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ABSTRACT.

A greatly improved apparatus for the detection and measurement of
micro—quantities of helium and neon was constructed and used to investigate
the behaviour of helium in lithium/aluminium alloy, gold, beryllium
and meteoritic iron.

The work described involved neutron transmmutation techniques for
the production of helium in lithiun/aluminium alloy and beryllium, and
took advantage of the fact that helium is produced in meteoritic iron
when bombarded with cosmic rays. The work on gold utilised the alpha-
decay scheme of radon as a source of helium.

The diffusion of helium in lithium/aluminium alloy appears to take
plece by a substitutional mechanism according to the equation

i 19.7 x 107 )

D = 42. exp. - RT )
vhere D is the diffusion coefficient expressed in square centimetres per
second. The conditions under which this equation is cbeyed, however,
are showm to be very restrioted and highly dependent on the physical state
of the metal and its previous annealing history. Accumulation of the gas
into bubbles is believed to be the cause of the marked deorease in evolu-
tion of helium observed when annealing times longer than a few hours are used.

The values obtained for the diffusivity of helium in gold are believed
to be invalid on account of the presence of voids along the line of the cold-
weld used to sandwich heliunrrich layers of this metal together. The
validity of this partioular technique for gag/metal systems is reviewed

in some detail.

No values are presented for the diffusivity of helium in'befyllium or

meteoritic iron but the cong&§s§§h§@%u at bubble-formation is a significant

factor in diminishing the e‘\Eff?@@zgf lium from these metals.
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1.

INTRODUCTICN.

The study of processes giving rise to diffusion of gases in
solids (particularly in metals) is a subject of great academic interest
since it can be made to yield muoh information on the structure of
the solid, and in particular the vaz-ic;us orystal defects which are
now held to be chiefly responsible for diffusion. The classical
theory of diffusion has been found to be inapplicable to certain
gystems and it seems very likely that the atoms concerned cannot be
considered to be non-interacting particles influenced solely by their
physical size. In some cases chemical effects have a profound
influence on diffusion rates and the study of the inert gases in
metals should enable these effects to be elimirnated since these gases
have no chemical affinities,

Technologioally, the significance of gas diffusion studies has
inoreased enormously in recent years with the development of the |
peaceful uses of atomic energy which has involved a great deal of
research into the compatibility of materials to very high neutron
fluxes. PFrom thermodynamical considerations of the "Carnot cycle"
type a nuolear reactor must be operated at a high temperature if use-
ful power is to be effiociently produced, and it is very desirable to
keep the equipment as compact as possible, i.e. to achieve a high .
power-density. This is especially the case in the new fast reactors

where the volume of the fuel elements is very small. These con-
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siderations lead to the release of energy in small volumes of material
at high temperatures where the readier movement of atoms and orystal
defects will be promoted. This ease of movement of atoms encourages
the annealing out of normal fast neutron radiation damage (e.g. that
due to "Wigner effect") and eliminates the need for the controlled
release of stored energy such as is necessary in graphite moderated
reactors operating at lower power levels. On the other hand, any
gaseous products of nuclear reactions ocouring in the solid reactor

components fuel elements, moderator, sheathing and structural

materials will possess a greater mobility on account of the higher

temperature and it beoomes necessary to know the possible results of
such mobility.

The most aoute form of the problem occcurs in fuel ele'pt
since several fission product chains terminate with stable krypton
and xenon lsotopes, and in addition to these there is at least one
long - lived inert gas fission produot (Kr O9) whoss escape from the
reactor could give rise to a serious contamination hazard. More |
immediately serious, however, is the effect of the acoumulation of the
fission gases, either homogeneously or in voids in the metal. This
accumilation has a marked and rather unpredictable effect on the physical
properties and dimensions of the fuel elements. Since h-elium is a
product of a number of neutron-induced nuclear reactions, the problem

is not restricted solely to fuel elements, but may oocour in.other
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materials (particularly beryllium) which are subjected to the neutron
flux. Moreover, with the inoreasing use of plutonium as a fuel the
helium produced in this material by simple alpha-decay may well
aggravate the problems already raised by the behaviour of the fission
gases,

Iess technological interest also attaches to the containment
of inert gases in metals. Very few gas metal systems have been
investigated from the point of view of diffusion, although much work
has been directed towards permeation measurements. It has been stated
(1,2) that a gas can only pass through a metal if it can react with it
chemically, but this view has been modified.by RHINES (3) who oonsiders
thet solubility in the metal is a sufficient condition for permeation.
Measurements on inert gag/metal systems would establish the validity
or otherwise of these two statements since the inert gases cannot
react chemically (_unpairing of the 1ls electrons in‘helium and the
promotion of one of them to the 2s lewvel would require an energy of
460 kilocalories per gram atom) nor can they dissolve to any
appreciable extent.

Considerable confusion has arisen in the literature relating
to gas movement in solids because of the synonymous use of the terms
diffusion and permeation. There are in general two states of flow
by diffusion, one stationary and the other non-stationary, the two

differential forms of Fick's law for these states being respectively:-



P = -D_)—L

0x

and dc _ D%
k dx2

In other words, from the first equation one can derive the permeability
constant "P" (the quantity of matter transferred / unit time / unit

area of unit thickness under a standard concentration gradient) in terms
of a diffusion coefficient "D". The second equation, relating to the
non-stationary state of flow, refers to the acourmlation of material at
a point in a medium as a function of time. "D" and "P" will be
numerically the same if "P" is expressed as the quantity of gas
diffusing in unit of time through unit area of the exit surface of

a membrane when unit concentration exists at that surface. The two
constants are, however, dimensionally different. Thus, while being
closely related in theory, the mechanism by which each takes place is
markedly different. Diffusion may be thought of as the movement of
atoms through a lattice while the term permeation relates to the passage
of material through a membrane.

In the case of the inert gases in metals the mechanism of per-
meation, assuming it to take place, could be broken down into the
following steps.

1. Adsorption of the gas on the surface of the metal membrane,

and its subsequent solution in the lattice.

2. Diffusion of the gas atoms through the metal lattice.
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3, Transition of the atoms from the dissolved to the adsorbed
state at the surface of exit.

4. Desorption of the atoms from the surface.
Each of these steps involves an energy term and the slowest of the
stages will determine the overall rate of permeation. Should any of
the above steps be energetically unfavourable permeation will not take place.

It therefor_e appears that the absence of permeation in a
particular system need not imply an inability of the gas atoms to
diffuse once they are in the orystal lattice of the medium. Diffusion
is not dependent on boundary effects but is relatively simply in-
fluenced by the orjrstal structure, the size of the diffusing atom, and
the nature and number of the defects present in the orystal lattice.

JOHNS (4) has shown that the quantity of argon absorbed by
uranium at room temperature is leas than 1 part in 3::105 parts by
weight, and less than 1 part in 5::10"' at a temperature of 600°C. Both
these figures are of the magnitude of the uncertainty in the measurements,
and the actual solubility may well be much less. In the cathodio
'olean-up' of gases in discharge tubes it has been found (5) that inert
gas atoms can be proJjected into a metallic lattice and held there, but
there is no suggestion that this represents any real equilibrium
golubility. Similar work by SEELIGER etal. (6) gives further evidence
of the insolubility of the inert gases in metals. In the case of the

inert gases there is no well authenticated demonstration of permeation
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through metals, and this is certainly a reflection of the non-solubility
of these gases in solid metals. Most of the references to be found

in the literature are shown in table l. A result not included in the
table is that of LOMBARD (7) who found that argon permeated in nickel
as fast as nitrogen, and helium much faster. Since the solubility of
nitrogen in nickel is negligible at temperatures less than 1200°C. (8)
it is doubtful if permeation even of nitrogen could take place.

These results should therefore be treated with some reserve. ILE CLAIRE
and ROWE (9) have challenged the validity of RUSSELL's results (10) on
the grounds that only & single experiment was made with helium and they
suggest that the positive result obtained was due to hydrogen impurity,
a likely source of error since the aluminiym .sample employed had Just
been used for a series of experiments with this gas. This explanation
is the more likely since the method of detection used (McLeod gauge)

was nori-specific.

It would appear then that for most gases diffusion, rather than
permeation, through metals is the more significant proceas; in the
case of the inert gases it appears to be the only mechanism possible.

The ocase of helium diffusion is especially interesting sinceé
owing to the small size of the atom it might be expected to move by
rather a different mechanism than that by which the heavier members of
the group are thought to diffuse. The large atoms of argon, xenon

and krypton are expected (11} to move in the lattice by a vacancy
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mechanism only but it is possible that the smaller atom of helium

may move interstitially. This would certainly be expected at low
temperature where the conoentration of vacancies will be small.
Measurement of the activation energy of diffusion should be sufficient
to decide between these two mechanisms since the energies characteri-
sing interstitial and vacancy movement are usually very different (12).
Caution must be exercised, however, in that it is now generally
aacepted that lattice defect movements are not always oharaoteéised by
a unique activation energy. If diffusion of gas takes plac; by a
movement of defects then it might be expected that different effects
come into operation at different temperatures. Such a phenomenon has
certainly been observed in studies on the annealing of defects in
metals (13,44).

Work carried out by BARNES etal.(14,15) suggests that even helium
diffuses by a migration of vacancies towards the atom rather than an
actual movement of the atom itself. However, the high temperature
at whigh the experiments were conducted would lead to vao;noy effects
predominating over any interstitial mechanism which may have been
operative,

The determination of the ages of iron meteorites depends
principally on finding the helium content of the metal, and any loss
of helium by diffusion should be allowed for. It should be noted in

this connection that meteorites are supposed not to be unduly heatesd



during their flight through the atmosphere since the heat'generated by
friction causes the outer layers of the meteorite to melt, the molten
layer being immediately lost by ablation. Thus the overall rate of
temperature rise of the metal is small and the portion of the meteorite
surviving the fall may be quite cool on impact (16). It may well be,
however, that in certain cases warming does occur resulting in loss

of helium by diffusion and a knowledge of the possible extent of such
a loss becomes of importance.

Again, in experiments designed to measure the neutron oross-
section of beryllium for helium production, HALL.(17) has tentatively
attributed some small disorepancies to loss of helium by diffusion.
The temperature at which the irradiations were carried out was only
slightly elevated and it seems likely that diffusion could cause little
significant loss, but an investigation of this possibility would be
desirable,

It may be seen therefore that a study of the diffusion of helium
(or any inert gas) in metals is of some theoretical and technical
consequence.

The incidental production of inert gases in metals (e.g. in
nuclear reactors) has posed new problems which can no longer be
adequately investigated by simple permeation techniques. The inert
gases are no longer restricted by their inability to dissolve at a
metal to gas interface since they are either created in the lattice by

nuclear reactions or, in the case of alpha-particles, they can overcome .
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the boundary energy oonditions by virtue of their high kinetio energy.
The new problems, however, suggest techniques for their own solution
and a few of the principal methods of introducing inert gases into
metals are enumerated below,

1. BOMBARDMENT BY CHARGED PARTICLES FROM SOURCES EXTERNAL TO THE METAL.

a. Sputtering methods.
LE CLAIRE and ROWE (9) have adapted the cathodic "clean-up"

techniques of SEELIGER etal. (5,6) to the produotion of a gas impregnated
layer sandwiched between two layers of metal. The method involves the
use of a hollow cathode in a discharge tube containing the gas under
consideration. On applying a voltage gradient, gas ions are di'iven into
the surface of the cathode and remain trapped in the lattice. By -
ocollapsing the ocathode and rolling the metal under pressure it is
possible to cold-weld the surfaces in such a way as to produce a good
metallurgical bond. In effect a metal specimen containing a central
ges-rich layer is produced. The gas may be activated in a neutron flux
so as to faoilitate the measurement of the fraction evolved on annealing,
or if no suitable active isstope exists mass-speotrometric methods may
be used. This method has also been used by TOBIN (18,19).

b. Capture of disintegration fragments.

A oylinder of the desired metal containing radon or thoron may be

used to collect the disintegration f‘ragments from the series
222 218 211;/3 i 2.4’ 2
86°° @, TO 22, gFP —P gl '_"8)4.08 g
and g, 220 py 216 pRlE gy /'& 212, %
86 — 8, -3 82 83 ﬁ\58hpo =582
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The oylinder may then be rolled and cold-welded as in (a). The gold
cylinders containing radon (gold "radon seeds") used in radio-therapy
form a readily available source of helium-rich metal and advantage was
taken of this in the present work.

¢. Cyclotron methods.

A cyclotron may be used to bombard specimens with alpha-particles
since these lodge in the metal lattice at depths dependent on their range
in the material, This method (used by several workers (14,20) gives
a very concentrated sandwich of gas-rich metal. It may be adapted (88)
by using a variety of particle energies, to the production of a homo-
geneous solution of gas in the metal,

2.  GAS PRODUCED BY NUCLEAR REACTIONS WITHIN THE MATERIAL.

a, Fission fragment retention

Fission fragments have a very short range in solids and are con-

sequently retained in the lattice of the metal undergoing fission. This
method has been extensively used for the production of solutions of
xenon and krypton in uranium, and of course may be extended to any other
fissile material.

b. Alpha-decay.

Radiocactive decay by alpha-particle emission leads to the acoumu-
lation of helium in metals since the range of the particle is short.

Ce Qosmic-ray induced reactions

A natural source of helium-containing metal is produced by the



exposure of meteoritioc iron to cosmic ray fluxes during their flight
through space. This leads to the production of the isotopes He> and Hel.
de Tritium method.
Any metal which is permeable to hydrogen may be saturated with

3

1
tritium and this gas allowed to undergo the reaction H —"”15 16 2H°'
1 e

e¢s Nautron induced nuclear reactions.

If the metal in which it is desired to dissolve the inert gas is
itself capable of undergoing & nuclear reaction with a neutron to pro-
duce helium or if it will form a homogeneous solid solution with a
small amount of another metal which can undergo such a reaction, then
helium may be produced in the metal or alloy by exposing it to a

neutron flux. BExamples of the first type of reaction are,

Be9+n_§2He"'+2n
L 2
and Bg +n —-%Hel" + He6
IN 2 2
17
116
3

Aluminium does not have an appreciable coross-section for the produotion
of helium but by alloying it with a small quantity of lithium advantage
may be taken of the reaction
6 1 L 0 d 33
Ili + n _§ He + —h He
3 °) 2 1l 12,46y 2 '

The lithium solid solution method was used in the present work on
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aluminium but it is of limited application.

Methods in the first category suffer from non-uniformity of gas
distribution. In the case of the cold-welded "sandwich" there is a
possibility of the formation of voids along the line of the cold-weld
which ocould have the effect of reducing the gas concentration awvailable
for diffusion since once liberated in a void the inert gases would not
redissolve in the mefal. More evidence on the nature of the cold-
welded bond would be very desirable, Those methods in the seocond
category suffer from the "end effects" inherent with energetic particles.
These effects result in a depletion of surface gas concentrations since
particles orginating near the surface may have sufficient energy to
escape., Recoil losses are especially important since they can have
a disproportionate effeot on the observed rate of diffusion especially
where this is low, In these ocases the gas evolved by an anneal of
reasonable duration come s.ohiefly from the surface regions affected by
recoil loss, and where the gas conoentration is not representative of
that in the main body of the specimen. Allowance should be made for
this, or irradiations carried out in such a way that the effects are

minimised (see present work on aluminium).
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GAS{ METAL. TEMP.9C.| AUTHORS. REF PERMEABILITY .
He.| Pt Ramsay and
Pa Red heat 21 | Nil
Fe Travers,
Pa no" Paneth and 22 "
Peters
Pt 1000 Jaoquerod 251"
and Perrot
Pt group | 1600 Henning 2 "
metals
Cu Smithells At least 105 times less
Ni - and 25 than those gases which
Fe Ransley are lknown to permeate.
Mo
-9 2
Al 550 Russell 10| 2.6x10 c.o./se0./0m
Al 500 Gordon,Atherton, }26 Nil
Kaufmann.
Al 500 Non-ferrous metals -10 2
Res.Ass.report. 128 | <1 x 10 c.c./sec./cm.
St.steel | 830 Wischhusen 27 Not detectable.
Inconel. | 830 ' o b " "
Pt-Ir 1420 Dorn. 29 Scaroely perceptible.
alloy —
Fe 700 Urry 30 Nil
Bi_ -
Ne | Fe 850 Seeliger & Iumpe. ] 5 Nil, ]
A Steel, 1100 Ryder 31 Nil.
Cu Smithells At least 10° times less
Ni - and 25 than those gases which
Fe Ransley. are known to permeate.
m —
St.steel | 1000 Non-ferrous metals -11
Res.,Ass.report. [28 [ < 5 x 10 c.c./sea./cm.
Milad steel " " 1'6 2
Al 500 n <1x10™" c.0./se0./om

—
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INTRODUCTION 30 THE AFPARATUS.

The mathematics of diffusion processes are exceedingly complex and
solutions exist for only a few of the simpler cases (32). Modifica-
tions must be made to the general solutions depending on whether the
gas is homogeneously distributed or restricted to a thin layer in the
metal, the solutions required in the present work being dealt with fully
in the section entitled "Mathematiocal treatment of experimental results.”
It suffices here to say that if the physical dimensions of a specimen
of suitable shape are known, together with the fractional amount diffusing
out in a given time at a known temperature, then the diffusion coefficient
"D" at that temperature may be calculated.

The experimental techniques necessary, therefore, deal with the
annealing of specimens at an accurately known temperature, the collection
of the gas evolved during annealing, the isolation of helium from any
other gases and 1ts subsequent measurement, and the liberation and
measurement of the amount in the speoimen initially.

If a number of specimens have all been treated identically then
three methods of determining the initial and evolved gas ooncentrations
are availawvle.,

a.) The helium concentration of suitably sampled specimens may

be measured and the assumption made that it is the same for all.

Other specimens of the same batch may then be used for annealing

experiments, This me¢hod suffers from the obvious arawback that



there may be chance varlations in the helium content of different

specimens but this need not be serious particularly if "end-effects"

are allowed for.

b.) The total quantity of gas evolved from a specimen during a

series of anneals may be measured and this amount added to the

residual quantity obtained by the melting or dissolution of the mestal.

The disadvantage of this method is that the total amount obtained is

based on several determinations and will be subject to a cumlative error.

c.) Calculation of the quantity of gas evolved may be made from a

knowledge of the initial amount found as in (a) and the quantity re-

maining after annealing. This method is subJeoct to the errors of

(e) and, if the diffusion rate is not very high, involves the sub-

tragtion of one quantity from another not mich greater.

The heavier inert gases lend themselves to detection in that they possess
suitably long-lived redio-active isotopes. In the case of helium and neon
detection and measurement, however; it is necessary either to use methods
specific to a particular isotope, such as mass-spectrometry, or to separate
these gases from all other foreign gases present and measure the quantity
recovered. This can be achieved by utilising the absence of chemical
affinities in these gases and also the fact that they are the least strongly
adsorbed of all gases on activated charcoal. - Techniques for making such
separations and measurements have been worked out by PANETH and his collaborators

(33) and essentially these procedures have been used in the present work.
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A diagrammatic summary of the apparatus is shown in fig.l, the
sequence of operations being broadly as follows.

1. Dissolution of the metel in a suitable helium-free solvent,

preferably with little or no hydrogen release.

2. The flushing of the liberated gases out of the dissolution

vessél, the bulk of the assocliated water vapour being condensed

out by means of a trap cooled in liquid air. Flushing is

carried out with helium-free oxygen.

3« Colleotion of the gases in a circulating system where they

are brought into contact with heated palladium, bringing about

catalytic combination of the hydrogen and oxygen. The water

vapour so0 produced is frozen out.

4 Transfer of the gases to a fractionating column, where the

excess oxygen is adsorbed and the helium-free gas mixture is

fractionated on wood charcoal at the temperature of liguid air.

5. The collection of the helium as it emerges from the

fractionating column.

6. Compression of the helium into a Pirani gauge which is one of

a pair located in adjacent arms of a Wheatstone bridge ocircuit.

The off-balance current is measgred with & sensitive moving coil

galvanometer and compared with thét produced by an accurately

known quantity of pure helium.

7. The further operation of the column to collect the next

fraction, neon. If this is present it can only have come from



Fig. 1,

A q-iagg:'ammatic summary of -the .apparatus.
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the atmosphere and is thus indicative of air leakage into the

apparatus.

If it is desired to measure the helium evolved from a metal during
an anneal the gases evolved by the specimen, together with the gases
evolved from the walls of the furnace, are transferred directly to
the circulating system by means of a T8pler pump.

The apparatus is constructed in soda-glass, with the exception
of the diffusion pumps, traps and Pirani gauges. This is to awoid
error due to the appreoiable permeation of helium through Pyrex glass.
Since the atmosphere contains sbout 5 x 10 ~ U by volume of helium
the whole apparatus must be evacuated to a high degree. The apparatus
is divided into two halves, each half being evacuated by means of a
mercury diffusion pump backed by a rotary pump.

All the taps used in the construction are of a special "all-soda"
type. (Normally, so-called sode taps oconsist of a soda glass barrel with
a Pyrex glass key.) The taps are carefully "ground-in" with fine grade
"Sira" abrasive., Taps, together with the less permanent cone and socket
fittings, are lubricated with "Apiezon N" grease except where they are
likely to be exposed to heat. In such cases "Apiezon TI" grease was used.
The more permanent Joins were effected with "Apiezon W' wax.

The delicacy of the Pirani gauge and its associated galvanometer
renders the system very susceptible to vibration, hence the whole apparatus
is mounted on a bench resting on a foundation independent of the foundation

of the laboratory.
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With one important exception the design of this apparatus is
similar to that of previous workers (33), elthough several improvements of
detail have been made. The fractionating column, however, while still
operating on the same theoretical principle, has been completely re-
designed. This has led to a oonsiderable speeding up of the fractionation.
THE PREPARATION OF HELIUM-FREE OXYGEN.

In the present work a relatively large quantity of pure helium-free
oxygen was needed to act as a carrier gas for the small amounts of helium
extracted from the metals under examination. In addition to aoting as a
carrier gas, the oxygen is required to remove the hydrogen which is almost
always evolved in the techniques available for dissolving metals. If
the amount of helium it is intended to msasure is of the order of 1077
N.T.P.0scee, it 18 necessary to use oxygen with a minimum purity corres-
pording to one part of helium in 1012 parts of oxygen, in order to
achieve an accuracy of O.l1l per cent; this is assuming a hydrogen release
of about 2 x 102 0.c. at N.T.P., an amount not widely different from
that usually obtained.

A very satisfactory method of purification uses (B. O. Co.)
electrolytic oxygen supplied in cylinders. There is less chanae of
this containing helium impurity than the normal commercial oxygen
obtained from the atmosphere. The apparatus used is shown in fig.2.

The whole appamtus is evacuated through tap T.} the charcoal being
baked out at 250°C. for several hours. When a high degree of vacuum
has been aqhieved, the baking out is discontinued and tap TJd is closed.

Oxygen is bubbled past the outside of tap T.4 for several minutes in-
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order to flush out any air present in the tube, the waste oxygen

bubbling away through & mercury non-return valve which prevents back
diffusion of air from the atmosphere. Tap T.4 is then cautiously opened
and the oxygen is allowed to enter the apparatus, the flow through the
bubbler being maintained by opening the cylinder valve still further.

When the oxygen storage bulb is full (the pressure being indicated by

the manometer) tap T.4 is closed and the supply of oxygen cut off.

The "liquid oxygen bulb" is surrounded with liquid air, the oxygen
liquefying in the bulb till the pressure is that due to the vapour pressure
of liquid oxygen at the temperature of liquid air (about 19cms. of mercury).
Tep T.2 is now closed and the charcoal tube is immersed in liquid air,

the pressure in the apparatus falling to a few m.m.s.. T.l is then opened
for about ten minutes and any helium present is punfped away. T.l is

then closed, T.2 opened, and the liquid air baths removed from the bulb
and the charcoal, allowing the oxygen to vaporise and desorb, The
process is repeated about six times till a sample of the gas, far in
excess of that normally used in an analysis, shows no deflection when
examined for helium in the normal way.

In this way about four litres of helium-free oxygen can be produced,
the pressure being only slightly below atmospheric. In the present work
it was found possible to keep the oxygen pure for several months, regular
checks being made upon its purity. This agrees with the findings of
most previous workers (34,35) but is contrary to the findings of WILSON (36).
From figures (37) for the diffusion of helium through soda-glass, and

for the outgassing of the helium already dissolved in the glass, it seems
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unlikely that contamination due to these causes could be serious .
over a period of less than four or five months. However, the chief
means of contamination is more ;ikely to be leakage through the taps
of the sgystem, hence the necessity for frequent checks.

The purified oxygen may be tapped off through tap T. 3 via the non-
return valve.

EQUIPMENT USED FOR THE ANNEALING OF SPECIMENS.

An important feature of the experiments was the annealing of the
specimens. Sinoe the annealing temperature ococurs in the exponential
term of expressions for diffusion it was evident that this quantity should
be measured and controlled as accurately as possible., FEach get of
experiments demanded rather different conditions and it was necessary to
use & selection of furnaces and control mechanisms.

The first requisite for the material of a furnace for this sort of
measurement is that it is not permeable to helium and does not contain air
(end therefore helium) in its orystal lattice. This immediately rules
out the usual non-metallic refractory materials. Metals suffer from
the disadvantage that they evolve considerable quantities of gas (mainly
hydrogen) when heated. To minimise this effeot the furnace tubes were
outgassed for about twenty hours before they were used and by outgassing
at a temperature higher than that actually required in an experirent it
was possible to maintain quite a high vacuum in a furnace tube made of
stainless steel, but not in a tube of mild steel or copper. A mid steel

tube was therefore only used in those experiments where it was desired



to measure the residual gas, not that which had been evolved. In the
case of the stainless steel tubes the evolved gases were analysed with
regard to their helium content and the amount was found to be negligible,
a not unexpected result in view of the insolubility of heliup in solid
metals (4,6).

A disadvantage of metal furnace tubes is the joining of these, in a
leak-proof manner, to tﬁe rest of the vacuum system. The stainless steel
tubes had B/2L cones machined on their open ends but it was not found
possible to effect a stainless steel to soda glass seal with "Apiezon W"
wax. Although the joint would stand for several hours if allowed to cool
slowly, subsequent changes of the ambient temperature led to oracking of
the wax, It was curious that although both members of the joint were
well heated to enable the wax to "bite" it invariably broke away from
the glass. A similar diffioulty in Joining these two materials was
experienced by WIBORG (38). The difficulty was finally resolved by
machining the cones extremely accurately and greasing the joint with
"Apiezon T" grease.

(a) Furnace used for long anneals in which evolved gas is not collected.

This is shown in fig.3. The material used was mild steel, this

being satisfactory if the gases evolved were periodically pumped away.
Temperature control was effected by means of a "Sunvic" platinum
resistance thermometer controller operating in the circuit shown

in fig. 4a. By continuous automatic variation from a maximum to

& minimum value of the power supplied to the furnace it was easily

possible to keep the temperature constant to within 1°c. The
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temperature was measured by means of a chromel-alumel thermocouple,
the e,m.f. being indicated on a potentiometer unit. With this
arrangement the temperature could be estimated to within 1°%. the
thermocouple having been previously calibrated at the ice, steam
and sulphur "fixed points".

(b) Purnaces used for short anneals and colleotion of evolved gas.

For this purpose two stainless steel tubes were used. Both were
electrically heated in simple tube furnaces, the temperatures of which
could be manually adjusted. Since the periods of heating were short
such a method of temperature control was acceptable. A chromel-alumel
thermocouple was again used for temperature measurement.

(o) Furnace for long anneals and collection of evolved gas.

A vacuum furnace for the collection of gas evolved over long
periods was constructed but it was found impossible to keep this
sufficiently helium-tight. The furnace is shown in fig.3%4 and
described in PART THREE under the title "Notes on some ideas tried
but not adopted".

The specimens could be introduced into or withdrawn from the
furnaces (a) and (b) by means of the device shown in fig. 4b.
Usually it was possible to drill a very small hole in the specimen to
provide a means of attaching the platinum wire but in some cases
the metal was. held in a platinum wire or molybdenum sheet "basket".
Both the wire and the basket were thoroughly out-gassed before
use, and no alloying problems were experienced with beryllium, gold,

or aluminium specimens.
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THE RELEASE OF HELIUM FROM SPECIMENS TO DETERMINE THE INITIAL CR
RESIDUAL CONCENTRATIONS.

In order to release the helium contained in specimens it is
necessary either to melt or dissolve them and to collect the gases
evolveds The technique of vacuum melting is a difficult and expensive
one and has rather special disadvantages in connection with the present
worke Unless levitation melting is used it is impossible to melt the
metal without the use of a containing vessel. Alloying effects may
become a problem if this is made from metal, and the refractories
normally used are quite unsatisfactory on account of their high air content.

The technique adopted in the present work was that of dissolution
of the metael in a helium-free reagent, the subsequent flushing of the
solution with helium-free oxygen, and the collection of the gas mixture.
The apparatus used is shown in fig. 5. |

The solution vessel is first evacuated (with T.5 open) to the vapour
pressure of the solution, excessive amounts of water vapour being pre-
vented from reaching the pumping system by means of a ligquid-air cooled
trap. Evacuation is carried out via taps T.6, T.7, and T.8, (fig.7), the
mercury in the ventil "V" being raised to prevent contamination of the
charcoal in the U-tube. When a suitable vacuum has been achieved, taps
T.5 and T.6 are oclosed and helium-free oxygen is bubbled through the
solution till the pressure in the solution vessel is about one centimetre
of mercury. This gas is pumped away by opening T.6. After a few
seconds T.6 is closed again, and the whole process is repeated seven or
eight times, the interval between each evacuation being determined by

the quality of the vacuum in the main pumping manifold.
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Dissolution of the specimen is brought about by rotating the taper-

Joint in whioh it has been placed until the metal falls into the reagent.

Reagents used in the liberation of helium from specimens.
(1) For aluminium and beryllium,

The reagent used was a saturated solution of ocupric potassium

chloride. Hydrogen is briskly evolved and this causes the thin
film of gqopper which is formed on the surhoe of the metal to break
up, thus constantly exposing a fresh surface for the reaction which
is complete in a few minutes. It is desirable to keep to a minimum
the quantity of hydrogen evolved for reasons outlined in the next
seotion, but the quantity of metal used in the present work did not
involve the evolution of large emounts of this gas.

(2) For iron.

In the course of the work on meteoritic iron rather larger amounts
of metal were involved but ocupric potassium chloride dissolves this
element with no evolution of hydrogen. Where the iron is in a
massive form the reaction is slow, owing to the formation of a
.coherent protective layer of deposited copper, and it was found that
a more satisfaotory reagent could be produced by the addition of
ten per cent by volume of a saturated solution of mercuric chloride.
Using this mixed reagent one gram of iron can be dissolved in about
an hour. I Filings are readily dissolved in either reagent particu-
larly if magnetic stirring is used. Aocceleration of the reaction
by warming the solution is undesirable because of the danger of

driving occluded helium out of the walls of the vessel.



(3) For gold.
Congiderable effort was expended in finding %ome means of

bringing this metal quickly into solution without the necessity

of excessive heating and the consequent risk of evolution of

occluded heliums The usual alkaline oyanide solution method is

too slow at acceptable temperatures and attack by mercury at room

temperature has the same disadvantage. Since the stainless steel

tubes used in the annealing of specimens were found to evolve as

little as 10™7 g.0. of helium in 120 minutes at 815°C. it was

decided to release the helium from the gold by dissolving the

latter in meroury contained in one of these tubes. In this way it

was possible to raise the temperature of the gold till attack by

the mercury was sufficiently rapid. An advantage of this method

is that the mercury can be made to boil, and any helium is effectively

flushed from the liquid phase and may be Ttplered cut of the furnase.
The apparatus used is that shown in fig.6. The furnace tube

was outgassed at about 70060. and the temperature was then reduced

to about 200°C. Mercury from the side-arm was dropped into the

stainless steel tube and any gases which may have been evolved were

pumped away. The tap to the vacuum line was then closed and the

gold specimen was pushed into the tube by a magnetically operated ram.

The temperature was raised to 250°C. and after an hour the gases were

T8plered into the circulating system.
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No appreciable evolution of helium from the conditioned metal of
tpe tube could have taken place at the relatively low temperatures involved
and since the glass parts of the apparatus were not heated by the mercury
vapour it is highly unlikely that any error was :Llntroduoed in this way.

TRANSFER OF THE GAS MIXTURE TO THE CIRCULATING SYSTEM, AND THE REMOVAL
OF HYDROGEN.

The gases present in the dissolving vessel from the dissolution of
say, aluminium, are hydrogen, oxygen, helium, and water vapour, together
with any other gas which may hawve been occluded in the metal, It is
necessary to completely transfer these gaszes to the circulating system
(after freezing out the water vapour) so that they can be prepared for
fraotionation on the colum.

After the charcoal U-tube (see fig. 7) has been baked out at 300°C.
and the whole apparatus evacuated, the procedure is as follows. Taps
T.8, Te9, and T.1ll are closed, T.10, and T.7 remaining open. The U-tube
is immersed in liquid air and about ten minutes are allowed for temperature
equilibration to take place. The two water traps are also immersed in
liquid air. The mercury level in the ventil "V" is then raised so that
it Just blocks the U-bend, acting as a non-return valve for.ga bubbling
through from the solution vessel, adsorption on thecbarcoal keeping the
pressure in the circulating system almost at zero. Thes excess pressure
in the solution vessel due to hydrogen evolution is relieved by opening
tap T.6 for a few seconds, Pure oxygen is then bubbled slowly through

the solution, flushing out any dissolved gases. The pressure of gas



Fig. 7.
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in the solution vessel is allowed to build up to about one centimetre
of mercury and then the flow of pure oxygen is discontinued. Tap T.6
is then opened for about twenty seconds and the gases bubble past the
meroury in the ventil. This operation is repeated seven times, previous
work having shown that this number of flushings is easily sufficient to
effeot a virtually 100% transfer of noble gas to the circulating system.
The mercury in the ventil "V" is then fully raised so that the solution
vessel is completely separated from the circulating system.

The circulating system itself (f'ig.?) oonagists of a circulating pump,
a TBpler pump, a charcoal U=tube, and a palladium furnace. The cir-
culating pump consists of a glass envelope enclosing an iron rod encased
in soda-glass tubing. This makes a sliding fit with the envelope, and
can be rapidly moved up and down by means of a solenoid energised by a
"make and break" device. This motion, combined with the action of the
two non-return ball valves Bl andB.2, causos the gas in the system to
circulate. Two metal springs cushion the impact of the glass encased
rod at both ends of its travel. The palladium furnace consists of a
narrow soda-glass tube containing a spiral of palladium wire. This
tube is encased in a Pyrex wvacuum Jacket and is surrounded by a glass
former supporting a heating element which can be raised to dull red heat
by a current of three amperes;, the palladium being heated by radiation.
Overheating of the apparatus as a whole is preveﬁted by immersing the
furnace in a beaker of cold water.

The procedure for circulating the gases involves the starting of the
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pump and the removal of the liquid air bath from the U-tube. It is
important to make sure that the pressure rise on desorption does not
force gas into the secondary bulb of the T8pler pump and this is avoided
by raising the mercury level in the pump before allowing the charcoal

in the U~tube to warm up. The TBpler valve is kept open during the
oirculating operation. With the palladium furnace heating coil at

red heat the hydrogen can be wholly removed in about twenty minutes, most
of it being removed in the first few minutes, The water vapour so pro-
duced is frozen out in the cold trap.

Hydrogen is a highly undesirable impurity since, after helium and
neon, it is the least adsorbed of all gases (39) and consequently comes
through the fractionating column immediately after neon. The pi'esence
of hydrogen may therefore prevent a test for neon béing made since even
a smll quantity of hydrogen would give a large deflection in the Pirani
gauge system on eccount of its high thermal conductivity.

TRANSFER OF THE HYDROGEN-FREE GAS MIXTURE FROM THE CIRCULATING SYSTEM T0
THE_FRACTIONATING COLUMN,

Before transferring the gases from the circulating system to the
fraoctionating colum, the latter is evacuated, and the charcoal bulbs
are outgassed at 250°C. for about two and a half hours. The charcoals
are then allowed to cool and are immersed in liquid eir. The mercury in
the colum is raised to the levels "E" and "D" (fig. 8) and a few experi-
mental operations of the colum are performed to check its correct
mechanioal operation. After ensuring that the columm is functioning

ocorrectly, the mercury is held in the starting positions at "E" and "D".
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Tap T.10 is shut, the ball-valves B.l and B.2 are held open with a magnet,
and the mercury in the T8pler is raised to about half-way up the bulb.

The gas in the bulb is then adsorbed on the charcoal of the first unit

by opening tap T.1ll, and raising the T8pler valve by means of the solenoid.
Tap T.1ll, is then closed, and the mercury in the TBpler lowered to below
the cut-off and then raised again, this time to Jjust above the valve,T.1ll
is again opened. The solenoid is then de-energised, allowing the valve
to fall back into its seating, and the mercury is lowered once more. The
subsequent operations are then merely repetitions of the normal Tbpler
procedure., Care is exercised in the first few operations because, although
the chief component of the gas mixture is oxygen and therefore readily
adsorbable, an initial pressure may be built up in the first charcoal bulb
if all the gas present in the circulating system were allowed to pass over
at once, This would lead to a violent diaturbance of the mercury in the
first unit possibly resulting in an escape of gas Into the second unit,

or fracture of the colum.

Eighteen TBpler operations are performed, the meroury being fully
raised to the mercury-stop B.3 on the eighteenth operation, care being
taken to ensure that no gas bubbles are trapped, especially near the
TBpler valve. For a system of the type used about ten TBpier operations
are theoretically sufficient to give ﬁrtub.lly complete transfer, but in
practioce eighteen operations are performed to make absolutely sure that
all the gas has been transferred to the colum. Tap T.ll is left open

during the operation of the fractionating colum.



When all the gas has been transferred, a few minutes are allowed
for temperature equilibration. The mercury level in limb-2 of the gas
pipette "B" (fig.lt?__) is raised till it is above the out-off, and tap T.15 (fig)k
is closed, T.16 being left open. The gas sampling bulb is kept filled
with mercury when not actually in use. Thus, with T.12 open, the
oolum oan deliver the gas fractions only into the storage bulb. The
"batoh-wise" fractionation operations (see next section) are then begun.
At the end of the fourteenth operation the fractionation is stopped
and the fractions in the storage bulb are examined for gas content.
If no deflection is observed in the Pirani gauge system, the fractionation
is continued till thirty-eight operatibns have been completed. The
collected gas fractions are than measured in the gauge. If a deflection
is obtained on measuring the first fourteen fractions, this is indicative
of air leakage into the scolum or storage bulb, or inadequate baking-out
of the charcoal bulbs. Usually the response of the gauge to the gas
delivery of the first fourteen operations is negligibly small.

MECHANICAL OPERATION OF THE FRACTIONATING COLUMN.

The operation of the old-style column was effeoted by means of a
synchronous motor governing solenoid valves which connected the mercury
reservoirs of the colunn to the secondary pumping system or to the
atmosphere. The fractionating column itself consisted of two identiocal
rows of bulbs, only one row of which contributed to the separation des-

cribed under "Theory of Fractionating Column". The other row, aoting
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simply as a set of non-return valves isolating each unit from the next,
took the same time to empty and fill with mercury as did the agtual
"volume" bulbs. This arrangement led to very slow operation and it
was therefore decided to adopt a new control mechanism, and to alter
the design of the shut-off valves.

Iwo designs of valve were tried:-

a. A magnetically operated non-return valve,

b. A s:i.mplle U-tube mercury cut-off.

Initially experiments were made with an "a." type arrangement, but
practical difficulties led to the eventual adoption of "b." (See Part three).

The method of control utilised the rise and fall of the mercury itself,
Four control wnits, each consisting of a small lamp, & lens, and &
germanium photo- diode are mounted on the colum in such a way that the
rise and fall of the mercury cuts the light-beam on and off. Suitably
interconnected relays operated by the current from these photo=cells
energise four solenoid valves which conneot the meroury reservoirs of the
row of bulbs and the row of non-return valves to the secondary vacuum
line, or through oapillary tubing to the atmosphere.

The column in its present form is showmn in fig. 8. The starting
position of the colum is with the mercury levels at "E" and "D" when all
the :diodes. are unenergised. The controlled circuit in this position
:Ls shown in fig, lla. On switching on the column mechanism, the mercury

level in the front (i.e. bulb) row falls to position "B" and the oircuit
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showmn in fig. 1llb. comes into operation camsing the mercury to rise.

In the normal way the meroury column would oscillate about the level "B"
but this is prevented by applying & bias voltage through a second set of
oontacts (see figs. 12,13) in the relay governed by the control unit at
"E", The mercury therefore continues to rise to position "E", when the
oircuit shown in fig. 1llo. operates. This causes the mercury in the U-
tube row to fall to"C", energising the photo-cell "C" and causing the
ocircuit of fig.,1ld. to come into operation. A bias is again required to
prevent osoillation of the mercury about "C". When the meroury reaches
"D" ths whole cycle begins again, the number of complete cycles made by
the colum being recorded by a Post-office counter.

The time taken for each operation is sixty-five seconds as opposed
to the four minutes required by the old apparatus. This saving of time
is made good only on those parts of the cycle which do not involve gas-
solid eguilibration, or conduwstion of gas along the narrow-bore tubing
of the colume. The time allowed for the former process is the same as
that allowed in the old désign, and in any oase thiere is subatantial
evidence that this sort of equilibration takes place extremely quickly (42).
The time needed for the sonduction of a typical amount of gas in tubing
gsimilar to that used was calculated and the time allowed was found to be

sufficient.
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THEORY OF THE FRACTICNATING COLUMN.

This colum (in its original form) has been described many times,
and the theory has been exhaustively described by GIUCKAUF (40), For
completeness a summary of the theory is given here. The work for which
the column was originally designed was the analysis of air with respeot
to its inert gas content but since the present work is concerned only
with helium estimation (the presence of neon being used solely as an in-
dication of air leakage) it was necessary to modify thé proocedure with
respect to the end-point of the fractionation. Otherwise the theory of
operation is identical with that outlined by ’G-II'J"GKAUE‘.

Charcoal, at low temperatures, is a powerful- adsorbent of gases,
even the noble gases being adsorbed to some extent, The adsorption of
these gases is due only to physical causes (i.e. Van der Waal's forces);
chemisorption is not possible owing to their non-reactivity. Since no
two gases could be expected to have identical adsorption characteristics,
it should be possible to resolve a gas mixture by allowing it to egquilibrate
with an adsorbent. The usual way of doing this is to inJject it into a
stream of non-adsorbable carrier gas flowing through a long colmm of
adsorbent material held on an inactive packing. The components of the
mixture then pass out of the colum in an order corresponding to their
retention times. Unfortunately such a method is not possible for use with
helium since this gas is itself the least adsorbable of all the gases.
The process used nmust therefore be a discontinuous one and the method

adopted is to allow the gas mixture (in this case helium and neon) to
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equilibrate with a definite weight of charcoal at liquid air temperature.
The gaseous phase becomes enriched in helium, this gas being less strongly
adsorbed than neon, and then this enriched gas is allowed to egquilibrate
with a fresh batch of charcoal and the process of enrichment is repeated.
The apparatus (fig. 8) aonsists of fifteen bulbs of volume approximtely
36ccs., and fifteen smaller bulbs each containing a definite weight of
wood charcoal.

The starting position of the fractionating columm is with the
mercury levels at "E" and "D". The gas mixture from the circulating
system is compressed into the space between tap T.1l0, and the ball valve
B.3 (fig.7.) and since tap T.ll is open, the helium and neon are partially
adsorbed on the first charcoal bulb, the oxygen being completely adsorbed.
Lowering of the mercury to "B" then allows the gas mixture to equilibrate
between the free space of the volume bulb and the charcoal in the charcoal
bulbs, The mercury is then raised to "E", compressing the helium enriched gas
and movement of the mercury in the U-tube colum from "D" to "C" and back
again allows this ga;xs-to equilibrate with the charcoal of the seaond
charcoal bulb. The whole process is repeated automatically.

The procedure is reminiscent of that used in frastional crystallisa-
tion, in which the precipitate from one operation is added to the mother-
liquor of the next, resulting in an increasing yield of deoreasing purity.
As in fractional orystallisation we may select as many units and perform
as many operations as is convenient.

The primary aim in this case is to isolate the helium in as pure a
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form as possible, and in as great a yield as is consistent with purity.
In order to estimate the optimum number of bulbs and cycles of operation,
GLUCKAUP (40) derived a number of quantitative expressions based initisl ly
on Langmir's Isotherm. This is ordinarily written:-
C:s - K/ Cy
|+ K. C,

where Cs and C,, are.the equilibrium concentrations in the solid and

EQUN. 1.

gaseous phases of a olosed system. Only mioro amounts are dealt with
in this work and therefore the Isotherm may be written:-

Cg = K Oy EQUN, 2.
since K, C is smll compared with unity. ‘

The adsorption coefficient,0{ , is a constant independent of
adsorbent pore-space, or tube dead-space, and relates simply to the
particular gas-solid system. Suppose the initial quantity of gas "A"
(nelium) is Ag, 2nd that it is allowed to equilibrate between a volume

"V"aﬁd a definite weight"Y of adsorbent. The amount of gas left in the

gaseous phase will be A,, where

A, = V. C, _ .
SCs; +VCy
' C A

. C
RRS
H ' EQUN- 3-
l...d..s— A.
- A v EXUN, L.
- Q. o

The amount of gas"A' adsorbed will be

(1 - a) Ao.
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For a seoond gas B (neon) these quantities become b.B, and (1 - b)B,

2., respectively, where [
E——

S
I+

X and /4 are functions of temperature, and the ratio 2 differs

inoreasingly from unity as the temperature decreases. A low temperature
is therefore desirable, and is achieved in this case by the use of liquid
air, Once the temperature has been fixed the degree of separation depends
purely on the ratio ';:;, and it is necessary to choose-a wvalue for this
such that the separation of helium and neon is a maximum. Obviously
if S is large the amount of neon in the gaseous phase will be very small
and the purity of the helium in the gas phase will be great, although the
amount will be too small to make this a practicable method of separation.
For a given helium/neon ratio it would be expected that the best separation
would occur when the distribution factors a and b differ as greatly as possible
and G-L{;CKAUF has shown this to be indeed the case. Therefore the desired
value of % is that which satisfies the expression

£ (a-b)
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Therefore, for a maximum (a - b),

ey

Work done by cLicKaur suggests the wvalues

A = 10.6 (Helium).

2 =110,72  (Neon)
Since the volume V was chosen to be about 36 mls.,, the weight of charcoal
used for each unit was approximately l.1g. The charcoal bulb on the
first unit, however, contains l.2g. of charcoal, the extra O.ilg. off-
getting the slightly larger dead-space of this unit.

In the construction of the fractionating column narrow bore (1 mem.)

. tubing was used as much as possible in order to keep the dead-space small,
This is important if an efficient transfer of gas from one unit to the next
is to be achieved. Where the tubing comes into contact with the mercury
at soms part of the cycle a slightly larger (3 m.m.) bore was used so
that kblookage would not be caused by the retention of small pellets
of mercury.

Having derived the optimum wvdlue of the volume/solid ratio it is
necessary to obtain expressions for the number of units and the number
of operations which would give the best separation. Suppose there
are "m" units in the colum, and "n" operations have been performed:-

The amount of gas A in the gas phase of the unit "m"™ may be shown

to beA;n

where n=-m
Ar = Al (n-O 2 (1-a) B, 5.
(M-l)."(n-lﬂ)!
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The amount of gas "A" adsorbed on the solid of the same unit is

Ao (V\"l)l . a(m-l) o Y |
('"-l).'(n-m)! e )

The ratio of the amounts of gas delivered from the last (mth)

EQUN. 6.

unit by two successive operations (n) and (n + 1) is

™m
Ane N (1-4) EQUN. 7.
AT n-m+|

The value of (a), which is efféctively the slope of the delivery
curve, may be calculated and used to determine the "helium only"” curve
‘for those operations where the helium and neon are delivered together.
Thus the degree of neon contamination of the helium may be determined
and allowed for,

No gas cen be delivered to the storage bulb till the (m-1)th.
operation has been completed. The gas then delivered is stored in the
gs acoumula tes.

"~

As = AMM + Am,| ...... A: .

bulb wheres an amount A

The amount of gas "A" remaining on the colum will be:
m
Ag s Ang t Apea e - AL
Corresponding expressions may also be derived for the gas "B". Thus
the gas in the storage bulb will oconsist of a mixture of gases "A" and "B",
and after (x) fractionations the relation

F = A‘: + BJ": EQUN, 8.

will hold.
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A™ and B™ both rise to a maximum and then decrease again, so
the best separation will be achieved when A™ has decreased to a low
value but B™ has not increased to a significant value. In air analyses
it is good practioé to adjust the number of operations of the column in
such a way that at the "end-point" the amount of gas A%‘remaining on
the colum is just compensated for by the quantity of éontamination Bg.
(This is striotly a volume compensation, since the Pirani gauges have
different sensitivities for the two gases.) However, in the present work
any neon in the gas mixture is due only to accidental causes, so the
fraoctionation was discontinued at a rather earlier stage than would be
the case for an air analysis. This ensures a high purity of the helium,
and minimises the uncertainty of the compensation by the neon; allowance
was made for the small part (0.65%) of the helium retained on the colum
at this point.

' GIﬁCKAUF showed that a colum of twelve units would give an
efficient separation, but to increase the resolving power a 15-unit
colunn is used in practice. It was also shown that the number of
operations required is about twice the number of units.

Since it is not possible to blow identical bulbs, or achieve a
zero dead-space, the colunn needs to be calibrated with helium, neon,
and air, the above theoretical results being used solely as a guide
to the conditions to be expected. From the viewpoint of the columm,

- air acts solely as a mixture of neon and helium, the other gases being

completely adsorbed on the wood charcoal at low temperatures.
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Ag well as estimting the helium content of a gas mixture it is
desirable to test for the presence of neon, since this is an indication
of any leakage of air into the apparatus. After the helium fraction has
been collected continued operation of the column yields the neon. At
liquid air temperature neon is fractionated only very slowly and it is
desirable to accelerate the process by removing the Dewar flasks from
the last fourteen charcoal units. The first charcoal unit is lower
than the others and it is possible to keep this immersed so as to retain
strongly adsorbed gases such as oxygen. The flasks may be removed from
the units as soon as the last helium fraction has passed through the last
unit of a particular cluster of chﬁrcoals. If it is merely required to
test for the presence of neon it is useful to pump away the gases
delivered by operations 39 fo 42 inclusive since these fractions still
gontain & small amount of helium. Subsequent operation of the column
delivers virtually pure neon, about twenty operations being sufficient

to give a measurable quantity if it is preéent.
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Fig, 12,

Controlling circuit for fractionating

column.
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CALIBRATION OF THE FRACTICNATING COIUMN.

In order to completely determine the characteristios of the frao-
tionating columm it is necessary to carry out two separate experiments:-
Expted. This inwvolves the fractionation of a suitable quantity of
'dry air (the amunt used need not be knowm exactly) and the measure-
ment of the gas delivered to the storage bulb by each successive
operation. This enables the position of the mininum to be found in
the curve expressing gas delivery as a function of the number of
operations performed. Such a mininum is inherent in Equn.8. and
corresponds to the maximum delivery of helium with minimm contamina-
tion by neon. By making use of Equn.7 it is possible to estimate
the degree of overlap of the two parts of the curve, and to calculate
the resultant contamination of the helium by neon. The final result
is shown in fig. 9 and it may be seen from this that by stopping the
fractionation at Op. No. 38, a pure and nearly quantitative sample
of helium may be obtained.
Expt. B. It is necessary to measure the percentage recovery of the
helium from the column since it is obvious that by stopping the frac-
tionation after thirty-eight operétions not all the helium will have
been collected. A convenient quantity of pure helium (again the
amount need not be known exactly) is fractionated and the amounts
delivered by successive operations of the column are mesasured, the
operations being continued till a negligible quantity of gas is

issuing from the colunm. It may then be assumed that 100% of the



helium has been recovered. The amount of gas delivered by any

number of operations may then be readily compared with that delivered

by what is effectively an infinite number of operations. In the
present case it was found that thirty-eight operations gave a re-
covery of 99.35 per cent.

Since the origin of the charcoal used in the present work was not know,
and since a previous worker (34) in this laboratory had encountered trouble
due to the irreversible adsorption (at liquid air temperature) of a large
fraction of the helium, it was thought necessary to test the fractionating
colum for completeness of recovery of the helium introduced into it.

This was done by measuring the deflection of the Pirani gauge for a small
quantity of helium, and then TBplering this into a small tube fitted with
a stop-cock by means of the gas sampling bulb, fig. 16. By raising the
mercury level as far as the tap, closing this, and transferring the tube
to the B.10 soclet on the circulating system, it is possible to T8pler

the whole of the gas into the columm. After fractionation it was found
that the gas collected in thirty-eight operations (after allowance for the
known retention desoribed in B.) gave virtually the same deflection as had
been obtained before fractionation. Thus it may be concluded that there
is no significant retention by the charcoal.

Throughout the whole series of experiments checks were regularly made
on the correct functioning of the column by means of air analyses, the

results of which were compared with the generally accepted values of (41).



These analyses were carried out by fractionation of samples of air dried
and measured in the air-pipette shown in fig. 10, This pipette was
calibrated by the mercury weighing method desoribed in the section on
the Macleod gauge and gas-pipetting system.,

PIRANI GAUGES AND THEIR CALIBRATICN.

This type of pressure éauge has been found to give very satisfactory
results in this field (33). Many variations in design have been made,
and the instruments used in the present work embody most of the improve-
ments (chiefly aimed at reducing zero drift) suggested by previous workers.

The design of the present gauge is shown in fig. 14. Initially the
gauge is constrycted in two sections, these being Joined later by a ring
seal, The gauge is made f‘romlerex glass, through which are sealed
three tungsten leads (o.3m.m., diam.) two of which are fashioned into hooks,
the third consisting of a helical spring with a hook at one end, Over
the tungsten hooks, and the hooks on a glass stem, is stretched a fine
(0.003mem, x 0oO5mem.) nickel tape. The ends of the tape are soft-
soldered to the tungsten hooks, these having been copper-plated and tinned
beforehand to make this possible. Before soldering the tape, a five
gram weight is hung from each end so that the filament is under a tension
of t;n grams. This prevents undue drifting or other irregularities due
to miorosonic effects which would affect a slack filament. The filament
is "W" shaped, of length about 27 oms. Kinking or twisting of the tape
causes serious instability of the gauge, so these are stringently avoided.

Niokel tape is used since this metal, in this geometrical form, has a



Fig. 14,

Cirani gauge,
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Fig. 15,

Circuit. for Pirani gauges.
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theoretiocal superiority over other gystems (99).

In practice two gauges are used, one being the compensating arm
in a Wheatstone bridge cirouit. (fig.15). The gauges are oonnected in
adjacent arms of the circuit, a potential of one volt being applied
across the bridge. The bridge is balanced by means of resistance R.3,
the galvanometer spot being brought to a convenient place on its scale,
and the degree of unbalance caused by admission of gas to one of the
gauges is measured by the deflection of the spot. A resistance box
enables a choice of galvanometer sensitivities to be made.

The heat transfer from filament to envelope due to the gas is given

by the relation:-

E ='§ T?R'AM-/P" /_TZOLE ATy - To)  watte/on’

where & = aoccomodation coefficient for the systgm helium-nioke1l.
¥ = mlecular heat conductivity (watts/om ) at 0°C,
Ty = filament tempersture.
Ty = envelope temperature. (43).

It can be seen that the sensitivity of the gauge will be increased
by keeping the ehvelope at a constant low temperature. This condition
is provided by completely immersing the gauge in a bath of liquid air,
hence the construction of the gauges in Pyrex glass. Attempts have
been made to use soda glass instruments (17) but these have not been
able to withstand the thermal shock on immersion. The potential
across the filament is sufficient to maintain this at about room tempera-

ture, end this prevents undue contraction of the filament on cooling the

gauge.



Since mercury vapour is present in the system, a small piece of gold
foil is placed in each gauge to proteot the soft-soldered Joints. Indium
may also be used, but this-is not so satisfactory since it is difficult
to see when it is saturated with mercury, there being no colour change on
amalgamation. Moreover, the low melting point of indium carries with it
the risk of fusion, and consequent blockage of the gauge inlet, when the
small quantity of wood-charcoal enclosed in each gauge is baked out. This
charcoal serves to adsorb any gases released from the tap grease due to
the turning of the taps of the gauge system.

Electrical connection of the tungsten leads of the gauge to the bridge
circuit is made by copper leads encased in a single sheath, thus eliminating
spurious effects due to variations in the temperature of the leads. The
copper wire is hard-soldered to the tungsten, care being taken when using
the gauges to ensure that the soldered Joints are kept fully immersed in
the liquid air bath. If this is not the case, marked irregularities
ocour due to thermal eeMefeSes

Since the gauges are of Pyrex glass the question of the permeability of
this glass to helium immediately arises. From published values of the
permeability (37) it may be calculated that the accumulation of helium in
the gauges would amount to approximately 10~%6.0. over a period of two
hours at 0°C. Since the gauge is at a much lower temperature than this,
and since the permeability decreases sharply with decreasing temperature,
it may well be assumed that helium accumulation is negligible. In

practice no accunulation has ever been observed.



Fig. 16.

Storage-bulb, gas sampling bulb, and Pirani

sauge system.
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Connection of the Pyrex instruments to the soda-glass apparatus
is made by a black-waxed B.7, cone and sccket arrangement.
FROCEDURE.

In an agtual analysis the gauges are evacuated with the taps T.1l5,
T.16, and T.17, open (fig.16), the charcoal being outgassed with a
very small flame. When a "hard" vacuum has been attained the ourrent
in the bridge circuit is switched on and the gauges are immediately
imnmersed in the liquid air bath. The initial rate of drift of the gauges
is very high, but after about three hours it amounts to only a fraction
of a millimetre per minute on the most sensitive range of the galvanometer
aystem.

When the gauges _have reaoﬁed equilibrium, taps T.15, and T.17, are
closed, the gas sampling bulb is completely filled with mercury, and the
gas from the colum is collected in the storage bulb. When collection
of the gas is complete, tap T.16, is closed and the mercury level in the
storage bulb is raised, compressing the gas. T.16, is then opened and the
deflection of the galvonometer spot on the scale is recorded at minute
intervals., The deflection is directly proportional to the "off-balance"
current in the bridge, which in turn is directly proportional to the gas
pressure in the Pirani gauge. A typical def).ection takes ab.ouil; five
minutes, to reach a steady valwve, afte;' whioh-time the spot has a tendency
to drift slightly. The value attained after five minutes is usually
accepted as the true deflection, any uncertainty being resolved by

graphiocal methods if necessary. Tap T.169 is then closed and the
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mercury in the storage bulb is lowered to a fixed reference mark.

When the galvonometer spot has become steady at a suitable part of the
scale, tap T.16, is again opened end the deflection in the reverse
direction is measured. Readings may be taken as many times as is
necessary to obtain good statistical accuracy, those readings differing
by more than about half of one per cent being rejected. Usually about
six or eight readings are sufficient.

A ocorrection is necessary for the fact that the scale should
strictly be part of the circumference of a circle at the centre of which
is the galvanometer mirror. This is not a practicable arrangement,
however, and a straight socale is used instead. The readings at either
end of the scale will be larger than at the ocentre, but a series of
readings of the same small deflection at all parts of the scale enables
a graphical correction to be applied to any given readings. By limiting
the deflections to about thirty centimetres, and by taking readings
only in the mid-part of the scale, thé maghitude of the corrections is
mich diminished, and by suitably measuring the amount of gas for calibra-
tion it is possible to obtain an almost identical deflection over the same
part of the scale, virtually eliminating the scale correction.

The gas used for calibration is measured in an absolutely calibrated
McLeod gauge and a small fraction is introduced into the Pirani gauge
by means of the gas pipetting system shown in fig. 17 and measured in
the usual way. The deflection produced by the unknown amount of gas

is then compared with that produced by the measured quantity, and the
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unknown amount found by simple proportion. In effect the gauges are
calibrated after each determination since, being very sensitive instru-
ments, they cannot be permanently calibrated. On the most sensitive
range of the galvanoneter system it is possible to measure a quantity
of helium of the order 10-8 N.T.P.c.Ce8. to an acouracy of about 1%.

Since the gauges are so sensitive to vibration, care is taken
while opening and closing tap T.l16, during the course of measurements.
The gauges are also sensitive to light, and all readings are taken in
a darkened room to eliminate chance variations in light intensity.
High-frequenoy electric fields have a completely unsettling effect
upon the gauges, and "leak-testing" may not be carried out before or
during an experiment anywhere in the laboratory.

The measurement of small gquantities of helium for calibration of the
Pirani gauges.

Since Pirani gauges are not "absolute" instruments the deflection

produced by the unknowvm guantity of helium mst be compared with that

produced by an accurately known quantity of pure helium which has been
measured absolutely. In the present work a Mo.Leod Gauge was used to
L

measure & volume of helium about 10™ times greater than the amount under
test, This wolume was reduced to the appropriate magnitude by means
of the gas pipetting system shown in fig. 17, and the final known fraction

wag admitted to the Pirani gauge in order to measure the defleotion.



Fig. 17.

Gas-pipetting system.
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MEASUREMENT AND PIPEITING OF THE GASES.

The whole apparatus is first evacuated through tap T.22, taps T.19,
T,20, T.18, and T.2l1 being open. Taps T.19, and T.20 are then olosed
and the small ball above the break-off seal of the ampoule is manipulated
80 as to smash the tip of the seal. Tap T.20 is then cautiously opened
so as to adnit a few centimetres pressure of gas into the small bulb
. betwWeen T.20 and T.2l, this bulb acting as a subsidiary reservoir.

During an actual experiment the meroury in the pipetting system is
raised to the upper etch mark in limb-1 of "A" and to the upper mark

of limb-1 of "B". The levels of the mercury in the second limbs of

"A" and "B" are Just below the cut-offs in these pipettes. Tap T.22,
is closed, then T.21 is closed and T.19 opened, allowing a small fraction
of the reservoir gas to enter the Mcleod gauge. This small amount is

compressed in the gauge, the merocury level being raised to one of the etch

marks on the measuring tube, and the pressure difference and meniscus heijights «

are measured by means of a travelling microscope. The MoLeod side—-arm is
then evacuated for a few minutes through T.22. T.18 is then closed and
the mercury is lowered to the mark "M" allowing the known quantity of gas
to expand into the measured volume of the McLeod gauge bulb and side-arm.
By raising the level in limb-2 of pipette "A" till the mercury is Just
above the cut-off, then lowering the level in limb-1 to the lower etch
mark and repeating the operations with pipette "B", final known fractions
may be collected in the expansion bulb,

Occasionally it is necessary to take more than one pipette "B" of
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gas and in this case a Boyle's law correction must be applied to com-
pensate for the drop in pressure of the gas in the bulb "C". _ In order
to complete the measurement of the gas volume the temperature of a ther-
mometer in contact with the MoLeod gauge is taken as affording tbe.true
temperature of the gas iﬁside the gauge. |

A factor of the greatest importance in determining the acouracy
of the calibration is, of course, the purity of the helium used. In
the present work B.,0.Co. spectrally pure samples were employed, and at
intervals the purity was checked by passing a known amount of gas through
the fractionating colum, the deflection produced by this gas being
measured on the Pirani gauges. The deflection of an amount of helium
direct from the reservoir was then measured. No appreciable degree of

contamination was ever observed.

Calibration of the Mcleod gauge and gas pipetting systems

A, Calibration of the lMo.Leod gaupge,
The calibrated measuring tube of the Mc.Lecd gauge consisted

initially of a length of constant-bore soda-glass (5m.m.) tubing
with etch marks at approximately centimetre intervals. dne end
of this tube was ground flat and waxed to a nhioroscope slide;
oclean dry mercury was then poured into the tube till the bottom
of the meniscus corresponded to the lowest etoh mark. The
correspondence of level was checked by means of a microscope and
the whole tube and its contents were weighed, the tube having

been previously weighed empty. This procedure was adopted for



each of the etch marks and hence the volume between each mark
could be found, the density of the mercury (corrected for
temperature) being known. The end .of the tube was then rounded
off in a gentle flame. It only remained to find the volume
between the last etoch mark and the rounded-off end. This was
measured by completely filling the tube with mercury, "wiping-off"
the menisous at the ground-glass end with a microscope slide, and
.weighing the residual mercury. The difference in weight between
the tube fillsd to the last mark and the conpletely filled tube
corresponds to the volume between the last etoh mark and the
rounded-off end. °

The volumes between the marks were plotted against the distance
from the lowest etch-mark and the poihts were found to lie
acourately on a straight line. This would only be expected if
eonstant bore tubing was used and, since this was the case, it
is a good indication that the calibration was sufficiently accurate,
The advantage of calibrating the tube in this way is that it is
calibrated in the position in which it is used.

It was also necessary to find the volume of the McLeod bulb,
between the tap T.18, the mark "M", and the cut-off in limb- 2
of the pipette "A" (fig.17). This was done by cutting the
conneoting tube near the pipette "A" and filling the bulb and
corked side-arm with water up to the mark "M"; the volume of

the water was then measured. This operation was performed



three times the agreement between the readings being better than 0.01
per cent, The side-arm was then connected to the calibrated gas-
pipette "A" with the minimum of volume change. Any error resulting
from this operation mast be relatively small because of the large
‘volume of the bulb and side-arm.

B. Calibration of the gas pipettes "A" and "B".

The pipettes "A" and "B" and the small bulb "C" were joined
togetherim one unit. The volume from the cut-off in limb-2 of
"A" to the upper etch mark in limb-1 of "A" was found by a mercury
weighing method, correction being made for the fact that the
menisoi at both points were inverted during calibration. The
volume from the cut-off in limb 2 of "B" to the upper etch mark
in 1imb 1 of "B" was similarly mesasured. The dead space in "A"
actually constitutes part of the volume of the side-arm of the
McLeod gauge and its volume was also found by the mercury method.
~The voluns bounded by the Gut-off in "A", the Lower etch mark in
limb 1 of "A", and the upper etch mark of "B", was measured by a
weight of water method, the mean of several readings being:-

ol g piRgthe L S ok orer

mooomomAn 4 WRH L NG = 179.5 c.C.

These volumes were checked by a gas expansion method and the
values were found to agree to within O.4%. Most of this discrepancy mst
arise in the several meniscus corrections necessary in the gas expansion
method and in actual calculations the results obtained by the weighing
methods were used as %e this was considered to be a more reliable technique.
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MATHEMATICAL TREATMENT OF EXPERIMENTAL RESULELS,

1.) Homogeneous distribution of helium,

In the present work most of the specimens were in the form of
discs, or slightly irregular pieces of large area and thin uniform
section, and consequently could be treated as semi-infinite solids.
Provided the gas is homogeneously distributed the diffusion equations

(assuming "D" is constant) for such cases is
(:L»H);r
C* 8C Z(Z\H-’) X’O[( D (67) EQUN. 9.

0 = amount of gas left in sample after time (t).

Co = amoimt present initially.

h = szample thickness.

D = diffusion coefficient.

If (o) is the amount diffusing out in time (t} (i.e. c=o°-3 )
then for (t)-sufficiently lerge the first—term-in the series gives

the good approximation s

__Cé_: e ___‘. exr[-_ ]w‘ere ‘ ﬂ"“'D BQUN 1(;
re. [- —cc_ =——*' e;tf[— ] .

The series expressed in Equation 10 'i..s shown graphically in fig.18

and it may be seen that the approximate form of the series holds only

when the ourve has become asymptotic to the straight line whose
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equation is

&
ly (I-5)" fog s Tz

Thus "D" may be obtained from the slope.

EQUN. 12

If "D" is small then 'g'; will be small unless (t) is compensatingly
large. In the present case the value of "D" was about 10-10 Omoz/ min,
and with typical anneals of only ~103 minutés total duration the
asymptotic relation was never achieved. The value of the diffusion
coefficient must therefore be obtained from some other series relating
"D" and (t) with (o) and (o o)

The series shown in Equation 9 converges rather slowly far small (t)
and a more rapidly converging error - funoction series has been developed

by LIEBHAFSKY (66).

Equation 9 can be rearranged in the form

/“A E’ = Z(zwl) ' e"l’}_—(zﬂ'}/] BN, 13

where y E_]L
he

If (y) is less than 0.2, this simplifies to
o - L4 /Dt V1 EQUN. 14
Co h :

and thus if ¢, the fractional loss of gas, is plotted against /%t
So

the result should be a straight line, The slope of this line -
readily yields "D".

The curves obtained in practice are shown and discussed in the

appropriate sections.
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2,) Inhomogeneous distribution of helium; sandwioh case.

Mathematically this is a rather more complex case, the complete
solution having been worked out by LE CLAIRE and ROWE .and used in
their investigation of the diffusion of argon in silver (9). Briefly,
| if the .centra.l layer of helium is very thin the fraotion of gas evolved
from the surfaces of the sandwich is b’ where

y- -2 2 &5y ) s

7w/

Knowing the thickness (h) and the time of annealing (t) it is
possible to deduGe "D" from experimentally determined quantities.

Equation 15 is expressed graphically in fig. 19.
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ALUMINIUM.

Strioctly, the metal investigated was not aluminium but a solid
solution of lithium in aluminium. The lithium was present as a source
of helium from the reaction

6 L 3
Ii +n —> He + H (o7 =70 mbs)
3 2 1 :
the neutron flux being provided by the BEPO reactor at A.E.R.E. Harwell,
Since, however, the amount of lithium is small and this element does not
cause significant expansion of the aluminium lattice (68) the diffusion
characteristios should not differ too widely from those of pure aluminium.

Two different alloy samples were used containing 160 and 1120 p.p.m.
of lithium respectively. The alloy was cold-rolled into the form of
sheets O,5m.m. thick from which discs of about l.l cms., diameter were

punched., The size of the discs was chosen so that

a. 8low neutron self-soreening was less than 0.5%, and

b. loés of recoil alpha-particles was limited effectively to the
discs at the end of each irradiated stack. These end disocs were
discarded. Since the samples were used within a relatively short
time of each other no trouble was experienced from accumlation of

helium from the reaction
4

3 A 3
H 12. Y. He
1 2

It may be expeoted then that the specimens oontain a uniform

concentration of helium in a metal matrix consisting essentially of



pure aluminium,

Before irradiation the discs were given a light surface etch with a
reagent consisting of 2% concentrated hydrofluoric acid and 10% nitrio
acid in order to remove minor blemishes and give, as far as possible, the
same surface characteristics to every disc. Som of the samples were
annealed before irradiation in order to test the effect of orystal size
on the amount of helium diffusing from the discs. The reactor BEPO was
used for this irradiation since it has a relatively low fast neutron flux
and the samples thus sustained the minimum of damage due to the "Wigner-
effect". _

Several of the discs, both irradiated and unirradiated, showed
slight blistering and "pitting" on annealing. These blemishes were
about the same size and it was thought that they may have been due to
part of the lithium distilling out of the metal. However, it was

suggested by KAY (69) that a more probable cause was the distilling

out of water tra_.ﬁ;ed during the r.ollir.ng- -proc-e_sg.- “ To_ rule out any
possibility of inhomogeneity of the lithium content some of the irradiated
discs were autoradiographed before annealing. Any undue concentration of
lithium should then be manifested by a "hot-spot" of beta- activity due

to tritium. The samples were placed on a strip of Kodak "Kodirex"

X—ra;'r film and left for four days before developing. Several regions of
high activity were observed but it was concluded that they were not due

to tritium betas sinoe when the experiment was repeated using an aluminium

2
absorber (10mg./om ) the intensity of blackening was only slightly re-
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Surface before annealing.

Fig.20.

Surfaces of aluminium discs before and after

aunesling. (Mag. X #42)

Surface after annealing.

Fig.20 continued overleaf,






Fig., 20 cont. from
" previous page.

Surface layer of metal removed.

Fig. 20 (cont.).

Autoradiographs of the disc A10 with and without

the removal of the surface layer.(Mag. X 4)

Disc without any ‘treatment.
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duoed. Since the spots were confined to the surface and edges of the
disos and could be completely removed by lightly rubbing with fine emery-
paper it appears likely that the activity is due to impurities introduced
during the rolling or punching-out processes. Apa_rt from these spots
the autoradiograph showed a uniform field of blaclkening. Some of the
autoradiographed discs were then annealed and mioroscopically examined for
blemishes, but no correlation was found between these and the hot-spots
of the autoradiographs. It may therefore be conscluded that the lithium
concentration is uniform, the hot-spots being an irrelevant phencmenon.
Where possible specimens showing gross defects were not used in the
present work, but in any case effects due to these will be amall since
they are few and co.ver only a very small frastion of the surface.

Photo-miorographs of the defects, and enlarged pictures of the auto-
radiographs are shown in fig. 20.

The results obtained for the diffusion of helivm in aluminium are

derived from four batohes of samples whioh are desig:ated (A) (B), (¢),
and (D). The irradiation data and percentage lithium content of all
the discs are shown in table 2.
As may be seen from fig. 21 and tables 3, 4, 5, 6, the results
indicate that:-
l. The total amount of helium evolved is very smll even after
very long anneals.
2. The (C) and (D) discs have markedly different initial rates of
evolution, although at the same temperature they evéntually

tend to the same limit of g_~~ 0.03.
ao
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3+« The results are remarkably self-consistent with the exception
of D4 This is attributable to an inconsistenocy in the Pirani
gauges duriné the earlier stages of annealing and since the
slope of the straight part in fig. 22 is not affected by this
it has been used for the caloulation of the diffusion co-
efficient for Di.

At the time the (B) disos were investigated it had not yet been
possible to obtain a really helium-tight furnace and it was deemed better
to measure the helium remaining in the discs after a long anneal than to
try to collect and measure the small amount evolved. The latter quantity
was calcoulated by subtraction of the residual amount from the amount of
gas obtained from another unheated disc which had the same history as the
annealed one. Some of the errors inherent in this method have already
been discussed and it may be seen that the spread in the results obtained

_ under idential conditions is quite large. It is apparent, however, that

the total amount of helium evolved is small even after very long periods
at high temperatures. In fact the total amount evolved after 40O hours
is not mich more than that evolved in 30 minutes and this seems to
indicate that the expected linear relationship between the amount evolved
and the squaré root of the ti® is not obeyed for annealing times of
this magnitude. The more accurate and detailed experiments oarriea out
on the (4), (C) and (D) discs also support this conclusion.

The ourves expressing -23 as a function of the square root of

the time are not wholly linear except at the lowest temperatures



Table 2.



,_DISC DATA.

Li App.thermal Duration of App. fast Irradiation
Batch.| (p.p.m.) ux, irrediation. flux. temperature.| Pre-irradiation treatment.
(ne/cm. %/ sec.) (aays.) (no/on. %/ sec.)
|

A 160 1012 28 1.6 x 1011 52° ¢, Light surface etch with
(2% 8P, 10% HNO3)rea.gent.

B 1120 10t 28 0.03 x 107t 23° c. Lightssurfase etch with
(24 2P, 10% rmo3)reagent.

c 1120 1012 28 1.6 x 10 52° ¢. Light surface etoh with
(2% HF, 10% HNO3) reagent.

D 1120 1012 28 1.6 x 100 52° ¢. Light etohing as above

Integrated fast neutron dose

fcllr (a), (C), (D) disos is 3.73 x 1017 n./om>

Integrated fast neutron dose f(%r (B) discs is 7.0 x 1012 g, cm.2
]

and annealing, in vacuo,
at 615° C. for 1 hr,



Table 3.



(B) DISES.

Disc and Total time ™ ¢. S 4102 t(mins) | Mass. Thickness (E)
Anneal, (hrs.) co (gms). | (oms.) x 10
Bl 168.6 L72 2,53 100,6 0.1279 4.790
B2 115.5 472 6.19 83.25 0.1298 4,85
B3 217.3 L72 0.72 114.19 0.1262 L.803
B4 219 .lq-_ 574 10,20 114.72 0.1306 4.892
B5 154.4 574 7455 96.25 0.1234 L.62L
B6 100,0 574 8.20 77.46 0.1353 5.070
B9 642,0 613 3.50 62.07 0.1290 4,834
B1O 190.3 613 9.40 106.86 0.1292 4.839
Bl2 341.,0 613 2.60 145.04 0.1286 L4823
B13 421.5 637 730 159.03 0.1318 4e939
B15 L406.5 637 12,30 156,07 0.1231 lg.._701




Table 4.



(o) DISCS,

Disc and| Total o 2 Mass. Thickness gh)
Anneal, time. ™ @, oo ¥ 10 t(mins. ) (gms.) (emse)x 10
(mins. ) ‘/——_—
A1l 1 15 538 0.62 3,87 0.1217 L. 560
A2 1 15 615 2.35 3.87 0.1266 Lo Thhs
2 L5 613 2.82 6.71 " "
A13 1 15 L9L 0.396 3,87 0.1238 Le65h
Alh 1 15 575 1.61 3,87 0.1143 L.280
A10 1 25 610 2.39 5,00 0.1326 4,965
2 100 610 2,60 10,00 " "
3 180 610 2,67 13.42 " "
A10%® 1 +20 611 +0.66 - 0.1168 Lo37h
A8 1 75 610 L4e69 8.66 0.122 4.579
2 165 615 532 12.85 " "
3 260 60L 5632 1#6.13 | " -
A2 1 22680 648 9.80 150,59 0.1306 Lo 894
A3 1 22680 648 12.70 150.59 0.1116 4,182

% A 10 was reannealed for 20 minutes after grinding off a thin surface

layer (™~ 6% off each side).
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feoigll ool IR I E L A I s I g gt
(mins).

cz 1 15 614 1.49 3.873 0.1589 5.127
2 45 610 1.78 6.710 0.1389 5.127
3 85 613 1.8, 9.22 0.1389 5.127

Ch 1 15 535 1.09 3.873 0.1402 5.175
2 45 535 1.31 6.710 0.1402 5.175
3 75 612 1.77 8.66 0.1402 5.175

c7 1 10 61y 1.345 3.16 0.1390 5.130
2 25 6L | 1.553 5,00 0.1390 54130
3 45 614 1.694 6.71 0.1390 54130
L . 75 614 1.850 8.66 0.1390 5130
5 130 614 2,054 .40 0.1390° 5.130
6 215 614 Z{E&Z_ __lﬁzzsl____"__0.1390 B 5.130 B
_7" ) _m365_ “‘61; 24352 17.30 0.1390 5.130
8 400 61l 20434 20.00 0.1390 5.130
9 580 61L4 2.516 24.10 0.1390 5.130

Cl3 1 10 580 1.303 3.16 0.,1578 5.087
2 25 580 1.487 5,00 0.1378 50087
3 50 580 1.630 1.07 0.1278 5,087
4 100 580 1.807 10,00 0.1378 5.087
5 200 580 2,000 Lo Ly 0.1378 5,087
6 324 580 2,147 18,00 0.1378 5.087




Table 6.



Disoc and | Total time | T C. |g_ . 102 V&(nﬁns.) Mass. | Thickness (h)
Anneal. (mins.) co (gms.) | (ems.) x 102
DL, 1 15 614 0.510 3.87 0.1382 5.121
2 35 " 0.595 5.92 " "
3 55 " 0.711 742 " "
L 75 " 0.883 8.66 " "
5 110 " 1.12 10.50 n "
6 170 " 1.54 13.00 " "
7 270 " 1.72 1640 " "
8 370 " 1.88 19,20 n "
9 490 " 2,01 22,10 " "
10 640 " 2,16 25.30 " "
D7 1 10 614 0.521 3.16 0.1366 5.065
2 25 " 0.715 5.00 " "
3 l|-6 " — 1.01 6.78 i . "
b 100 " 1.53 10.00 " "
5 205 " 1.94 14,32 " ’
6 305 " 2,08 17.50 " "
7 455 " 2,22 21.33 " "
8 650 " 2.33 25.50 " "
9 850 " 2,40 29.15 " "
10 1240 " 2.49 35421 " "

/continued overleaf



/continued from previous page.

Disc and | Total time. | T°C. | o 2 |/ t(mins.) Mass. Thiokness (h)
Anneal, (mins.) co ¥ 10 (gms.) | (ems.) x 102
D8 1 10 61, 0.539 3.16 0.1403 5202
2 26 " 0.687 5.10 " "
3 60 " 1.132 775 " "
L 120 " 1.522 10.95° " "
5 240 " 2,150 15.49 " "
6 360 " 2.330 18.97 " "
7 510 " 2,460 22,58 " "
8 810 " 2,603 28. 46 " .
9 1125 " 2.677 33.54 " "
About equal amounts were ground-off each side of D8, reducing
the mass to 0.1138 gms.. After etching, the disc was reannealed
as D81.
pel 1 1 614 0,121 3.32 | 0.1138 Lo 229
2 35 o o9 | 592 | 0 | e
3 85 " 041597 9022 “ "
L 185 " 0.1597 13.60 " "
D13 1 10 580 0. 424 3.16 0.1400 5.191
2 26 " 0.517 5.10 " "
3 55 " 0.649 7.42 " "
L 95 " 0.908 9.75 " "
5 195 " 1:396 13.96 " "
6 299 " 1,732 17.29 " "
7 431 " 1.958 20.76 " "
8 576 " 2,070 24.00 " "

/continued overleaf



/oontinued from previous page.

Mass. ’[‘hiok'ness (

ADi.::ai?d Tc(:tﬁsf:)lme. ve £¢::-o x 10° m (gms.) [oms.) x 105)
D16 1 10 580 0.5835 3.16 041344 ko946
2 25 " 0.6731 5.00
3 52 " 0.7872 7.21
I 90 " 0.9805 949
5 14l " 1.275 12,00
6 249 " 1.692 15.78
7 380 " 1.973 19.49
8 625 " 2,182 25,00
D6 1 15 556 0. 5155 3.87 0.1289 4 779
2 35 " 0.5990 5092 " "
3 75 " 0.6720 8.66 " "
L 145 " 0.8110 12,04 " "
5 1 a5 v 0.,9640 | 1565 | " “
6 365 " 1.190 19.10 " "
7 485 " 1,330 22,00 " "
8 615 " 1.450 24,480 L n
9 630 614 1.530 25,10 " "
10 670 " 1.640 25.88 " "
1 790 " 1.955 28.11 " "
12 955 " 2.19. 30.90 " "
13 1280 " 2,450 35.78 " "
| 1500 640 2.496 36,20 " "
15 1567 " 2.555 39.60 " "

/oontinued overleaf



/oontinued from previous page.

Diso and | Total time. |T° C. o 2 ﬂmi—m;) Mass. | Thickness (h
Anneal, (mins.) oo * 10 (gms.) | (oms.) x 10
DL, 1 10 550 0,400 3.16 0.1354 5,020

2 25 " 0.434 5.00 " "

3 60 # 0. 508 7.75 " "

4 120 n 0.618 10.95 " @

5 240 " 0.838 15.49 " "

6 360 " 1.057 18.97 " "

7 500 " 1.240 22,36 " "

8 620 " 1.350 2L, 49 " "
D17 1 10 N3N 0.342 3416 0.1358 5.035

2 25 " 0.366 5,00 " o

3 145 " Oo41l 12,04 " n

L 291 " 0.462 17.06 " "

5 481 " 0.511 22,00 " "
6 66n | | o.sus 25.77 o "

7 961 " 0. 580 31.00 " !
D1l 1 10 461, 0.323 3.16 0.1340 4968

2 25 " 0,354 5,00 " "

3 55 " 0.374 Te42 " v
D9 1. 10 350 0. 154 3.16 0.1346 | 14.991

2 25 n 0.197 5.00 " "
D10 1 10 265 0.126 3.16 0.1347 u.ésu
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Fig, 21.

The percentaze of helium evolved from

aluminium as a function of time.
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Fig. 22,

The percentage of helium evolved from aluminium
as a function of the square root of time.
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investigated, the curves for the higher temperatures showing three
distinct regions which may be designated as:-
A. 1initial 'burst',
B. 1linear release,
and
Ce ‘'fall-off' of helium evolution with time.
(A) Initial 'burst'.
The initial high rate of release could be due to a number of
factors.,
1. It was thought poﬁsible that atmospheric helium was loosely
adsorbed on the surface of the discs and that this was readily
releagsed on annealing. This hypothesis was tested by measuring
the qguantity of helium evolved from some of the unirradiated alloy.
Since this was found to be negligibly small there can be no
question 6f helium adsorption from the air. This would be ex-
pected on the basis of EHRLICH's (70) adsorption and JOHNS's (71)
solubility measurements.
2, It is possible that the lithiuu/ aluminium alloy may not be
in a single phase, and that free 1ifhium exists in the metal.
The work of NOWAK (72) suggests that the solubility of lithium
in aluminium at 300°C is only 0.3% and falls off rapidly as the
temperature deoreases. If this is correoct then the peroentage
of lithium in the (B), (C) and (D) disos (0.1%) may be too high

to admit of all the lithium being in true solution. NOWAK's
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results, however, although probably the most accurate available,
differ substantially from those of other workers (73, 74).
Although the aspread of data is fairly great a typical result is
that of VOSSKUHIER(68) who suggestsa value of 1.15% for the
solubility at room temperature. Owing to the lack of precise
data it was decided to examine the alloy metallographically
(microanalyser techniques are useless with an element of sucha low
atomic number). This investigation showed that there was no
evidence of the formation of intermetallic compounds and only
very minor inclusions of foreign material, probably oxide (see
fig. 23). As already mentioned, autoradiographic examination
suggests that there are no gross accumulations of lithium-rich
phase and it would therefore appear that all the lithium is indeed

in true solution. Even if this is not entirely true, if the

lithium-rich phase were sufficiently dispersed throughout the

alloy then the alpha-particles originating in this phase would
still be trapped in the aluminium lattice. It seems unlikely
.£herefore that any separation of lithium-rich phase is responsible
for the initial 'burst' of helium.

3 At the pile factors used for irradiatiocn there is a considerable
flux (f-donn./cmﬁ/seo.) of fast neutrons in the neutron speotrum

and it nay be that sufficient radiation damage was caused by these

neutrons to allow a fraction of this damage to persist. Since



Surface'of unetched a}uminiﬁ@ alloy (disc D12)

‘after mechanical polishing. (Msg. X 1000).

Note the very smgll amount of non—metallic

L oxide impurity.’

Pig. 23,

Surface of unetched "commercially pure"

-gluminium after identical treatment.(HMag. X 100
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radiation damage would lead to a higher than normsal concentration of
vacancies and interstitials this oould speed up diffusion in the metal
to a considerable degree. Damage due to electron irradiation, of
course, would anneal out extremely quickly and could not possibly per-
sist for very long after the end of the irradiation. The persistence
of fast neutron damage appears to vary quite considerably from metal
to metal, although much of it is known (75,76) Q? anneal out very
readily even at very low temperatures. Some damage, however, sometimes
remains at room temperature and usually manifests itself as an inorease
in the oritical shear stress of the mstal.

In aluminium almost all the irradiation damage appears to armeal
out at quite low temperatures. Mc REYNOIDS etal. (77,78) have showmn
that the radiation induced electrical resistivity and increase in yield

strength both anneal out below -20°C. Their irradiation was carried
2

out at liquid niﬁf?gen Fﬁ@?erature gpd tHE tgffl QPEe was ;Olggflggy
The absence of efffect on the critical shear stress is highly indicative
of an absence of persisting defeots since these are extrenely effective
in modifying this property (79). These results are confirmed by 495{76).
STEELE and WALLACE (80), however, state that aluminium irradisted with
102°n/cm2. at 65°C. retains its hardness at room temperature. Since
these conditions (apart from the considerably greater total fast neutron

flux) correspond more closely to the oonditions used in the present

experiments it is not possible to completely rule out radiation damage
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as a cause of the helium evolution. Moreover, the virtually identical
behaviour of the (4) and (B) discs after irradiation at different pile
factors cannot be said to eliminate radiation damage as a factor in

the release:of helium since the fluxes were only slightly different and
the rediation damage density varies only as the square root of the
neutron flux (8l). Any variation of the helium release which

was due to damage would therefore be well within the experimental
error. It is apparent, however, that at least one other factor must
be operative besides that of radiation damage since the (C) and (D)
disca show different initial release effects.

4. One very striking result is the differende between the initial
amount of helium evolved in the case of the (C) and (D) discs which
were both irradiated to the same extent. The (C) dises, which were
not annealed before irradiation, evolve almost twice as much helium

:i.n the _ﬁrst ten minutes or so of: annea.l:‘mg._ S_i_.r_xce the (C) _discs o

show considerable cold work (fig.24), and since the (D) disos have had
this cold work annealed out, it is quite possible that the extra
evolution in the former case is due to the cold work whioh is known
(82) to produce vacancies, often in strings. Vacancies produced in
this way cannot be responsible for all the initial evoluﬁion, however,
since the (D) disos also show this effect, and it may well be that the
pre-irradiation annealing or non-annealing of the discs has the

effect which is desoribed in (5).
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5. Miorogrephic examination (see fig. 24) of annealed and un-
annealed discs shows that grain growth of the metal is virtually complete
in about fifteenminutes. Thus the larger initial burst of the (C)
disocs could be due to the "sweeping out" of some helium as the grain
boundaries move outwards. Such an effect would be limited to the
first ten minutes or so but should be confined only to the (C) discs
and this is not the case. Moreover, recent work by BOKSHI'EIN et al.
(83) suggests that atoms on grain bounderies are not disturbed to any
great extent by the movement of the grain boundary across them and this
makes the "sweeping out" effect of rather doubtful signifiocance.

6. Closely linked to (5) is the case of grain boundary diffusion.
This should be characterised by a relatively low energy of activation for
diffusion and as may be seen in fig. 26. this is the case if a "square
law" evolution osn be assumed for the first few minutes of annealing.
There is, however, no experimental evidence for this assumption in the
present oa;é. This mechanism, howﬂ;;;,—wouid.éigigia_;h;.di}feféné;
in the initial rates of evolution from the (C) and (D) discs since the
latter having mxch bigger grains must have a correspondingly smaller
total grain boundary surface. The fact that the linear part of the

SL-/Vt curve can be extrapolated approximately to the origin suggests
co

that the helium releagsed initially (at least from the (D) discs). is
different in kind from that represented by the linear part of the curve

and it seems reasonable to suppose that it is present as loosely trapped



Specimen Cl4 showing highly. cold-worked

structure of the un-annealed metal. Note the -

absence of grain boundaries.

(Anodised+non-polarised light. Mag.X200).

Unirradiated aluminium after five minutes

annealing at 614°C. Note recrystallisation.

(Anodised+non-polarised light. Mag. X 200).

-l .

cont. overleaf.







Fig, 24 dbnt;{. Lo .

Grain size of unirradiated metal after ten

minutes “annealing at 614°C.

(Anodisedtpolarised:1light. Mag. X 200)

Note that .recrystallisation is almost complete.

'(cf..beloﬁ.)

Fig, 24(cont,)

Grain size of D1z aiter sixty minutes at 614°c,

(Anodised+polarised light. Mag. X 200).

Note that recrystallisation has gone little

further than the stage shown in the pfevious

photograph.
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gas on the surfaces of grains. A secondary effect of grain size is
due to the fact that the grain boundaries can supply vacancies for
diffusion (14,15,20).

7« Interstitial movement of the helium is possible since although
the energy of formation of an interstitial atom is large (at least in
copper) (11) it can easily move once it has been formed. The helium
atoms, by virtue of the method of their introduction, must be already
in interstitisl positions and the energy of formation of an interstitial
no longer has to be surmounted. Thus a small rise in temperature should
produce a large inorease in the movement of the gas. As the temperature
rises a vacanocy mechanism must predominate (11) but until a sufficient
concentration of thermal vacancies has been produced an interstitial
mechanism might be expected to be operative,

Experiments with naterial of stabilised grain size would obviously

afford much evidence concerning (5) and (6) and enable the relative

‘importance of grain size and growth to be ascertained. = Two batches”
of disos, each of different grain size and stabilised against further
growth, were supplied by A.W.R.E. but experiments have not yet been
undertaken with these.
(B) Linear release.

The linear part of the ourve =/ F has a slope which exhibits

ao

temperature dependence. On plotting the logarithms of the diffusion
coefficients obtained from this slope against the inverse absolute
‘temperature an energy of activation of 2,15 ev. (49.7k. oals./mole)

is obtained for the diffusion process. This value is of the same



Table 7.

EF and EM are, respectively, the enérgies
of formation and movement of a vacancy in

the metal.

ED is the energy of activation for self-diffusion.



ENERGY CHARACTERISTICS OF LATTICE DEFECTS IN SOME METALS.

n Measured indirectly.

Metal. Ep(ev.) |Epev.) | Ef zegx Ep (ev.) | T°K. Reference.

~s1,30 0eli0 ~1,7 - 300 (45)
Au 0,79 052 1.31 - 370 (46)
1.28 0.68 1.96 - 300 (7)
1.02 0.66 1.68 - 300 (48)
0.95 0.68 1.63 - 370 (49)
0.70 0.50 1.20 - - (46)
0.60 - - - - (50)
1.71 (51)
1.81 (52)

1.86 (52)A
1.96 (53)

Fe 2.6 - (100)
- - 2,60- -(5%)-
Ag 1.1 - - - (55)
- - - 1.77 (56)
Al 0.76 0, dls 1.20 - 300 (57)
1.00 - - - 300 (58)
- - - %090 - (59)
- - - #1.40 - (60)

‘ Cu 1,01.2 | 0,9-91,0 | ~-2.0 - - (61)(62)(63)(50

- - - 2,07 - (64)



Table 8,



COMPARISON OF FRESENT WORK WITH THAT OF

MURRAY AND PINCUS.

Reference 2 % o

and method. | Sample. | E(ev). Dom. %/ sec. At. ILi. ™ ¢,

Present DL, 2.15 1,93 x 10711 0.l 614

work. D7 " 2,22 x 10711 " 614
D8 " 1,87 x 10-11 " 61l

Li/al

alloy. D13 " 1.21 x 16~ " 580
D16 " 1.05 x 10~11 " 580
D14 " 2,50 x 10~12 " 550
D6 " 2,39 x 10~12 " 556
D17 " 7.17 x 10~13 " 461,

Murray and

Pincus.

(91) - - 3,4 x 10711 ~10 400

Li/Al alloy,

Murray and

Pincus,

(91) - 0.65 8 x 10710 - 400

—m, .-. . ] _ - 1 ) a o

Murray and

Pincus, .

(92) - - 2.4 x 10710 0,02 575

Ly Al alloy.




Fig, 25.

Log D (D=diffusivity of helium in aluminium in cm.%/min.

units) as a function of the inverse avsvlule temperature.
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Fig. 26.

Log (c) ( where c=amount of gas evolved in the first
ten miutes of ‘heating) as a function of the inverse
absolute temperature. The slope: of the iine is.a meaéure
of "E", the activation energy. Since the rélétion
between (c¢) and "D", the diffusion coefficient, is not
known for the initial stages of the annealing it is
therefore impossible to deduce a Va;ue for "a&" from
the-cﬁr;é, buf it would appeaf that the activation
energy is relatively small unless the diffusion
coefficient in this regien is proportional to a very

high power of (c).
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order as the energies of activation for self diffusion in many metals
(table 7) and since this process is believed to take place by a
substitutional mechanism it is probable that helium moves in aluminium
in the sanme fashion. However, the energies of formation and move-
msnt of vacancies in aluminium, and the energy of activation for self
diffusion in aluminium, are listed in table 7, and it may be seen that
these suggest a rather lower value for "E" than that obtained. Since
no tracer method is readily available for measurements of self diffu-
sion in aluminium, however, less acourate indirect methods are

" neoessary and the spread of results is high. Therefore, in the
absence of any evidence to the contrary, it appears reasonable to
atfribute a substitutional mechanism to the movement of helium in
aluninium,

The diffusion coefficients at various temperatures together with
the energy of activation for diffusion (see fig. 25) calculated from
these are shownintable 8 A1l these quantities are based om thmis ™ -
section of the curve.

QC) Fall-off of evolution with time.

As may be seen from fige. 22, the :—o / /%t curves cease to be
linear after a time depending on the temperature of annealing. The
higher the temperature the earlier does the fall-off of gas evolution
begin and only in the case of the anneals conduoted at relatively low
temperatures was no evidence of "tail-off" forthooming even after

several hours heating. At the higher temperatures, however, the total



66.

fraotion of helium ewlved tended to a limiting value of about 3%.

The admittedly less accurate results obtained on the (B) discs suggest
that less than 10% is evolved even after several hundred hours heating.
Theoretically there is no reason why such a phenomenon should be ob-
served especially since the metal is by no means exhausted of gas and
it therefore seems that some mechanism is at work restricting the free
movenment of the helium., At first it was thought that the free surfaces
of the metal, aocting as sources of vacancieas, gave rise to a high ocon-
centration of these near the surface, the concentration decreasing
towards the centre of the disc on account of ocapture by impurities or
dislocations. By this means the helium atoms near the surface would
be afforded relatively easy movement while those nearer the oentre
would be less mobile, After a few hours annealing the helium concen-
tration in the vacancy-rich regions near the surfaces (for the purposes
of this discussion grain boundaries are included in this term) would

beooms depleted, and & fall-off in the rate of evolution might be ex-

pecteds It was decided to test this hypothesis by exposing fresh
surfaces on a "spent" disc, D8, by grinding off about 10% of the total
thickness from each surface. After etching with the seme solution

as had been used in the original preparation the specimen was reannealed
at the same temperature as before, no significant evolution of gas being
observed. This leads to the conolusion that more then about 90% of

the helium is very effectively trapped in what can only be conceived
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as voids or bubbles. Such a phenomenon has frequently been observed
with fission product gases in uranium and thorium (85, 86, 87, 88, 89)
and also with helium in copper (14,11) and beryllium (65,93,98). 1In
these cases, however, a much greater local concentration of gas was
involved.

The bubble mechanism is further substantiated by the relatively
small increase in the quantity of gas evolved when a spent disc, D6,
was heated to rather higher temperatures than that at which the original
anneal was conducted (see fig. 21). Moreover, the fact that the falling-
off in the rate of evolution ocours at a later stage in the case of the
lower temperature anneals agrees with the work of BARNES et al.(14,93,98)
who found that the rate of bubble formation, due to vacancy accumlation,
was a steep funotion of temperature.
BERYLLIUM,

A few pieces of neutron-irradiated vacoum-cast beryllium containing

.6-.9— ; i.0'5 c.0./gm. were a;w-r_a.i-lable- (th; é;.s béiln_g produced by the
reactions Be”(n2n) Be® ana Beg:(nﬁ) He® ), and probing experiments were
carried out on these. No attémpt was made to draw rigorous quax;atitat:i.ve
eonelusions from these experiments since the pieces of metal were
irregular in shape and microscopic examination showed them to contain

a number of cracks (fig. 27) which made it impossible to estimate the
true thickness of the specimens. Indeed, when sample (Be2) was with-
drawn from the -furnace it was found to have split into one large piece

and two smaller pieces and a large part of the helium released in this
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Beryllium.Results,




BERYLLIUM.

Total time o o 6 8i 2 Mass. Thickness
Specimen. (mins.) T C.| (c.c./gm.x 10°) o X 10 (gms.) (oms.)
|

Be 1 30 620 0.901 1.306 0.09935 ~ 0,38

90 622 1.053 1.528 " "
Be® 2 30 960 16.11 2'55. 37 0.1014 "

90 960 17, 60 2':5. 54 n "
Be 3 30 808 2. ll-67 :\; . 5&) O. 0785 "

X Be 2 split into one large and two small pieces during annealing

and the high rate of release could be partly due to this.
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case could probably be attributed to this.

The release of helium was found to Ibe temperature dependent but,
as the curve in fig. 28 shows, it does not obey the expected relation
with time., The initial quantity of gas released is large, subsequent
release being much diminished. This effect may be due to micro-crack
or grain boundary evolution of helium initially, or bubble-formation at
a later stage, or to a combination of both these mechanisms. This
last possibility seems by far the most likely taking into consideration
the cracked state of the metal and also the tendency for helium to
form bubbles in beryllium (93,65).

Further work on beryllium was planned but has not yet been
executed,

IRON/NICKEL ALLOY FROM METEORITES.

A naturally available source of helium—containing metal is meteoritic
iz_'on. ']_P_hg ?'._s_ptqpes Hgs and He‘* are produced in the metal lattice by
cosmic ray bombardment and, since the flux is only slightly attenuated
by the iron, the gas may be considered to be homogeneously distributed
if the specimens are small,

Samples of two meteorites, BETHANY (Harvard) and TOCOPILA (Cerros
del Buei Muerto), were available and were examined for helium content
to ascertain their suitability for diffusion measurcments.  BETHANY
was found to contain a quantity of helium too small to be of any use,

but TOCOFPILA contained a somewhat larger amount. Unfortunately the
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few available samples of this meteorite wére irregularly shaped and
samall in size, thus making it difficult to estimate their physical
thickness.

Annealing was ocarried out, in vacuo, uin a stainless steel tube
at 960°C., the evolved gases being transferred directly on to the
fractionating colum and measured in the usual way. The results
of the experiments on both meteorites are given in table 9.

Owing to the very restricted number of specimens it was not
poseible to conduct experiments at several different temperatures
to obtain an activation energy for the diffusion process. Moreover,
the quantity of gas evolved would not have permitted measurements of
any acouracy at temperatures much lower than about 960°C. Although
the results obtained are few, their distribution (fig. 29) allows
some idea of the shape of the evolution/time curve to be obtained.
This curve suggests that the initial rate of gas release is Hiéh
but falls off very rapidly. Such a conclusion is in agreement with
the work of PANETH (94) and PANETH and URRY (95). These workers
suggest that only the helium near the surface of a meteorite is
readily evolved on heating, the total quantity evolved being less
than about 6% even after several hours at temperatures in the region
1000°C. Unfortunately the results of these workers are presented
in a form unsuitable for making any further comparison with the pre-
sent work, and they do not allow the estimation of any diffusion

characteristics.
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It seems highly probable that once again bubble formation takes
place in the metal and prevents further release of helium. This is
in gemeral agreement with PANETH's conclusions siﬁce the surface atoms
will be the least susceptible to trapping tzy this mechanism,

Although meteoritic helium contains a substantial proportion of
He? (in the case of TOCOPILA 16% (96) ) the effect introduced by the
slightly greater diffusion coefficient expected for this isotope would

be far too samall to account for the rapid initial release of helium,
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- Fig. 27.

Photo-micrographésof cracking in beryllium

specimens after annealing.
(Mag. X86)







Fig. 28.

The evolution of helium from beryllium expressed as

a function of time,
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Fig. 29.

The evolution of helium from meteoritic ifoh/nickel

alloy expressed as a function of time.
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Table 9.



TOCOPITA.

Total (c) -3 2

Specimen. | time ° ¢, (cece/gmex 106) oo * 107 |Mags, Thickness
(mins). (gms.) (oms.)

TOC. 1. 62 952 0.105 2.62 0.3591 0.2
152 945 0.125 3.12 0.3591 0.2

TOC. 2. 15 955 0.119 2.97 0.3356 0.1
103 950 0.139 3.47 0.3356 0.1

% N1 = 5.43 (101) % Fe = 93.75

C, = 401 x 10 ~6 c.c./gm.

B

ETHANY, (Harvard).

Desoription of samnle.

_Masgs._(pmg.)_ ‘He_content. c.o0./gm.

Unheated tumings.
Unheated turnings.
Unheated tumings.
Unheated turnings.
Solid slab.

The wvalues for the helium

1.2691 Nil
1.0603 2 x 1078
1.1724 <2 x 1078
1.2305 2.2 x 1078
1.4101 <2 x 1078

content of BETHANY are considered to be upper limite.



Table 10.

Summary of published inertégas/metal

diffusion-daté.




Aythor Syaten =, Xon? /seq,) o? Jaeo E(ov) Method of ges introduction and remerks.

Lo Claire, 1/ig 600 5x 10 ~1° 0.12 1,46 *3andwich® method, If several minu:ls
Rowe ne 3X10 -2 " " were mede on the samc aanuple ¢ progrossive

(9( 800 1x10-8 ] " fall=of f in "D" was obs:rved. This wus
tentatively ascribed to theru:slly-
produced voids trapping the fos.

Tobin Kr/Ag 700 2.2 x 10 =8 1.05 152 "Snndwich" method, Yery lMttle
(18) 800 1.2 x10 -7 » " experimental data given but the faot thet

no fall-of £ in the value of "D" wnsa
obgerved in surcessive anneals is
specifically mentioned.

m,

.?:)gfil Xq/Ag - - 0.036 1,63 48 chove

Zimen, Xe/tl 400 2 %1016 - 0.43 Gas cbtained ty flasion. The extrenely

Sc}(unc?.‘lnu (Alpha~phese) 570 1.9°X 10 =15 - " low "E" points to micro-orack diffusion.

Ch) only )

Bimen, Xe/V 1000 1.8 x 10 ~1° 2.40 2.6 Ges obtuined by fission. The value of "D"
Dahl. is regerded as an upper limit due to grain
(es5) size considerations. o change in "D" wos

obgerved in passing fram alpha to beta to
geamd phases,

Spedding Xo/U 1000 1.4 X 10 ~1° - - Gos obtnined by fission. The value of "D"

(86) quoted here wus obtained by Zimen and Denl
“rom resulis quoted by Spedding,.
Reynolda Kr/u p to - - - Gas obtained by “ission. MNo gaa evolution
(37) 1000 observed below 1000°C. above that
temperature gas was evolved in an
irrepuler feshion.

Andyew, He/U Up to - - - lleglible gas evolution in the case of

Davidson, 1040 uranium. In the case of both uranium amd

Glasgow, He/h 200 1,06 X 10 =13 3 X 10 =4 1.3 thorium folls the ges wes introduced by

(88) 1200 5.13 X 10 =10 . " means o elpha-prrticle bombrrdment in a
cyclotron.

Hates, Xe/U 700 3.5 x 10 19 - - Fission xeron wes utiliseds There is a
Clork. 1y wide spread in the resulta which is

(3] 900 8.0 X 10 - - attributod to oxidation of specimens. "D"
thus represents an upper limit.

Wolker Kr/U 607 1.7 X 10 -16 - - Piasion gns used, The conclusion is that

(90; 15 bubble formation might explain sane of the
650 3.0X10 < - - low temper:tu.ce results but it is not
conalderal to be a major factor in
diminishdng the diffusion coefficient.
The ewlution &/t ocurve is almost linear
but falls off a Mttle too ropidly,

Mwrray,® He/Adl 400 8x 1010 - 0.65 Used both "pandwich” and lithium allqy

Pincus. (sandwioh) wethod. The foimer method pave hipher
(_91) -1 values for "D" than the latter and micro-
400 3.4 X 10 - - orack diffusion fram the cold weld was
suggested. A hipgh peroentrge of lithium
wag used in the allgy and may be the cause
of inconaistent results.

Lurrey, ¥* He/Al 575 2.4 X 10 =10 - - Furth.r work on a low percentnge 1ithium

Pincus, ( alloy au:gests results very similar to
(92) those obtainel in the present work.

#*

See text and table 8,
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The sandwich method previously used for studying the diffusion of
one metal in another has been adapted by LE CIAIRE and ROWE to the study
of the movement of argon in silver. The extension of the method to
gases is not altogether Jjustified in that it is easier with a metal to
eliminate void formation at the interfaces. With gases in metals it is
very easy for the two phases to separate, and in the particular case
of the inert gases the effect of separation is enhanced by the fact
that the gas cannot redissolve. It is therefore partioularly necessary
to make sure that the cold-weld (for obvious reasons heat treatment of
any sort cannot be used) is a good one and that there are no voids or
microcracks along the line of the join. For this reason the method is
restricted to those metals which readily undergo-the phenomenon of cold
welding and in the present work the malleable metal gold was used. Gold
radon-filled tubes, used in radiotherapeutic work, may be adapted to pro-
duoing a helium rich sendwich between two lsyers of pure metal (see
Introduction). Three such specimens were made by opening the ends of
these tubes (to allow any geses present to escape) and then cold-rolling
the metal. Since the inside of the tubes are impregnated with helium
from the alpha-decay of radon a helium sandwich is thereby formed.

The specimens produced in this way were rather irregular in outline,
although of uniform thickness, and their dimensions were found by projecting
an enlarged image of the metal on to a piece of squared paper. From a

knowledge of the degree of enlargement of the image ard the weight and
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density of the specimens the area and thickness were then caloulated by

the method of counting squares. The ares/thickness ratio of the specimens
is sufficiently large to allow their being treated as semi-infinite plane
sheets.

The thickness of the helium layer is governed by the range of the
alpha-particles in the radon decay scheme and since the most energetic
alpha has a range in gold of only ~1l.1 x 10~ oms. the mathematical
treatment of LE CLAIRE and ROWE may be used.

One of these specimens, (Au.A), was annealed in vacuo in five
successive stages at 815°C and one stage at 900°C and the gas evolved
from each anneal was collected. It may be seen from table 1l (where
data for all the three gold specimens examined are given) that the
quantity of gas evolved was very small and consequently difficult to
me asure. The deflections obtained during control anneals of the furnace
were of the same magnitude as the smaller deflections produced by the gas
evolved from the-specimen and it-is-thus possible to state with certainty
only that the amount of helium evolved from the gold was not greater
than 8.8 x 10-8 ccs. per gram after 965 minutes annealing at 815°C. A
considerable fraction of this gas could certainly have been produced by
sources other than the specimen (e.g. the metal of the furnace and the
glass apparatus) and the value calculated from these figures for the
diffusion coefficient for helium in gold at this temperature must be taken

as being very much an upper limit.
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After annealing the specimen at 815°C a final 120 minute anneal
was conducted at 900°C the quantity of gas evolved corresponding to less
than 1.05 x 10-8 ccs. per gram. The amount of helium actually evolved
from about 0.2 grams of gold was therefore approximately 2.1 x 10-9 cc8,
and this is the amount normally evolved during a 120 minute control anneal
of the furnace at the same temperature. Thus virtually no helium was
evolved from the gold even after two hours annealing at 900°C.  The
residual gas in the specimen was then liberated by dissolving the gold
in mercury and measured in order to find the initial helium concentration(co).
The value obtained, 7.69 x 1072 cas. per gram, agrees very well w;th that
expected from the activity of the radon originally present in the gold
tubes. Two similar experiments were carried out and the results of
both substantiate the results of the first-anneal. The vari;tions in
the initial concentration (co) may be attributed to the variations in
the quantity of gold and radon used in the fabrication of the tubes,
and do not represent errors of estimation -of the--helium contents

Using the solution of the diffusion equation for the sandwich case (9)

10 cuug/sec. was obtained for the diffuaion co-

a value of L4.36 x 10
efficient for (Au.A) at 815°C. This is almost certainly too high, since
even if_the helium from the walls of the furnace did not make an appre-
clable -contribution to the total measured amount there is no reason

why such a small quantity of gas cannot have escaped from the edges of

the cold weld by way of microoracks or flaws rather than from the lattice

by a volume diffusion mechanism. It would appear then either that the
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diffusion of helium in gold is a very slow process, supposing it to
take place at all, or that there is some mechanism involving rapid local
diffusion of the helium to positions within the speoimen where it is
released from solution in the metal lattice and thus effectively trapped.
Such a situation could arise in a number of ways:~-
(i) The helium is within a very short distance of the line of the
cold weld (since the range in gold of the most energetic alpha

3

particles in the radon decay scheme is only about 1.1 x 10 “oms. )
and any imperfections along the line of the cold weld must
therefore exert a very significant effect on the movement of
helium, It is difficult to assess the degree of perfection
of the weld but it nmight be expected that a large fraction of
the metal boundary would be effectively welded together and
that a corresponding fraction of helium would be awvailable

for diffusion. After annealing (4u.B) and (4v.C) a discon-
timuoas line of BIisters were obssrved along the length of

the specimens. This may well be due to gas which had been
trapped during the fabrication of the tubes or during the
rolling prooess. Again it is possible that during the filling
of the tubes with radon a little mercury from the gas handling
apparatus may have become entrained and, by vaporisation or

amalgamation with the gold, this could cause bubbles to be formed

in the region of the weld.
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(ii) It may be that relatively gross voids exist in the main body
of the gold, not necessarily Just along the cold weld junction,
and that these trap helium. Here again it would not be expected
that the capture of helium would be very significant without
assuming an improbably high void concentration.

(1i1) A third possibility is the formation of voids throughout the
metal by aggregation of vacancies. As already mentioned this
effect has been observed in a number of metals and might
possibly be more significant in gold on account of the rather
lower energy (about 0.6 ev.) necessary to form a vacency in gold.

The most likely possibility appeared to be the first one and it was
decided to ocarry out a metallographic examination of pieces taken from
the specimens (Au B) and (Au C) both before and after annealing. The

examination was carried out at AW.R.E. Aldermaston and the conclusions

reached were that, of the four speoimens examined, three shoWwed gross
laminations of a discontinuous nature. The fourth specimen (B2) is
known to have the same defect but in this case it was not possible - to
photograph it since the defect was less severe. Enlarged photographs
of the sections taken are shown in fig. 30.

Soratches produced on polishing appear to originate from the
laminations and the suggestion is that the failure to cold-weld properly

may have been due to the presence of gritty material. Although metallo~



76.

graphic evidence is not conclusive, there is no evidence of amalgam
formation anywhere in the specimen and it seems unlikely that mercury contani-
nation has anything to do with the effects observed.

It would therefore appear that the cause of the negligible gas
evolution observed in the case of the gold specimens could well be due
to the migration of the helium to voids along the line of the weld. The
helium remains in these voids in the gas phase and is unable to re-enter
the lattice on acoount of its low solubility in solid gold. The presence
of these voids thus makes it impossible to draw any very definite oon-
clusions from this series of experiments. The effects observej however,
do serve to underline the wealmesses of the sandwich method as applied
to gases, in partiocular the inert gases, and demonstrate the need for

proper netallographic examination of the cold-weld.



Fig. 20.

h'Photomicrographs of sections across the gold

"sandwichqushowing.incomplete cold-welding. The

sections, which were taken both before and after ..

annealing, were mounted in the ends of split gold

rods and polished and etched by an electro-mechanical

technigue, ‘the electrolyte used wis an agueous

solution of 10% KCN+0.5% AuCl

3;



(AuB)l before annealing. (Mag. X 45)

Note the heavily cold-worked structure with

centre~line lamination.

\.v

(AuB)l before annealing. (Mag. X #00)°

This photograph shows the ragged and discontinuous

nature -of the lamination. ™

(AuB)2 after anngaiiﬂg. (Mag. X 45)

No gross defect is visible in the field of view

but lamination was observed during polishing.









Table 11,



‘GQED,

|

Thickness Thickness after He content |He evolved|c x 10" o
Speci- [Wt.( &mS) after rolling. rolling.Total thick{ initially.| c.c./gm |og ° c. t
men. (mem. ) ness before rolling c.c./gn}. (o) (¥) (mins)
Co

(aua) Jo.19345 | 0.4868 ~ 0.6 7.697x10}0.35x10-8 | 0.455 815 15

1.86x10-8 | 2.42 815 +60

2.74x10-8 | 3.56 815 +190

2,76x10-8 | 3.56 815 +310

1.06x10~8 | 1.38 815 +390

1.05x10-8 | 1,36 900 +120

® (AwB) [0.1748 | 0.201; ~ 0,25 9.275x10~5 |1.406:0~8 | 1.52 8L, 257

x (Au0) |0.16465| ©0.3041 ~ Ok Not 2.73x10°8 | - 815 15

determinelli 3,04x10-9 - 815 +50

0.00 - 815 +125

1.21x10-8 | - 900 +15

0.00 - 900 +55

% Blisters observed after annealing.
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DISCUSSION OF RESULTS AND COMPARISON WITH OrHER WORK.

The available diffusion characteristios of helium and the other
inert gases are sunmarised in Table 10. The methods used to obtain
these results have already been described in some dei:ail (see Introduction)
and fall into three classes:-

(a) Fission gas release methods (84, 85, 86, 87, 89, 90).

(b) Trensmtation methods (91, 92,) of which the present work on

lithium}/'alunﬁ.nium alloy is an example.

(o) "Sandwich" methods involving injection of gas ions and sub-
sequent cold-welding of metal surfaces (9, 18, 19, 91). The
present work on gold is a typical example of this method.

The injection of alpha particles into a metal produces the helium
atoms in a very thin layer and so far experiments have only been carried
out with very high local concentrations of gas and for éurposes other
than measuring diffusion characteristiocs. These methods are not listed
but the effects observed are of interest. On annealing -the gas-containing
metal (eege Cu (14) or Be (65, 93) ) the helium has been found to
acocumulate in bubbles, the aonclusion being that vacancies migrate towards
the gas atoms and not vice versa. This sort of effect would be expected
for the large atom menbers of the inert gas group but it is rather sur-
prising to find helium behaving similarly since the helium atom, being
small and already in an interstitial position, might well have been

expected to move interstitially, at least at relatively low temperatures (11).

The strong evidence that vacancy, and not atom, movement is the primary
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mechanism in bubble formation lends weight to the conclusion that the
observed diffusion of helium in aluminium in the present case is sub-
stitutional in type.

Since the results of (a) necessarily relate to the higher inert gases
it is not proposed to deal with them except to mention that the forma-
tion of bubbles of gas in fisgsile materials on annealing is a very well
characterised phenomenon (97, 87, 90).

The sandwich method (c) has been extensively used but is probably
not as satisfactory as the homogeneous solution (transmutation) technique
of (b). Some of the more obvious reasons for this have already been
mentioned in the section dealing with gold, but since both methods have
been used in the present work, and in the closely related work recently
carried out by MURRAY and PINCUS (91, 92), it is of interest to discuss
the matter more fully.

Of all the worle rs using the sandwich method only TOBIN (18, 19)
has—found- it -fully -satisfactory. Using this tevhnigue he found that
simple volume diffusion of xenon and krypton takes place in silver,

It would not be expected for these gases to diffuse at all easily, both
on account of their large sized atoms and the tendency for them to
form bubbles, and the observed diffusion may well have been more complex

than was at first realised. The energy of activation observed accords
with a lattice diffusion mechanism, being too high for micro-crack or
grain béundary diffusion, but it is possible that the gas could escape
by true lattice diffusion inwards to the line of the cold weld rather

than outwards toward the more distant free surfaces. If the weld were
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not a perfect one the gas could then find an easy path to the edge of
the weld via miero-cracks.
Although these two processes have different activation energies
the energy relating to the rate determining step is the only one relevant
to the process as a whole. Thus it would be possible to measure an
apparently pure volume diffusion effect whereas in point of fact this
is only the rate determining step. If this were indeed the case then
the diffusion coefficients obtained would have to be re-calculated on
the basis of a different diffusion thickness (h), and since this must
be appreciably less than the original physical thickness used, the
diffusion coefficient will be reduced in the manner,D =D x(h m%l ) 2.
new old new: .old
The similar work carried out by LE CLATRE and ROWEis subject to the
same possible souroe of error although the diffusion of argon is more
easily visualised than that of xenon or krypton. The diffusion oco-

efficients reported by these authors, however, are appreciably higher

‘than those obtained in the present work for the diffusion of helium in ébid.
Publighed data (11) suggests that while helium may possibly diffuse

in metals by either an interstitial or vacancy mechanism, only the latter
is available to the larger atoms of the inert gas group. Thus, quite
apart from the greater ease of formation of a vacancy in gold (.6 e.v.

as against 1.1 e.V. in silver), it would be expected that helium would

have a greater mobility in gold. It would appear that either the heliym
was completely trapped in gross bubbles in the gold, or that the results

of LE CIAIRE and ROWE are in error due to the mechanism postulated above.
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A s.econdary effect observed by LE CLAIRE and RONE was the fall-off
in the value of "D" if several successive anneals were used. This is
significant since bubble formation could be responsible for such an
effect. It was not observed by TGBIN (18, 19), however, using the
gases xenon and krypton which would be expected to form bubbles more
readily than helium.

The work of MIRRAY and PINCUS (91) is of great relevance to the
present discussion. Using the sandwich:. method for helium in aluminium
values for the diffusion coefficients at I.OOOC. and 470°C, were obtained.
These results are compared with those of the present work in table 8,

It was also found (ef. (9)) that the diffusion coefficient decreased in
successive anneals. Using the lithium/aluminium technique adopted in

the present work they obtained highly inconsistent results, very little
variation of helium evolution being observed with temperature. More-~
over, the diffusion coefficients given by this technique were much
smaller than those obtained using the sandwich method. = A later report

by the same workers (92) mgain using the lithium/aluminium method gives
values for the diffusion coefficient of 2.4 x 10710 om/sec. at 575°C.
This value is still lower than that obtained from their experiments with
the helium sandwich and they attribute this to too ready an evolution of
gas from the sandwich via the cold-weld. This seenms a likely explanation
since the energy of activation for the observed process was only 0.65 ev.
(~~ 15k.cals/mole) and therefore fully consistent with microcrack diffusion.

The lithium content in the transmutation experiments was respectively

~10 at. % and~0.02 at. %. It should be noted that the former vdlue is
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rather too high a figure to admit of true solubility on the basis of
either NOWAK's (72) or VOSSKUHLER's (68) work and this may account for
some of the inconsistency, although too great an amount of lithium might
have been expected to inorease the amount of gas evolved, not decrease it.
Metallographic examination of the specimens annealed for 95 hours
at 575°C. (92) showed evidence of bubble formation, principally at
grain-boundaries and sub-boundaries (cf. BARNES (15, 20)). This ob-
servation agrees with the results obtained for the discs D.13 and D.16
which indicate that a marked falling-off of the helium evolution begins
after~6 hours ennealing at 580°C. Taken together, these observations
would indicate that the ftotal amount of helium evolved in 95 hours might
be considerably less than that which would have been evolved assuming
a linear dependence of g— on the square root of the time. It would

o
therefore be of interest to know the mathematical treatment used by

10 1n2/sec at 575°C.

M/RRAY and PINCUS to derive their value of 2.4 x 10~
since this figure differs considerably from the values-obtained for-
D.13 and De.16 at substantially the same temperature. If their result
is based on the total quantity of gas evolwved in 95 hours then it could
be in error due to the acocummlation of helium in bubbles. This would
tend to give a lower result than that obtained during the present work,
where this effect has been allowed for. On the other hand the initial
burst of gas observed in the present work may have been sufficient to
"overcompensate" for the helium which accumulated in bubbles and this

would give too high a result for the diffusion coefficient. This

initial high evolution rate is very dependent on the physical state
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of the metal and it introduces a very variable faotor. It may certainly
be said that the phenomena observed in the present ‘work rule out the
possibility of caloulating values for "D" simply from a knowledge of

the total amount of gas evolved in a known time, and if this method

was used in (92) then it might well acoount for some of the deviation
from the values obtained during the present work.

The conoentrations of helium used in the present work were not
identical with those used by MJRRAY and PINCUS but it seems unlikely
that the difference in the yalues for the diffusion coefficient could
be acoounted for in this way. The diffusion coefficient is indeed a
concentration dependent quantity but usually the wvalue of "D" varies
only slowly if the concentration is smell (115),as was the case in both
the present work and that of MJRRAY and PINCUS.

It should be pointed out that the fusion method of releasing helium
from specimehs (to determine og) used by MJRRAY and PINCUS is not a
reliable one. ~During the present work it was found to be very
difficult to achieve a quantitative release of all the gas. Error
caused in this way, however, would not be of sufficient magnitude to

explain the difference in the results.

Discussion of the results for aluminium with special reference to
the":‘.; diffusion equation.

The factor "D," in the general diffusion equation

= E
D = D, exp. (- &)
RT

is given by

D =(exp. (A8 NkT.a% _1
S inille o' mir (1)
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where
QA S = entropy change on activation.
k = Boltzmann's oconstant.
h = Planck's constant.

In general the change in entropy on activation is least for those
systems in which the component atoms are most dissimilar, and greatest
for those systems in which the atoms are identical, e.g. self-diffusion.
Thus "D," should be large for self-diffusion and small for a system such
as the present one which involves very dissimilar netal and inert gas atoms.

Since less work must be done in loosening-up an .a.lready disordered
lattice the energy of activation should be relatively small for systems
involving dissimilar atoms and greatest for those systems in which the
atoms are identical.

In general these suppositions are borne out, and the empirical
Langmir - Dushman equation,

E 2
D == ,3° exp., ( =_FR s
Nh N

RT )
where "a" is a distance identifiable with the lattice parameter of the
solvent, demands that "D " should be large when "E" is large. This
equation is obeyed by many diffusion systems especially when "E" is large (114)
but is not obeyed in the present work. The theory outlined above c¢clearly
requires that the diffusion of helium in aluminium should be described
by an equation in which "E" and "D," are both small. In practice,

however, it was found that

D = 42, exp. g - &2.RZ x 107 3 on / sec.,
T

both "Do" and "E" having values rather higher than average.



‘Although the energy of activation for self-diffusion in aluminium
is not knowm exactly, it seems unlikely that it would exceed the figure
of 49.7 x 10° cals./mole (2.15 ev.) relating to the diffusion of helium
in aluminium. Indeed the data in Table 7 suggest a very mch lower
figure, and we have the apparent anomaly of a system involving very
dissimilar atoms having a large "D," and an energy of asctivation greater
than that pertaining to self-diffusion. With the larger inert gases
(eege krypton and xenon in silver (18, 19) ) the relatively low energy
of activation (35 x 10° cals/mole) has been attributed to the faot that
the large gas atoms cause considerable disordering of the solvent
lattices In the case of helium the atom is easily accomodated in a
lattice position, and, although the metal end gas atoms are very dis-
similar, little lattice strain is occasioned by differences in atomio
radii. Thus the energy of activation for diffusion of helium in metals

may well be much higher than would et first -be -expected.
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CONCIUSIONS.

The methods normally used for the elucidation of the diffusion
characteristics "D" and "E" hawve been shown to be inapplicable, without
modification, to the case of helium in aluminium. Although the work .
carried out on the diffusion of helium in beryllium and meteoritic iron
is less conclusive, there is a strong suggestion that similar invalidating
factors are at work in these systems,

These factors are:-

A.) Too great an amount of helium evolved in the first few minutes

of annealing. The evidence suggests that this is either a grain-

size dependent mechanism, or more probably is d&e to the ready
release of helium which is loossly trapped in grain boundaries.

The use of single orystals would eliminate both these factors.

B.) Too rapid a decrease in the rate of evolution of gas after a

few hours annealing. This is attributed to the accumlation of

the helium into bubbles in the metal, The presence of these

bubbles has not_been directly demonstrated in the-present-work-but

there is considerable direct evidence for bubble formation in

other inert gas/metal systems.

When the mechanisms outlined in (A) have ceased to be effective, and
before that described in (B) oom#s into operation, fhere is a region in
which the fraction of gas evolved shows a linear dependence on the square
root of the time. This region extends further the lower the temperature
and this suggests that, as far as is practicable, low temperatures should
be used to determine the diffusion characteristics. The coefficient of

diffusion for helium in aluminium derived from observations in this
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" region has been shown to be "D",

3
where D = 42. exp. ( - %}_:_}0_ ) cm-z/sec.

The unexpectedly high energy of activation may be attributable to
the ease of accomodation of the helium atoms in the aluminium lattice.
The value of "E" suggests that the movement of helium in alundinium is
substitutional in type.

The helium "sandwich" method as applied to gold gives values for "D"
which are considerably lower than those expected on the basis of other
work on inert gas/metal systems using the same technique. The failure
to observe evolution of helium in the present case is attributed to
incomplete cold-welding of the metal surfaces.

In general, the "sandwich" technique appears to be basically
unreliable when applied to gas/metal systems and tends to give misleading
results for "D". The fact that observed activation energies may have
values consistent with substitutional diffusion does not necessarily
elindnat; the poésibility-of micfo-crack diffusion being-responsible for

& large part of the gas evolution.
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EXPERIMENTAL NOTES.
ae_The photo-gell mechanism.

This is shown in detail in fig. 31. The sensitive element is a
germanium junction photo-electric cell (Standard Telephones and Cables Ltd.,
TYPE P50A.) of area 0.5x 2.0m.m.. It is sensitive to light of up to 2.1
microns, the peak response being at 1l.75 microns, and the output throughout
the visible spestrum is high. The energising beam is produced by a 12v. 2hw.
tungsten lamp and is focussed by a lens of short foocal length. Initially
the light beam was provided by much smaller bulbs but owing to the scattering
of some of the light by the glass tubing it was found more reliable to utilise
the greater power of a larger lamp. A large filament also has the advantage
that less precise focussing of the beam onto the sensitive elemént is required,
and the power margin is so large that the lamps may be "under-run" thus
minimising the chance of their burning out and causing failure of the column.
A disadvantage is the greater heating of the photo-cell but this is not

serlous.- The cells run satlsfaotorlly up to a tenperature of }0° C. and

only slight trouble has been experienced from this cause. Overheating is

manifested by a refusal of the cell to shut off when the light is obscured.

be. Pirani gauge irregularities.
Whilst behaving quite well once they have stopped drifting, the

Pirani gauges used in the present work are subject to a very high initial
rate of drift, neocessitating a settling down period of about three hours.

This drift was formerly assigned (106) to the e.m.f.s. produced by the
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various metal/metal couples in the gauges, but while this is undoubtedly
true in the period during which the various parts of the instruments are
at different temperatures, the drift due to this cause should cease
immediately thermal equilibrium is established. Most probably this
ooccurs in the first half-hour or so after immersion, and hence the abowve
explanation can be responsible for only some of the instability.

There is no phase change in the nickel (102) or tungsten (103)
which could aceount for the setting up of thermal e.m.f.s, but in the
course of this work it was suspected that at least part of the trouble
lay with the use of soft-solder in the gauges. Tin, a major constituent
of soft-solder, changea from the white to the grey allotrope at temperatures
below 13.2° C. (104). The rate of change is slow at just below the
transition point but becomes rapid at - 50° C., the reaction being auto-
_catalytic (105). . _The presence of two allotropes in gontact gives rise
to thermal e.m.fes5 and it seems likely that much of the drift is caused
in this way.

In an attempt to check this hypothesis, a relatively low-melting
cadmium solder was substituted for the soft-solder. It was not found
possible, however, to apply sufficient heat to melt the soldér without
also snapping the fine nickel tape, the use of a naked flame being, of
c.ourse, impracticable.

The initial zero drift does not affeoct the final accuracy, but it

does limit the ready availability of the gauge.
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. A device for the prevention of the entrainment of air by

the mercury of the fractionating column.

This device, which prevents the oreep of air from the secondary
vacuum system of the fractionating column into the gas being
analysed, is shown in fig. 32. The level of the mercury showh
in the figure is that which would be ocoupied during evacuation of
the colum. During the actual fractionating operations, however,
the level is above that of the column base-tube (shown on the left
of the figure) and any air brought from the secondary system by

the moving mercury is immediately removed via tap T.13.



Photo—cell mechanism.

"Make and break"device for circulating

system.
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NOTES ON SOME IDEAS INVESTIGATED BUT NOT ADOPTED.

(a) Magnetically operated non-return valve,

As previously mentioned a number of experiments were made with a

colum using this type of cut-off. The design of the units is shown in
fig. 33, an advantage of this type of wvalve being that no separate row

of cut-off's is necessary. The valves consisted of iron rods encased in
soda-glass, the glass being ground into a seating Just above the wvolume
bulbs. These slugs could be lifted or dropped at the appropriate stages
of the mercury cycle by means of the photo-cell operated circuit shown -

in fig. 33. A further advantage of this particular design is the relatively
simple circuit which requires only three photo-cells and three relays.

A "mock-up" of a single unit was constructed and found to operate
satisfactorily; a complete colurmm was then built and it was found that,
with fifteen units in parallel, the rate of fall of the mercury was so slow
that the valves could not tfap suffidieﬁt me;;;r& t6 make A-QQSQEEEBE"QZQi;
In order to inorease the pump-away speed of the mercury several devices were
tried but these resulted in very severe turbulence of the mercury in the

column base-tube, Since this threatened to cause damage to the apparatus

the idea was abandoned and the design previously described was adopted.

‘bz Furnace for the collection of helium evolved over long periods
of annealing.

In order to measure the helium evolved over periods of time longer

than a few hours it was thought desirable to oonstruct a furnace whioh
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would contain the minimum quantity of heated metal. The design decided
upon is shown in fig. 34. Unfortunately it was found impossible to
outgas the copper fumace block to anything like the degree necessary for
the accurate measurement of the helium evolved from an annealed specimen.
The idea was not pursued with any metal other than copper since at this
time two stainless steel furnace tubes were made available by A.W.R.E.

and these fulfilled most of the desired requirements.

(o) Apparatus for the removal of hydrogen and other gases from
the furnace gas mixture.

At one time it was proposed that measurements of the movement of
helium in plutonium should be carried out and in order to simplify the
apparatus so as to better fulfil the stringent safety precautions
necessary when working with this metal an alternative to the fractionation
process was sought,

The gases evolved from a well out-gassed stainless-steel tube furnace
do not QQEQQE_EQ_anggin either helium or neon, but considerable quantities.
of hydrogen are evolved and in order to directly measure the helium
evolved by a specimen it is essential to absorb or otherwise remove the
gases evolved by the walls of the furnace. Most gases may be retained
on a charcoal trap at a low tenperature, but hydrogen is not only less
adsorbed than most gases (107) but the rate of sorption is slow. When
designing the apparatus it was borne in mind that the use of oxygen in

o system containing heated plutonium is inedmissible, and therefore the

hydrogen could not be removed by combustion with this gas. Absorption
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methods or methods employing oxide combustion techniques are therefore
the only ones permissible, the ordinary technique of a palladium "leak"
to remove the hydrogen being impracticable on account of the slow rate
of permeation.

Iwo methods were tried:-

_(1} Copper oxide fumaoce.

The apparatus is shown in fig.35. This was not ideal for
work inwolving easily oxidisable metals on ascount of the appreciable
dissociation pressure of copper oxide at the working temperature
of 350°C. A further disadvantage of this system is the long period
required to outgas the oxide and the steel tube. However, the oxide
furnace, in conjunction with the charcoal trap cooled to liguid-
air temperature, retained a high proportion of the hydrogen and
other gases evolved by the tube furnace, An appresciable pressure
was registered on the Pirani gauges, however, and it was found that
an accuracy of 6% would be the best obtainable for an amount of
helium of the order 107 N.T.P.c.0s. This was perhaps tolerable
for the proposed work on plutonium since simplicity and safety
were the dominant considerations, but it was felt that the method
described next better fulfilled all the necessary conditions and
would enable a much higher precision to be obtained.
§22 Palladium hydrogen absorber.

The apparatus is shown in fig. 36. Palladium black (108) is

held in a palladium tube by spirals of platinum wire at eash end.
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The tube and its contents may be outgassed at a dull red heat
and this does not require more than about an hour. To absorb
gases other than hydrogen a liquid-air cooled charcoal U-tube is
used, the gases travelling from the furnace to the absorber and
then through the U-tube to the Pirani gauges.

The temperature at which .the tube is operated is oritical (109)
there being a very sharp degrease in the amount absorbed at a temperatur
greater than 125° Ce Owing to the low rate of sorption of hydrogen
at low temperatures, the tube was maintained at about 100° C., the
glass envelope being cooled externally by means of an air blower.
With this apparatus it was possible to completé;l.y stop hydrogen in
the furnace gas from reaching the Pirani gauges.

If a rather higher temperature of operation is not a disad-

vantage the use of titanium powder has the merit of much greater

sorptive capacity (110). _The rate of sorption, however, is_not. _
appreciable below 375°C. (111). |

It should be noted that the sensitivity of the measuring apparatus
is mxh reduced by the systems desoribed owing to the increase of
the effective déad-space of the Pirani gauges. The gas is no longer
compressed into the gauges but distributes itself between these,
the furnace, and the hydrogen removal apparatus, A drop in sensitivity
by a factor often was observed for system (b), and this restricts the
use of such a device to the measurement of relatively large quantities

of helium.
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By reducing the wvolume of the apparatus, however, the
palladium absorber could be made a very useful tool for
this sort of work, particularly if relatively large quantities

of helium were to be measured.
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