers,
66 0.3 17.5| 0.023| 25 |2.10~D ; " |
-63 | 0.50 J 12.7+ 0.05 | 47 |4.1072| 7|

-————r——d—-————-——— o | e e G e E S N e e e W
~64|0.46 | 11 | 0.065| 56 |5.1072| 3|"sticking" coolant in

- - g.B 0.09 8 |7.10 31 target
«60 | 0.65 7| 0,11 - | - -| - finger only.
_----,4--—#_-_....ﬁ.—_.._-_-_.w ________

“ | - 19.3( 0.02 | 44 [4.2072| ~| - no coolant.

- - 13.2| 0.04 74 105 - - target Penning
~64 | 0.45 | 12.5| 0.05 | 70 |5%.1079 -| - | atsconnected.
-63 | 0,50 | 10,2 0.075| 5 10"6 - - coolant in both

fingers.
-—F ——————————————— r—ﬂ- ————————————
5213 | 9 |o.1 |86 [7.107° | 8{<1077| Na heated
4 no coolant.

i
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that the target chamber pressure was never mpre'than 7 PA.

(~ 10"6 mm, Hg. ) éven when the cold finger was at room
temperature, a finel run was carried out with the Penning

gauge disconnected from this chamber, and the connecting cone
blanked off with a sealed off socket. Thue it was possible

to swing the condensstion target parallel to the chamber wall
when 1t was desired to obtain a close look at the trace, This
time it quite definitely sppeared 50 minutes after liquid
nitrogen had been placed in the trap. The source pressure was
steadily increased from .08 to .13 mm, Hg., during this perlod,
The trace was approximately of the expected size (1l-1/2 om, x
1/2 mm,), "thickest™ in the middle and "tailing off" at the
edges, and was, as far as could be judged, in line with the
slits, It dlsasppeared when the target was warmed up.

This, therefore, was taken to indioate that the slite
were in reasonably good alignment and that, as far as beam
production was concerned, the deelgn was satisfactory.

At the same time some further information about the
pressure relationships in the apparatué was obtalned, Some
sample figures are collected in Table VI, These 1llustrate
very clearly the effect of the cold fingersa on the chambeyr
pressures, end the relationship between source pressure end
collimator chamber pressure. Further, it is to be noticed
thet the peservolr pressure, as indicated by its temperature,
te much higher then the pressure given by the thermocouple
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gauge (second model), whioh 1s situated nearer to the slit,
Thie difference seems to be much greater than would be expected
to ocour as a result of the gas flow, However, there is
another possible factor which must be considered, The
reservolr thermocouple was eltuated in a well on the outelde
of the vessel, in the vacuum jacket, and near the heating wire,
Thus the recorded temperature 1ellikely to be higher than 1its
true value for two reasons, Firstly, the liquid may well be
cooled somewhat because evaporation is teking place from ite
surface, and secondly, the relatively poor conductivity of the
glass may well result in an appreciable temperature difference
between the liquid and the thermocouple,

The new model 1,,T, thermostat (c.f. pPe. 77 ) incorporated
modifications which should overcome these obJecﬁions.

Radical Beam,

Finally, a number of attempte were made to produce
a beam of ethyl radicals and operational trials of the various
possible detection methods were oarrlgd out,

Quite apart from the apparent non-linear decrease of
activit# with time (c.f. D./24), the wire and autorediographio
methods were shown to have severe practical dlsadvantages,
Firatly, a fresh target is required for each experiment,
Pumping must be stopped, amd alr at atmospheric pressure

introduced each time a target 18 changed, Even when dry oxygen

' fyee nitrogen 18 introduced along the "hydrogen® line (£1g.26b)
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during this process, a minimum of 8 to 10 houre (1.e.
overnight) is required to restore the vacuum to a praoticable
level. Therefore it ie highly desirable that the chosen
detector should be capable of measuring the beam "profile"

at least three to five times before a new one 1s required,

80 that alternate measurements, under otherwise constant
oconditions, can be made on the beam with and without the
imposition of the eleoctric field,

The experiments descoribed in Chapter IV are not in
dlsagreement with the previous workere with visible deposits,
who claimed that hydrogen treatment of lead or bismuth is
necessary before theee metals are attacked by radiocals, . Thise
is a further disadvantage in molecular beam work, for

comparatively large quantities of hydrogen are needed to
produce a discharge (~ 10~ to 10°2 mm.Fg. at least), and the

pumpe take at least 15 to 20 minutes to restore the vacuum,
The wire technique has the further disadvantage that,

if a reliable peak shape is to be obtalned for the beam, the
wire must be very nearly parallel to the slits, This can only

be done, with an sppreclable expenditure of time, by a careful

opticsl re-alignment each time a fresh wire 1s mounted in ite

holder.
For these reasons 1t wae decided that a relatively

large srea of molybdenum oxide depoeit (approximately 2-1/2 cn.
square) would, of the detectors tried, offer the best chence of

~/94 -



sucoees, provided that 1t could be protected from any
poseibllity of contact with "hot" o1l molecules from the
pump, From ten to twelve parallel traces could, if requirved,
be formed on the one target simply by rotating the oapstan
head on the target micrometer each time é freeh section of
target was required,

A number of attempts were made to obtain a trace on
this type of target, but without suocess. From the experiments
on the test apparatue (p,/53), 1t was deduced that a detectable
trace should have appeared in a maximum exposure time of .7 hours,
An account is presented here of the laet of these experiments
which was carried out, | | |

With the shutter closed, thus protecting the target
from the beam, the following conditione were established, in
the order 1ndicated{ .

1. With the ethyl lodide tap closed, the target chamber
pressure was 9 pA. (~ 6.10'6 mm.Eg.), and collimator chamber
3 pA. During this time the reservoir was brought up to the
required temperature, (~ =61°C,, 1i.e, ~ 0.6 mm, Hg.)

2, The sodium (freaﬁ cepsule) was then heated, until a

good resonance was visible (~ 290°C. at the "walet" of the
reaction unit, The sodium was probably appreciably hotter

than this),

3. The reservoir tep was then opened,
target chamber;

With the reaction

then proceeding, the pressures were 9 PA.,
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66 PA., collimator chamber ( ~ 5,10~D mn.Hg.); source,
~ 0,15 mm,Hg, _

4. liquid nitrogen was then placed in the cold fingers.
(Only a few centimeters height was maintalned in the collimator
chamber trap), and the beam shutter wae opened,

During the following period of 7 houre, the conditions
fluotuated between the limits: .

Target chamber, 1l-1/2 to 2-1/2 pA. ("sticking® vaouum)

Collimator chamber, 49 to 57 pA. (3 to 4 timee 1072 mm.Hg.)

Source pressure, 0,13 to 0,15 mm,Eg,

Reaction temperature, 280 to 290°C,

Conditions of sodium excess were continuously
maintained, A very heavy depoeit of sodium 1odide formed in
the reaction chamber, No sign of a trace could be observed,

In a previous experiment a sasmple of molybdenum
oxide, deposited on a metal surface, was suspended on a length
of stout wire which was sealed into one of the B,10 brass
ground joints in the collimator chamber end plate which had
been provided for the 8lit width contrqle. This "target? was
arranged so that 1t could be moved into a position about half
way directly between the two slits by rotation of the Jjoint,

At thie position the intensity of molecules issuing from the
source should have been(gﬁ)a, 1,8, at least thirty, timee

groater than the intenslty at the target poeition, = No blue
coloration of this deposit was obgervable after 3-1/2 hours
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radical production,

It may be that, since the 03B pump baffle was not
very efficient, thie deposit had been de-sensitised by oil
vapour. However, when these observations are considered in
the light of the mass spectrometiric results published by
Lossing and Tickner (60, c.f. p. 66, this theels), 1t is
apparent that there is a much more fundamental cause of the
fallure to detect any radicals. In their apparatus, these 
authors made provislon for separate pumping on the source
8lde of the slit and found that, if the rate of pumping were
too low, no radical products of the pyrolysis reaction were
detected, They found, moreover, that the presence of a
carrier gas was essential 1f a sufficiently high flow rate were
to be maintalinedqd.

Fraser and Jewett (53) have published an account of
an attempted production of a radical beam, Although they
ueed a carrier gas, thelr experimental arrangement was in all
.other respects comparable with that described in this chapter,
That i1s, they used a conventional molecular beam source (with
no provision for ite separate pumping). It 18 of Ainterest
that Hipple and Stevenson (61) have remarked that the
proportion of radicels in Fraser's beam must have been very
low, The attempts of Kilstiskowsky's co-workers (50) have

also been hampered by low radical concentrations in the beam,
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It has recently been learnt (152) that over the
yeare, other (unpublished) attempts to produce a radical beam
have been made by J,H.8imons and his co~workere, and by
T.E.Fhipps, working in the University of I1llinois,

FUTURE DEVELOPMENT S
Although 1t 18 not absolutely certain, it is very

likely that a1l these experiments have involved the use of a
conventional molecular beam source, S8ince Lossing and
Tickner were able to measure a beam of ilonised radicals quite
easily, 1t would seem that a source arrangement similar to
theirs could be gpplied to the production of a beam of neutral
radicals with some hope of sucocess,

8inoe the present design, with the source completely
inside the reaction chamber, makes extremely diffiocult the
provision of both separate pumping and a supply of ocarrier gas
over the sodium, a completely new design, of this half of the
apparatus gt least, is necessary.

Pigure 35 1s a section drawing which 1llustrates the
1ines along which the new deeign might be developed. The
soupce should be outside the apparatus, This facllitates the
connection of pumping and carrier gae leads, and at the same

time permits the direct aistillation of eodium into the sodium

chamber, thus making the ogpeules unnecessary. The constriction

4 the reactlon chamber will help to inhibit
The

between this space &n
the spread of the sodium deposlt during the distillation,
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space between the outer walls and the co-axial 1o0d1de lead

at this constriotion can be quite narrow, as the flow of
carrier gas Will help to inhibit the back diffusion of the
1odide, The oylindrical symmetry makes more easy the
provision of uniform heating, A conventional tube heater

mey be used for the sodium chamber, snd an element cut from
nichrome sheet, similar to that used by lLoseing and Tickner
(60), may be used to keep the reaction chamber wawm,
Observation of the sodium glow is possible through the clear
space near the slit. It is recommended that the source 8lit
itself be of glase; eince most metals seem to be more efficient
recombination oatélysts than this material, The method for
constructing a glass slit has been described by Wrede (114),
Phipps & Taylor (153), and Johnseon (144). The re-entrant
mounting of the slit makes it posesible to place it close to

the position of maximum radical intensity, It will, however,
be necessary to carry out some experiments to investigate whether
1t becomes blocked by sodium and sodium i1odide deposits, The
carrier gas should help in this respect, It Af proves

impossible to avoid this deposltion, one of the pyrolysils
production methods (p. 6/ ) muet be given further consideration,

The conneotion to the source pressure gauge 18 shown immediately
adjacent to the reaction zone,

The 11luetration ehows a ground joint connection to

the collimator chamber. This permite adjustment of the slit
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_ to an approximately horizontal position before the glass
connections are sealed on, It is desirable, however, to
make provision for fixing the two sections firmly in place
once the adjustment has been made, Black wax may be suitable,
for 1t is 1likely that the 1liquid nitrogen c0oled condenser will
keep the whole collimator chamber falrly cool in this design,

It is suggested that the collimator chamber, and
condenser, should be constructed of metal. The 6y11ndrical
bottom of the condenser, with its central canal to allow the
passage of that part of the "pencil® required for the beam
formation, should prove to be much hore effective than the
type used so far. In faoct it ehould act ss a "fore slit"
(cof. ref.103, p.22).

The Penning gauge connection could be attached to
the 8ilde of this chamber without much diffioculty. It ie also
recommended that the shutter be introduced into this chamber,
well away from any posesibility of interference with the _
defleoting field. If it 18 placed between the ocondenser and
the collimator slit the deflected molecules would qQuiokly be
condensed, The O-ring type of seal (fig.32) should suffice
for its connection to the external control handle,

The metallic structure of this chamber should provide
a sufficiently rigid mounting for the slits, It is desirable,
however, to provide for the adjustment of the collimator 8lit
both by rotation, and by ite bodily movement in a vertioal
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direction, Thies should teke care of any possible variation
in the construction of the glass source slit, Alignment in
a horizontal direction (for horizontal slits) 1s not so
critiecal. A possible method of achieving these adjustments
18 illustrated,

For immediate purpoees, the target chamber oroes=
plece already 1n use could be employed, although two additional
side arms would be of advantage - one for a short Penning gauge
attachment, and another for a completely separate point of entry
for the high tenslion lead, As a final aim, 1t le recommended
that the use of rubber gaskets should be avoided where poesible,
for they tend to take a permsnent "set" after a time, and are
a possible source of sulphur which could be the explanation of
the heavy brown coating observed to develop on copper surfaoces
exposed to the vacuum, A glass target chamber 18 desirable,
for 1t offers at the same time good insulating properties and
a convenient means of watching for the development of electrical
bregkdown when the high fields are employed,

The molybdenum oxide deteoctor wiil probably suffice
for the preliminary attempts to obtalin a sufficiently intense:
beam of ethyls with thies new spparatus. This detector has the
advantage that, with a sufficiently long exposure, a trace should
eventually form, and would be auffioienﬁly sﬁable for photographic
reproduction, However it 18 desirsble to aim eventually for a

more quantitative type of detector. Froem the experiments.
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desoribed 1n Chgpter IV it seems highly likely that
1sotopically pure radio-elemente will prove to be unsatisfactory
becauee of the sparse dlstribution of even a highly active
deposit, Isotoploc dilution should improve the "linearity"
of the detector if thle interpretation 18 correct but would,
at the same time, reduce its sensitivity to a point where it
may no longer be of advantage, for 1t would seem that dilution
by a factor of about 10° 1s necessary (c.f. pp. 709, /28 ) to
obtaln a layer of one molecule average thicknesa, even when
the deposit is formed on the very small surface of a thin wire,
It 18 the writer's opinion that the best type of
detector would probably'consist of an arrangement similar to
the ionisation chamber of a mass spectrometer, followed by eome
very simple form of mass analysepr, If this were placed bshind
a 8lit which could be traversed across the beam, the resulting
beam peak shape could be plotted from the lonlsation current
arising from methyl (@/e = 15) or ethyl (B/e = 29) ae 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 epparatus

to the atmosphereat all, except when the source required cleaning,
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SUMMARY

This thesis presents an aceount of a number of
experiments carried out during ah-investigation of the problem
of estimating the dipole moment of free radicals by the
molecular beam technique,

A number of possible deteotion methods was tried,

Of these, a deposit of molybdenum oxide smoke was the most
suoceseful for the deteotlion of ethyl radicals. The use of
isotoplioally pure radioactive elements, although gppearing to
offer the possibility of high sensitivity, seems to be limited
by the atomlcally eparse nature of the deposit.

A molecular beam apparatus wae constructed which,
although cspable of producing beams of astable molecules, was
no more successful for the production of a beam of radleals
than the attempts of previous workers in this fleld,

In a recent paper, however, a new type of source has
been described whioh made it possible to produce a good beam
of radical ions in a mass spectrometer, This source differs
from the oconventional molecular beam source in that it 1is
provided with a separate pumping lead, In this way a high
rate of gas flow is maintelned on the "high pressure" eide of
the source slit, with a consequent improvement in the

concentration of radicals passing through the slit,

-2l -




Buggestions are made for a new molecular beam
apparatus, incorporating this type of souroce, which should
mgke it possible to produce a satisfactory beam of radlcals
and thus to determine whether the free methyl possesses a

dipole moment.
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