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ABSTRACT

Thin films of nickel, coprer, plaﬁinuﬁ, palladium, and iron have been
deposited on to a Pyrex glass substrate at various temperatures in a low pregsure
of krypton, It has been shown that when the substrate is maintained at 77°K
during the evaporation process, quantities of krypton are incorporated in to the
growing film, The highest value observed was for nickel; in one case, 5,49 of all
the stoms in the complete film were krypton atoms,

The process of krypton incorporation is believed to involve krypton atonms
adsorbed at the growing surface of the film, The kinetics of the incorporation
process in the region below 40% surface coverage have been interpreted in terms
of the Langmuir theofy of adsorption, Evidence hag been obtained to show that the
adsorbed state of krypton on the surface of a growing nickel film differs
significantly from the state -of classical physical adsorption.

Release of the krypton held by metal films has been conveniently followed by
using; in their preparstion, krypton containing a proportion of the radicactive
isotope xr,

On warning the films, it was found that most of the gas held by them at 77°K
was lost in the temperature range I00°K to I50°K, but that appreciable amounts
were retained up to the highest temperatures studied (800°K), In terms of the
thermal release of krypton, the films were found to behave in a manner similar
to that observed for solid kryptonates. At eaéh temverature, a stable concentration
Qf‘krypton ves attained, and no more krypton was lost until the temperature was
incressed,

The quantity of krypton retained by @ series of films prepared under widely
different conditicns of deposition, after the temperature had been allowed to rise
to 295°K, has been shoﬁn to be fairly cohstant for each metal excepting iron,
where insufficient data were obtained. The mean value at 2§5°K ranged from 0,25
atomic ¢ of the film for nickel, ic 0,70 atomic ¢ of the film for palladium.

The characteristics of krypton release dvring dissolution of nickel films in
acid, and dwring oxidation of copper films at 423°K, have been interpreted to

L)

show that the rcitained gas is homogenecusly distributed throughout the tulk of the

o -
Films,



The results which have been obtained for the oxidation of copper show that
films produced by this techmique are suitable for use as homogenceus kryvhonaics
in chenical analysecs, .

Films of nickei, palladiun and platinum have been used in an investigotion
of the release of krypton during the processes of adsorption and catalysis. Some
krypton was lost in all experiments, showing that the surface must be subject to
considerable rearrangenent during theée processes, While‘thermal sintering owing
to the heat of adsorption and catalysis has been eliminated as a possible

explanation of the surface changes observed, the limitations of the data oblained

have prevented the formulation of an alternative explanation,
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EAFTER I ¢ THE ATNS OF THE INVESTIGATION

L1L

It is usual for a summary of the existing state of Imowledge in a field
to precede a statement of the aims of an investigation designed to extend such
knovledge.

Hovever the investigation described in this thesis had origins in several
fields which are not apparently related to each other. Before these subjects
are considered individually in Chapter 2, "IEEZ INTRODUCTION", it is
appropriate to deal with the basis for bringing them together,

tudies of surface processes and heterogeneous catalysis'generally centre
on the alterations in {the rates and courses of gas phase reactions which are
brought about by +the adsorption of the reactants on the‘surface of a solid
catalyst. That such effects are found arises from the effect of adsorption
on the bonding structure of reactants and intermediate species. llany attempts
have been made ‘o relate the structure and composition of a surface to its
catalytic properties.

However the surface of a catalyst is itself effected by the processes of
adsorption and catalysis. In general, a catalyst is poisoned,sintered,eroded,
or otherwise deactivated during its use. For a proper undérstanding of the
process of catalysis, an understanding of the effect of a reaction on the
catalyst must be sought.

One technigue which has been rarely applied is the study of the release
of radiocactive rare gas atoms occluded in the catalyst, during adsorption and
catalysis. If the structure is initially stable, then any loss of radioactivity
from the substance must be related to changes in its surface structure brought
about by these surface processes.

It has been showm that inert gas atoms may be introduced in to many solid
substances, being retained stably in the lattice unless the structure of the
solid is altered by increase of temperature, corrosion, or physical wear,
Substances of this type are called "kryptonates", when the inert gas used is
radioactive krypton.

There are two methods of preparing them, both of which have disadvanteges

as Tar as heterogeneous catalysis is concerned., FPreparation by the first method,
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ion bombardment, mey result in the sputtering of material from the surface,

and in the enhancement of catalytic activity by an unknown amount. Prervaration
by the d@iffusion method requires that the substance be heated uvnder high

krypton pressure for a prolonged period, resulting in extensive sintering

and a low specific surface area. An aliernative method of kryptonate preparation
for the study of surface processes nust therefore be sought.

It has been shovm that hydrogen adsorption‘on metal films is enhanced by
deposition in the presence of hydrogen at 770K, as a resulv of the access of
hydrogen to all metal atoms in the film during its deposition, so that
hydrogen is retained at sites not subsequently‘accessible from the gas phase,
This process has similarities with that of cryotravping, which is exemplified
by the observation that the admission of water vapour to a vessel containing
an inert gas at low temperature,rcsulted in a reduction of the gas phase
pressure as gas molecules were trapped during the process of condensation
o water on to the vessel valls.

Evaporated metal films are among the most studied of catalyst systems,
having the advantages of cleanliness, high surface area, and ease of
investigation by electron microscopye

Accordiﬁgly the aims of this investigation were ag follows:

(I) To produce kryptonated metal films by "eryotrapping" of krypton during

the deposition of metal films at a suitable temperature, and to compare the
properties of such films with these of typical evaporated metal films and of
kryptonated sclids,

(2) To investigate the applications of the completed films in the understanding

of surface processes,
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TAPTER : THE TIMTRODUCTION

2,1 THE SURFACE IF ADSORPTION AID CATALYSIS

An atom within the bulk of‘a crystalline solid is completely surrounded
by end bonded to other atoms;its environment is homogeneous. On the other
hend an atom at the surface of a solid is bonded only to atoms within the
solid, and it retains the ability to form further btounds to molecules which
come into contact with the solid.

The phenomenon of heterogencous catalysis arises from this property of
chenisorption, which was first recognised by Langmuir (I). Vhere bonds are
formed between wuasaturated surface atoms and a gas (or ligquid) phase svecies,
+the properties of such species may be altered, in some way that renders I
more reactive (2). First, its bonding structure may be changed., Vhen a number
of molecules are adsorbed in close proximity on a two-dimensional surface, the
nunber of possible directions of approach for chemical reaction is limited,
and thus the effective concentration of the species is increased., Finally,

a normally wustable transition state may be stabilised by the effect of
adsorption on its bonding structure.

In summary, it is possible for a surface %o decrease.the energy barrier
to reaction, and to increase the proportion of molecular collisions that lead
to reaction.

A catalyst is defined as a substance which increases the rate of attainment
of chemical equilibrium by a systen, with the general implication that the
catalyst itself is not altered., Vhere an incresse is brought about in the rate
of a forward reactvion, a corresponding increase must of necessity be brought
about in the rate of the back reaction, since the same transition state is
involved., Although catalysts cannot therefore initiate reactions which are
thermodynamically unfeasible, wherethere are several possible reaction paths
the particular cavalyst may determine which path is followed.

For example, formic acid is decomposed by alumina to give vater and
carbon monoxide, and by various metals to give hydrogen and carbon dioxidé (3).

Accordingly many abttempis have been made fo relate the catalytic activity

of a substance to its lmowvm physical and chemical properties, with a view to



the recdy selection of a suitable catalyst for any possible reaction.

N

tudies vwhich are intended to relate the properties of a catalyst o wTae

'

activity of its surface are complicated by the very factor which makes then
of interest, namely that the bulk properiies are different from those at tie
surface of a solid.

The earliest attempts To retvionelise catelysis lay in the relation of the
activity of a substance to its crysitalline lattice spacings. This relation Is
reforred to as the'éeometric factor? On a theoretvical basis Shermen and Eyriag
(4) calculaﬁed that the activation energy for the adsorption of hydrogen on
carbon depended on the distance between the carbon atoms concerned. Where this
distance was large, the activation energy was high because the molecule had
effectively to be dissociated before adsorption couid occur. For decreasing
distance between the carbon atoms,the activation energy passed through a
minimum end then increased because repulsive forces retarded adsorption.
Similarly, Twigg and Rideal (5) considered the adsorption of ethylene on
adjacent nickel atoms, and predicted that while adsorption on the 2.47 L
lattice spacing would be strain free, adsorption on a 3.50 £ lattice spacing
would involve considerable strain. is strong adsorpiion is, by definition, an
energetically favourable state, it is & general principle of catalysis that
very strongly adsorbed species are not reactive (6,7,8). It was therefore
precicted that the ethylene adsorbed om 3.50 £ lattice spacings would be nore
readily hydrogenated., This was confirmed experimentally by Beeck, Smith, and
Vheeler (9) who produced oriented nickel films which preferentially exposed
the II0 face, with a higher concentration of 3,50 &£ lattice spacings, and found
that they were more reactive than non-oriented films. Although a counsiderabtle
anount of evidence for the operation of a geometric factor has been obtained,
the concept does not provide a complete explanation of surface vrocesses. Cu
a practical basis, it was found that the existance of an apparently
favourable lattice spacing did not necessarily give rise to high catalytic
activiiy. Further; catalysts are rarely perfect crystals, and the distribution
of particular lattice spacings at the surface is not generally lmowm. It hes

also been shown that the interatomic distance at the surface of a solid is
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not necessarily equal fto that of the bulk (I0).

in 2lternative avproach considered the electronic proverties of the bulk
catalyst in relation to its catalytic activity. According to Pauling's theory
of bonding, transitiom metals posses vacant atomic d—-orbitals. Vhere the amount
of d-character in the metallic bond is high, then conversely the availability
of electrouns in atoglc d- orbitals is low. Beeck (7) showed that the catalytic

Lo

activity of a series of metals for ethyleme hydrogenation was related to the
% d-character of the metallic bond according to Pauling.

According to the band thecry of ﬁeﬁals,the valency electrons move freely
throughout the crystal, and there are 'hands® of permitted energy levels for
these electrons. Transition metals in crystal form possess incomplete d-~levels,
The possibility that the structure of the d-banrd might determine the cavalytic
activity of a substance was investigated by Couper and Eley (II), vho studied
the parshydrogen conversion on alloys of palladium and gold. The operation of
a geometric factor was nminimised by the selection of twe elements of closely
gimilar atomic radii, ome of which had an incomplete d-band, and the other
full s~ and d-baunds.A decrease in catalytic activity was found when sufficient
gold wes present in the alloy to £ill the vacancies in Dalladlum s d-band with
s=electrons, Similar resulis were obtained by Reynolds (12), who studied
ethylene hydrogenation on copper-nickel alloys.

This electronic approach to catalysis, while useful, is not of general

‘validity. In the first place, differently arranged crystal faces of a
particular metal with a given d-band structure frequently show greater
differences in catalytic activity than would be found between metels with
different d-bands (I3). Secondly, bonds can in fact be formed between
active species(for example, hydrogen introduced as atoms) and the surfaces
of metals which have no d-vacancies (I07),so that a theory of adsorption

.L

which regquires the presence of d-vacancies is of limited validity.

It may therefore Dbe concluded that the bulk proverties of a substance
cannot be directly related to its catalytic activity with any degrce of
consistency. An aliernative approach of potentially great value, is to conside

the vroperties of the swface itself in terms

n

its homogeneity or heterogeneiy
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the relative exposure of particular crystal planes, and the concentr
defects,

From calorimetric studies it may be shown that surfaces are heberogenious

in nature. The heat of adsorption of & gas is found to fall with increesiny
surface coverage (I4); this is taken to show that the adsorbate is mobile cuz
the surface so that sites of high adsorpiion emergy are occupied first. &4 sard

of this effect may'be expleined on the basis of increased repuisive forces
between adsorbed species in the later stages of adsorplion.

Thet surfaces may be heterogencous in terms of The exposure of different
crystal planes has already been stated; several investigations of catalytic
activity in respect of the pvarticular distribution of exposed crystal planes
have Dbeen reported (I5,I16,I7).

Heterogeneity may also arise from the interaction of the surface with
crystal defects such as dislocations, where the lattice spacings are
distorted from the normel value, possibly to give particularly favourable
sites for adsorption or the stabilisation of a transition state. Uhara et al,
and other workers ( I8-20, 2I, 22 ) have shown that the catalytic activity of
metals is imcreased by treatment which increases the defect concentration,
such as cold-rolling, vhysical distoriicun, or ion bombardmeat. The acvivily
is reduced by annealing vhe metal at a temperature where, from other evideince,

M

23), Gefects and dislocations are kuovn to be ammehilated. This approaci is

e

/‘\

also subject to the criticism that e bulk property is being measured; however

+eng

in some cases direct estimates of the surface defect concentration have been
made (24), It is also difficult to separate the effects of recrjystallisation
fo give different crystal faces,and defect annealing, since both are brousit
on by heat treatment.

Fo oune of the ahove explanations provides a complebte insight in fto ceialytic
behaviour,but in individual cases each may appear to be valid. The problem is
further complicated by the fact ﬁhat the catalyst is not umeffected by
aGsorption and catalysis. The simplest example of this is calalyst poisoning,

vaere the surface of a catalyst is completely and irreversibly covered by
3 N J

che destruction of its catelytic activiiy. Tae
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poison mey be an intended reactant, a product of the reaction, or some
exsranecus species,

The effect of adsorption on the bulk properties of a solid is readily shovmn,
for example by resistance changes induced in metal films owing to the electronic
nature of the adsorption bond (8,25).

Surface properties have also been investigated to some extent. The surface
potential and work fumction of the catalyst are chenged by adsorvvion (I4, 25,

26); however it is profitable to comsider this in terms of the coverage of the

coverage of the surface by adsorbed species, rather than as a change in the

The properties of a2 surface are'definitely altered by the presence of
adsorbed species. Anderson and Baker have shovn that adsorved hydrogen on a
nickel surface reduces the rate of thermal sintering (27). This is explained
by the stabilisation of the surface which results from the bonding of each :
adsorbed hydrogen atom to several surface atoms. Anderson has also suggested
that the dissipation of adsorption emergy may initiste the migration of
surface nickel atoms (28).

Much attention has been paid to changes in surface area brought aboub in
surfaces as a result of the process of adsorption. Surface area is normelly
measured Dy the physical adsorption of a supposedly inzrt species.{Section 2.5)

Barly investigations by Dell, Klemperer, and Stone, and by Brennsn, Hayward,

Hy

and Trepnell, which showed reductions in surface area ss a couseguence o
chenisorption, were interpreted in terms of thermal siabtering of the surface
induced by the heat liberated in adsorption (29,30) A consideratvion of the
amownt of heat involved (3I), and of the fact that sintering is both temperature-
and time-dependent (52% throws doubt on this hypothesis. It has been showﬁ by
Campbell and Duthie that the same apparent decrease in surface ares is brought
by the chemisorption of oxygen on nickel films, whefher directly or‘by an
indirect method involving the decomposition of nitrous oxide on the surface (3I),

The more favourable conditions for heat dissipation in the latter case would

. ok

have resulted in appreciably less thermal sintering if this was the explanaiion

of the surface area change. Likewise the occurence of a necessarily permencnt
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process of thermel sintering can not explain the regeneration on standing, of
the surface area of manganese films on which oxygean has been chemisorbed(30),
the apparent increase in area of ironm films after hydrogen adsorpiion reporived
by Roberts(33), or the increase in area found by Iuller for the adsorption of
oxygen on nickel powder(34). finally, it was shown by Sameane and Teichner that
after an apparent reduction of the surface area of supported nickel oxide

caused by the adsorption of oxygen, the area could be increased almost to thc

A

initial velue by heating to a temperature sufficient to desord the oxygen (35).

If thermal sintering had caused the initial apparent decrease in area, then &
further decrease must have been expected on raising the Ttemperaiure,

While it is thus clear that thermel sintering is not an acceptable
gxplanation of the changes caused by adsorpbticu,one combtrary result may e
mentioned. Knor and Ponec found that the apparent chenge in surface area of
thermally wstabilised nickel films after hydrogen adsorption at 77°K was
related to the size of the doses of hydrogen admitted to the systen(36). The
total amouwnt of hydrogen adsorbed was the same in each case; so that the resulis -
were explained in terms of the greater rise in film temperaiure resuliting from
the adsorption of a large quentiiy of gas.

In view of the problems assoclated with the determination of surface areas

jui

is not clear whether

i

by physical adsorption of an inert gas, (Section 2.5) i
the measured changes iﬁ surface area represent real changes in the character of
the swface. Some results may be explained in terms of the blocking of micropores
on the surface by adsorbed species, so .as to reduce the area accessible to the
inert gas(35,37). Alternatively, various explanations based on the effect of the
layer of chemisorbed species on the character or quantity of physical adsorpioon

mey be acceptable(3I,38,39),

{)‘.

Techniques for the direct examination of real changes in surfaces during
adsorption and catelysis have been less widely applied.

The techniques of electron diffraction and transmission electron microscopy
are particularly poverful for the study of evaporated metal films (Section 2.2).

Significant changes in surface structure are found by examining films before

and after catalysis(40).
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Recrystallisation phenomena occuring during catalysis have been observed
by optical microscopy(4I,42)
Lnother technigue which permits of the examination of the surface during

an adsorption or catalytic process is low—-energy electron diffracvion. The
surface of nickel has been observed to undergo a considerable rearrangement

as a result of the adsorption of hydrogen(43). There are problems in the

~

intervretation of the results of this method(44), and Bauer has suggested that

5

the

1

adsorbed species, not the surface, is being observed(45). However the

(')

pacnonmenon of surface reconstruction is now accepted as genuire in many

coses. sauer has stated that a surface on which the atoms have the same nosition

as in the bulk is energetically unfavourable, and that the surface energy may
be reduced either by adsorption alone, or by adsorption with reconstruction (46),

It may be noted that the possibility of surface reconstruction during catalysis

tempts to relate the lmown sitructure of 2 metal to its catalytic

invalicates att
activity(the geometric factor).

Jech denonstrated that the surface rearrangements could be sulfficiently
xtensive as to release inert gas atoms occluded in the solid catalyst(47).
The use of radicactive species made it easy to follow the release.

It was hoped in the curreatv investigation to develop the potential of <his

latter technique.

2,2 VACUUIL BEVAPCRATED VETAL FILLS

Since the early vwork of Beeck et al(9), evaporated metal films have been
extensively used in studies of adsorption and catalysis. They are typically
produced by electrical heating of a metal filament in vacuum to the point of
evaporation, so that a film is deposited on to the inner walls of a

at 2ll in

u
-)

crlindrical Pyrex vessel. Although such systems are not use

-

vlied catalysis, for basic stulies they have considerable advantages over

cavalysts prepared in the form of powders, wires, or supported metals. Vhen
) b

evavoration is carried out in a good vacuum, an uncontaminated surface of hi

specific area is produced.

Py



T“he high surface ares arises because these films are porous in nofure. In

Beeckfs original study it was shown that the amount of various gases vwhich
could be chemisorbed by the films was proportional fto film weight, demonstrating

that the gas must have access to effectively all of the interior of the film.
Leter workers have shown that the surface area is only proportional to weight
if conditions are kept precisely coustaut. Thé effect of radient keat froa the
hot filament in sintering the film during deposition has been mentioned by
Trapnell(48), and that of variations in the condensation rate by Andersoxz,

Baker, and Sanders(49).

It hes also been showm that the temperature of condensation, and the

f
(]
Hy
e
-t
B
<

regerce of an inert gas in Th essel during evaporation, may determine

- ) -,

the structure of 2 film, Both observations were first made by Zeeck(9). The

[0}
th
+h
©
Q
b
o]

£ temperature of condensetion has been investigated vy Knor and Pouec
(36,49), High surface areas result from evaporation at low temperature., This
cbgervation is explained by the greater tendeuncy at low temperature for a
metal atom to stick at the point where it collides with the film, resulting

the production of a less ordered film. The presence of an inert gas also
favours the production of films with high surface area(9,50).

According to Beeck, the preseunce of inert gas caused orientation of <The
resulting film; however Sachtler wag able to produce oriented films in a vacuun
of better than IOqtorr(5I), and it is now believed that the particular subsirate
is more important than the presence of insrt gas(52).

Pilms prepared by this method have considerable stored energy, in terms of

a high defect concentration(53). It is accordingly necessary to subject them
to thorough amnealing before adsorption measurements can be made with any
certainty(8). As stated in Section 2.I, the surface and defect structure of

films has been shovm to determine their catalytic properties, and this

factor probably explains the tendency for different workers to cisagree i

’,J
0

neasuremenvs of adsorption and catelysis by films.

Another edvantage of evaporated metal films is That they are easily
investigated by transmission electron microscopy(54). Prepered mounts,

-

rormally covered Ty a film of carbon or silicon monoxide, are placed im the
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be made., Although ian some cases the change in substrate may effect
properties of the film(55), in general the use of prepared mounts is a
powerful ftechnique which leads to information on crystallite size and

Cistribution, the topogranhy of the surface, and the defect concentration in

P

Electron éiffraction gives information on the structure and orientatiozn o:

Although films prepared by evaporation are porous, nevertheless only &
smell oroportion of the atoms in a complete film are accessible To the gas phase,

It has heen shown by Sheridan and Campbell vhat the adsorption of hydrogen on

F

metal films is considerably enhanced by evaporation ¢f the films in hydrogen
at a low temperature, as 2 result of the access of gas to all of the interior
sites duriug formation of the film{53G). Some hydrogen is kheld at sites
iraccessible to the gas phase after warming the Iilnm,

It is not necessary 1o have a species which is chemisorbed on the film in
4

order to incorporate gquantities of gas. Winters and Key have demonstrated that

argon implanted as ions during deposition of a nickel film is stably retained
once growth ceases, although in principle the gas can not be chemisorbed in

this case(59).

The study of the trapping of inert gases within solids originated Iron
observations that gas discharge lamps employing inert gases would cease to
function after a period of time owing to a drop in gas pressure below a threshold
value(60)., This effect arises Dbecause the inert gas atoms, ionised wiile the

KN AR

lamp is operating, are impelled in to the cathode and remain there. Diffusion

rom the cathode back to the gas phase is so slow that eventually the quaniisy

Hh

of gas removed to the cathode is sufficiently large to result in failure of the
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2c becn shovn bhat neon, argon, krypton, xenon, and radon may all

It

e

to solids by ionisation in am electric field, i

incorporated in

thorough study of this subject was carried ocut by Almen and Eruce, who used

O

an electonagnetic isotope sepvarator, which permitied of the selection of th
mass, energy, charge and engyrance angle of the bombarding species(6I)., These
autiiors found thet wnder given conditions the gquantity of the irert gas

P "',\‘

introduced in to the solid reached a sasuration value as a result of the

between the processes of don implantaticz

O
)
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attainment of dynami

and the loss of The surface layers of the target by sputtering.

Rimmer and Cotirell have indicated that initially the ges atom is itrapsned

s

e planes of the solid crystal, bub suggest that owing to the resuvlitent

1}

strain iz the lattice, the gas atom subsequently takes up a suls

) = AZa AR

position by displacing one of the atoms of the target(62).

that iz many cases the gas is ield at lattice points, evidence has beex

obtained for some substances which relates the incorporated gas vo defect
structures(63). The amount of krypbon waich can be introduced in to molecular
sieves, clathrate compounds, and Loron nivride, has been shown to be particulerly

large(64,65); this is associated with the presence of voids in the lattices of

The depth of penetration has been shown by Davies et al(86,067), to be

m = A O

- I ) ~ 3 2O . . o . « A
generally in the order of I0°L, The distribution with depth was studied by
Thulin, using a target composed of thin stacked sheets of formvar(88), iAfter
bombardmeny these were separated, and it wes found that the concentration of

gag first increased, passed through s maximum, and then decreased with depth.

-

Cace ar inert gas has been introduced in to a solid by this method, the

~nd-- 3

concentravion of gas decreases as the temperature is raised. For each temperature

o

a stadle concentration is reached, when no further thermal treatment at or below
this teaperature results in further loss of gas(69). Some gas is held almost

Yo the melting point of the solid.

- L3 ]

On the basis of the kuowa character of inert gas diffusion in solids at

-
i

room temperature, and assuming an exponentizl increase in the diffusion

coefficient with temperature, Chleck has showm That at teumperatures over



8007 K, most solids should cuickly lose all of the ges held within then{69).
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Affer stabilisation et a selected temperature, the incorporated gas is ouly

-

released by trecatment which disrupts the lattice of <The host solid, such as

physical removal of the surfazce layers or chemical action. Iv is this propers
e T

which hes caused the interest in substances of this

type. Hany anplica’

By

3

arise from the relation of the loss of rediocactive inert zases to the itreatment

~

of the solid concerued(70,7I).

L

Inert gases are used for these siudies because they do not eater metabolic

KR )

syztems and are thus very safe, and because it is urlikely that there would

-

7ith the host solid. Most attention has been paid

-

be any chenmical interaction
To Xryptoxnates, wnich name iz given to golids which hold krypioms redicactive

kryoitonates are prepared from krypton containing a proporticn of the uastable

- oo 7

» The reason for the general use of Irypitca lies in the convenience
this isotope owing to tie long half-1ife(I0.27 years), and the

energy of the pradiation(almost entirely 0.672 leV).
&Y

The symbol A{(®XKr) has teen proposed for radioactive kryptonates, where £

is the carrier substarce(72). This convention will Dbe adopted here.
. &

In general the chenical properties of a kryptonate are identical to those
of the host solid. Chleck(69) has shown that the activation energy for the
oxidation of Culkr) is identical to that reported by Dushman(73), and that

L

the rave of oxidation of krypionated pyrolytic graphite at room temperature

is identical to that d by Bluz and Pappis(T4).
This statement may not be completely true for krypionates prepared by the

techniques of icn-bombardment developed by Chleck and Jech(47,75,76). It is
possivle for the surface of a solid to be extensively damaged by such treatment,
A counsiderable increase in catalytic activity may result(2I). It has also been

shown that the loss of krypton fronm ion-bombarded solids at high temperatures
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is partly related to annealing out of the defect structures produced by ion-
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‘normal’ defect structures, but that some is held at new defects created Ty

ion~lomberdment (77,787,
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Several other methods of kryptonate preparation have been reported. The
first preparation of a stable kryptonate by Chleck and Zeigler(65) involved
slow crystallisation of hydroquinone from the melt in an atmosphere of high
pressure krypton., This is an example of the important class of kryptonates
prepared from clathrate compounds, which have the lrypton located in the cage
structures. E

Another method of preparation which has been particularly applied to
clathrate compounds is that of sublimation in an atmosphere of krypton(79,80).

The preparative techniqué which is most widely applied is +that of diffusion
at high temperature and krypton pressure(70,75). In contrast to the findings
for krypton loss, the amount of gas incorporated is in accordance with the
predictions of diffusion theory., The quantity of gas taken up is proportional
to the krypton pressure and to fthe square root of exposure time, and

rexponentially proportional to the temperature. Diffusion kryptonation is
normally carried out in a.pressure bomb, and the excess krypton is lost when
the bomb ig opened. However‘microdiffusion.techniques of particular application
to powder samples, using small quantities of krypton, have been developed(8I).

Kryptonates may be'?repared from most solid substances by one or other of
these methods, without significant alterations of their properties. Several
reviews of their applications have been published(70-72,82). .

lMost simply, & kryptonate provides s safe and convenient solid source of

B —radiation.

Many applications are related to physical changes of the kryptonate. Chleck
measured the activity of a previously kryptonated metal turbine blade which
had been mounted for a period in an operating engine, and was able to d;rive
a temperature profile under the working conditions(7I). Cucchiara and Goodman
have shown that frictional wear can be related to the loss of krypton from
surfaces in contact(83); this technique can indicate irregularities such as
lubricant breakdown or a sudden load increase. Krypton release provides a
method for detecting crystalline phase changes and the onset of melting(84).

As a final example,the use of kryptonates in stress-strain studies has been

demonstrated(85)s A nichrome (¥Kr) wire lost more activity under stress in an
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The most important range of applications of the kryptonates

of chemical anzlyses.

n 1

A kryptona

“

te may De used a5 an end-point indicator. Where a krypional

U\./\z.

solid does not react with the solution being titrated, Lut dces react with the

L

solubtion. Thus the omset of activity change marks the end-point. By sul

O
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AT m mmase m om o e N - - L mev its K- AN 3 4, oy T S Ao rament-
Alvernatively the kryptonate mey itself e used as the analyvical resgens,

tisrans, it loses none of its scvivity wntil excess titrant appears iz the

wide range of tiitraticus may be studicd (72).

In this case it is pariticulerly important that the krypionaie be stabilised

before use with respect To temperature and {time unler the worling conditicii.
Further, it is desirable that the distribution of kryplfon throughout ths Lozt
0lid should %ne homogeneous, i order thzt the amownt of lrypton released

should bte proporiiounal to the extent of reacticn, and thus to the anovat of

the species vo be determined. In this resvect Iryvtonates prepared by
crystallise tion and sublimsticn are nosh suitable

keyptoz o all of the iunterior sites of the s0lid during its formatiod.

~

Krypiozates prepared by ilou— bombardment cam not be obitained with homogeneous

digtribution, but in the diffusion nmethod homogeneous kryptonates can e

produced by prolonged treatment of small particles(E2).

The scope of ths .nalytical method is very wide and the concentrations of
many gas-—phase and liquid-phase species caa be determined by suitadle choice

to determine the total quantity of the species of interest, or in a flow

to determine a constent concentration. Some examples of substarces which

Leen determined by the use of kryptonates are given in table I,

of the krypionate reagent. The method may be used in reaction to completicy,

-
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. . 257 o 7
H,0(in organic CaG, (*°Kr) 02572 .0% 86
solvents)
. 7 X ' (% NP - Py
Bl {2q) ' Lg(5Kr) I071~I0 i &7

0, (aq) T1®Xr) to O.3ppm 88
0x (gzaz) | culxr) 170° ppu-I0 ppm 89
(gas) | P50, ®Kr) to IOppm 64
0, ((zas) CRACIDIG) 1016 g1’ 90
7, (gas) (Cbﬁ#(ﬁﬂzz%nyr) to 2ppm | ST

17aC10, / to I0 ppm 20
(CoE, (0B), ) %)

The final exemple In this table is of a two—component system. Sulphur

.

dioxide zirst releases chlorine dioxide from sodium chlorite. Thiz In turn
reacts with the hydéroquinone kryptonate to release krypton.

It may be noted that care must be exercised to easure that ouly the smpecics

LT, -

of interest will react with the chosezn krypionate.

The use of a kryptonate may of course confirm that a substance is nos

effected by some treatment. This is exemplified by Jech's investigation of
passive films on Fe(®ir) and Za(®%r) (76),and by Chleck®s demonstratiocn wron

-

hat a paint

ct

.t o . - 85w,
he activity of painted and wmpsinted Fe("Kr),

wags protective against oxidation to TOO°K. (85)

;_J

The rate of loss of Lkrypbon has been used to determine the linetics of
oxidation(84), and of corrosion(85), The kinetics of oxidation of CulXr
- - 3 (] o’ ad

have been Interpreted to show that there are two distinet stages of reacticii:

ilm
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an "open—structure! reaction vaile an oxid s peinz formed, and &
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liffusion” reaction once it is complete(89)., These Two reactilons have xnot neen
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PtOz(”Kr) did not lose any activity when hydrogen was added to a stream of air
passing over it. This was interpreted to show that hydrogen reacted catalyiically
with oxygen on the oxide surface, and not with the oxide itself(64). However

in this case the source activity was monitored, so that the loss of & small
proportion of the total activily might not have been observed.

Jech found that Rn,"Xe, andKr were released from platinum as a result of
hydrogen adsorptioﬁ and the H,/O, reaction at room temperature(47). Here gas
release was followed by monitoring the activity of the gas stream leaving the
catalyst chamber. Part of the release in this investigation was taken to Dbe
caused by a rise in temperature of the catalyst bed, owing fto the dissipation

of the reaction heat.

2.4 CRYOTRAPPING

Interest in the sorption of gases at low temperatures has centred on its
use as a pumping technique(92). The eventual pressure in a system is limited
by the vapour pressure of the adsorbate, and the method is therefore not
efficient for the pumping of gases such as hydrogen, helium, and neon.

From the point of view of vacuum technique, the discovery that the
admission of a large quantity of condensible material to a system at low
temperature resulted in g decrease of the pressure of non-condensible gpecies
was of considerable importance. The non-condensible species.is trapped during |
condensation within the bulk of the condensate, This phenomenon was first
observed by Chuan for the trapping of hydrogen by nitrogen condensing at
20°K(93), énd by Brackman and Fite for the same system, and also for the
trapping of air by water vapour condensing at 77°K(94). This process of
cryotrapping is analogous'to that of gettering(95). The utility of cryotrapping
a8 a pumping ‘technique in relation to that of cryosorption has been reviewed
by Hengevoss(96). |

Although most attention has been paid to this practical aspect of the
technique, it has also been showvn by Haygood et al(97, 98) and by Schmidlin

et al (99), that the technique can be applied to the investigation of the
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2.5 TIZRT GAS / SURFACE INTERACTIONS
In section 2,I, the only type of adscrpiion considered was chemisorption,
* which results from the formetion of chemical bonlds between the surface cad the
adsorbed species. Such adsorpvion is characterised by a high energy of adsoryiion,
and usually by the existance of en activation energy. It results in the
sauarétion of the surfece valencies by & monolayer of the adsorbed species,
enerally irreversible.
emisorption and vhysicel adsorptzon is not clear-
a 8CEeSSary Precursor o
e actlon

and is
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In many cases, physical adsorption may be
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Physical adsorpbion iz characterised by a low Zeat of adszorpiion, Uy tae

absence of an acvivation energy, and by weady reversibility.

It is of partvicular interest in the determination of swrfece arcas. Larly

measurements of surface area by workers such as Emmedt and Brunauer(I00), Becck
(I0%), and Rideal and Trapnell{I02), used the irreversible chenisorption of
gases such as carbon ronoxide and hydrogen., Lpart from the obvious disadvartage

- N e ]

thet further study of the suriace was nct possible, the determined area

cepencted to some extent on the location cf the adsorbed ges molecules.
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adsorpiion is uswally involved, was dealt with Ry Brunauer,

However, in studies conducted by this method, it became clear thal the aicn
of a vaysicelly adsorbed inert gas frecuently interact with

gresoer extent vhan could be accownted for oz the basis of the simple picture

0
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of physical adsorypticin. Even th tion of argon hes been found To Le
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specific for different surfaces(I04). leasurements of surface potentials,

g

-

parbticular of adsorbed xenon, are remeriably high(26). It is clear thav

E]«
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there is some electrosvatic coatribution to the Tond. Reference has been made

in section 2.% to the ways in which the presence oI chemisorbed species on

s
ae

ct

surface may effect the character of physical adsorpiion of an inert gas.

The ready reversibility of the physical edsorption of iwer

ct

gas atoms on
-

surfaces hes been questioned by Kmor and Ponec, who found that a2 part of <he

krypton adsorbed on thermally mmstabilised nickel films at 777K was nob

removasle by pumping(36).
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Thor ion-bomberdmens{ICE), can not be ruled oult. Juce an atonm of an inert soo
is introduced in to a surface or zsolid by whatever means, it may remoin there

stably in axalogy to the gtable adsorbed state of hydrogen atoms con gold,

direct molecular adsorption is not possible(I0T).
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The veouun sysﬁgm was coustructed throughout from Pyrex glass, Tae layous
of the systen In its final form is shown diagrarmatically in fisvre I.

This layout was developad throughout the course of the invesvigation, so0
that et earlier stages ¢f <he worik the capabil'ties‘of the systen were less;
vhere thls fact is important, reference is made to it in the text.

A simplified diagram of the poriion of the apparatus used in £ilm deposit
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Spanghan nigh vacuum taps (various sizes).

Liguid nitrogen cooled trap.

Lir leak (For glass—blowing¢ etc.)

Speedivac Type I8S50 rotary vacuum ump.

Jencong,Lid. all-gless mercury Giffusion pump.

Vire degassing vessel,

ia e

Edv el e yve 2-G.

S50 S ]

Inac break-seal bulb,

Arg buil,

Xeunon we bulit. .

g rage hydregen purification).

Low pr hydrog se bulb.

Breal: ampolie active kxryptor.

Ch fcoul torage 1 ctive krypton (2, for krypton
different specifi es),

Gas oaret“eé

Palladivm-silver alloy thimble for hydrogen purification.
licLeod gaugﬂ (I59.2 21 Duld).

IcLeod gauge (29,3 ml buld)e

Toepler pumy (showing direction of pumping).

Thermal ccaductivity gauge.

Mercury manometer,.

Film vessel,

Fercury vapour edchlon jejoiissel

Geg radicactivity cownting CLamber.

Pumping section.

Gag presswre and guantilty measuring section.

Gas supply section.

Film deposition section,

Wire degassing section.

Gas counter secivion,

systen was to erable films of varicus metals To

1 50 a glass gubstrate by eveporation either iu vecuun or in

of

G
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ressures of gases, and after deposition to
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investigete the properties of the resulting films.
The avvaratus may conveniently be comsidered to consist of six sections,
Fumber I, the puiping seciion,served o evacuate the system. Ini
praoing was carried out by the rovary vump slone: when a pressure of tie order

of O.I wory had beeu attained, the rotery pump was used as a i

e

L2

the mercury diffusion puap. The ultiazste pressure obiueinablsz

too low To e measuravle using the licLeod gauge, Fo gas space wes visible gt
- the top of the closed capilliary, and the mercury was observed to fstick® iz
the closed capillary when the level in the open cepillery was lowered., The

I, I N e - [ . Ltmmem o dem s AP N A R AP
ultimate pressure may thus e assumsd bo Te no higher than I0 torr.

(a) IcLeod gauges, a Toepler pump, & hanometer, and gectlons of calibrated-
volume tubing, and (b) z thermal conductivity gauge for continuous monitoring

£ the pressure. The methods of operatici of these two parts are described in

- =
=z

sections 3.2 and 3.3 respectively, of tihis thesis,

- ~

Hwooer 3, the gas.supply section, consisted of a series of six gas storage

<

- -

bulbs. Three of thaese were breask-seal ULulbs containing vure inert gases. The

[¢)

provisicn of two taps in the length of tubing _eading from the main line do
these bulbs permitted of the delivery o the systen of smell quantvities of gas,

q

Also in tnis section was atbtached a break-seal arpoule of radioactive lkryvion,

. - ..

and two tuvtes comtaining charcoal maintained at 77°XK by means of liquid nitrogen,
on which krypton of two specific activities,( 5% and 0.6% *Kr ), was kept

adsorbed before being

C‘?

$0 warm up Lo room Lemperaturc.

A palledium-sgilver $himble heated to 52C°K was used to purify hydrogen

vassing from & cylinder Lo the hydrogen steorage Tulb Ha. This bulb was
ed to a mercury menomslter so that the pressure of hydrogen introduced

could be read off at a glance; accordingly a cold trap was intervosed to protect

the palladium-silver thizmble from contemination by mercury. Cuentities of the

N .
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FIGURE 2 ° THE FILM VESSEL
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FIGURE 3 THE DEGASSING VESSEL
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TITWO wans 80 Thot cow of Lydrogen could te deliverod
Tor nessivreneny in the ikie

Hurber 4, the f£ilm depo iom, comorised two f£ilm wesscel linmes each
capable separately of beil; opened to zectio: or section 6, of DLeirny evacuaied,

or of Leing opened o the atmosphere. Accordingly glassblowing or degassing

could De cerried out in one line while a film was being deposited or ivvesbigaield

Filn vessels were constructed from Pyrex tuving of 20 mm invernal diameter.

They were 210 ma in length, and were comxected To the main line by wusing o

4 um intermal diameter. Filaments were supported Dy means of stainless steel

barrel commectors ox IIC mm btingsten leads sealed in to the Top of the vessel.

(see figure 2) Film vessels of modified design were somebimes used. Ia such

Current for evaporavion of the filemcnts was supplie

2
(j-l
RS
(v
i
o
1
&
{0
ot
3
[
3
|6}
b
[@)
?;
(@
t rl

of unkmowa specificaticn, comtrolled Ly a Type 200CLH Variace ’

th

Section number 5, the wire degassing secvlon, counsisted of a large vessel

s
with a BI9 socket at the top. Vires of the appropriete metal, up to 700 mz in
length, wexe joined Ly siainless sbeel barrel counnectors to tTungsten les ds

sealed in to a BI9 cone wit, & steel bar sealed in a lengbh of glass tuliag
vas used bo keep the wire under tensicn and clear of the wvessel walls during

o

degassing.(see figure 3) Current for degassing was supplied by the wnit used

Tumber 6, the gas counting section, was used to measure the radicactivity
of zas transferred Trom the °iln ssels, Efficient tr enaved Y
- 8as transferred from Ghe film vessels, BEfficient transfer was ensuvred by

the use of a mercury vavour ejection pump. (figure 4) The Toepler pump in

this section was employed as a backing puzp for the ejection pump. Furitzer

g

Getails of <he radicactivity monitoring srrangements are given in secliicn 3.4

ALl vecuum teps in the systen were greased with Aviezon N greasse,and &ll
‘



FIGURE 5 CALIBRATED PARTS OF APPARATUS
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3,2 SECTIONS OF APPARATUS CALIBRATED FOR VOLUME

The apparatus, as described im the previous section, included two McLeod
gaugese. The larger of these was used for the measurement of pressure in the
system, and to detemine the quantity of gas samples; the smaller only for
pressure measurement, Before each of these gauges was attached to the systenm
it was calibrated. This was done by inverting the bulb and filling it to the
cut-off with mercury, which was then emptied out and weighed to enable its volume
to be calculated,

When the dimensions of the bulb and the precision~bore tubing were known,
it was possible, from consideration 6f the gas laws (appendix A) to relate the
initial pressure in the system at the instant when mercury rising from the
conical flask reservoir isolated the bulb from the rest of the system, to the
length of the compressed column of gas in the sealed capillary.

The large McLeod gauge could thus be used for accurate pressure measurement
in the range 2.2xI0 'torr(enclosed column length 2I0 mm) to 5xIO0 “torr(enclosed
column length IO mm); The mercury level was determined with a travelling
telescope.

The small McLeod gauge was capable of pressure measurement in the range
2.4 torr(200 mn) to 6xI0 %orr(I0 mm). The mercury level was determined from
gradvations on the precision tubing.

It is obvious that the quantity of gas isolated in a McLeod gauge bulb may E
be determined by compressing the gas in to the capillary and measuring the length
and pressure of the gas colum. An operation may be carried out elsewhere in the
system which alters the quantity of the gas thus measured. The extent of the

.change could in theory be determined by recovering the gas to the McLeod gauge
bulb and measuring as before. In the apparatus used in the present work, the gas
could not all be restored to the bulb., It was possible, however, to transfer

all of a quantity of gas via the Toepler pump to the McLeod gauge bulb(A in
figure 5), its dead space tubing(B in figure 5), and the portion of tubing above
the ball-bearing séal on the output side of the Tpepler punp(C in figure 5).

The total volume of A+B+C was determined by the expansion of gas from the

Neleod gauge bulb in to the evacuated tubing B+C. (see appendix A}
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experinent. A neasured quantity of geos CO“‘a therefore De delivered to S
syster witiout the necessity of pumping dowm the dead space. Further, guariities
of gas 25% larger could te deliversd.

In scne casses It was reguired 1o meosure accurately nmuch larger amounts of
gas. Accordingly an experiment was carried out to determine the voluze of The
cornecting tubing of the gas supply section. ALl taps wers closed save that to
the gas buretie. The level of mercury in the ges burette was set to The I50 =l
calibratiocn meri:, that is, there was 350 nl ¢f czlibrated tubing open to the
systen, plus a dead space of wlmomm valuze, Cuzuve the volume of the comnecting
tubing and the gas burette had Deen deverminesd Ly expansion, the toltal
calibrated volume ccould be varied by changing the mercury el in the gas
Euret*e. I

The volumes of all the calibrated parts of the apparatus are given ixn fable 2.
TIZIE 2 ¢ VOLUIES OF CALIBRATED PARTS OF APPARATUS

SECTION VOLUE ( FAXTMUL MEASTRING CAPACITY
(g loles at 293°K
Large ibLeod gauge Bulb (4) 159.2 I.86

{4) + dead space tubing(B) 201.5
(L)+(B)+ Toepler Toubt® arm(C) 207.4

(£)+(B)+(C)+ Gas supply section 237.0-637.0
dead space tubing + gas burette
(gas burette variable by 400 ml)

29¢3

Small licLeod gauge bulb

+35
2,42

2.76=To41

N



FIGURE 6 THE THERMAL CONDUCTIVITY GAUGE
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FIGURE 7 THE WHEATSTONE BRIDGE CIRCUIT (key on page 26|
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ICAL BASES

When a wire is heated electrically its resisfance rise in relation to i1

coustant rate of heat loss through its supports by conduction, and in part By

conductive vroperties of the medium swrrounding the wire, Vhere a comstans

- &

<k
(6]

s therefore possible to relate its resis

o

voltage is applied to the wire,it

to the pressure of a gag surrouwnding it, or to changes in The composition of

the gas to give products of different thermal conductivity.

COESTRUCTION

The +thermel conductivity gauge is shown in figure 6. Its design Is Dased
on those described by Farkas (I08),

wo +-inch glass-to-metal seals were joined together by way of the glass
perts, and the ends of the resulting cylinder were sealed off by soldering in
two IO mm brass cylinders. A 50 ma length of I mm diameter silver wire was
passed and coldered through the centre of each, The tungsten filasment taken

1

fron a 25 watt Osranm light bul

o«

7es silver soldered between the intzrnal ends

()
=

£ the two silver wires,

O

-
[
I
D
n

A Yheetstone Bridge circuit was constructed (figure T). The exterral

cf the silver wires were comnected in to the circuit at the poini Rg.

KEY 70 TicRB 7

94 lmirhead Type DA02A standard cell, I.QI859V.
v Voltmeter 0-307,

Gy Potentioaeter galv-liometer,
Gb Bridge galvanometer,

Rv Va ~iable resistor.

TCG& Thermal conductivity gauge.
Sb Kain switch,

Sp Potentiometer switch,

SRR 1. SRR I (g ’ -
A potentiometer o R Y A S L o T - :
4 potenmicmever lucorporated in the circuilt made it possidle for a constans

:3e registors were oaly nominally I00 ohms, it was

N TN D FU 3"
~LOSCIANY LEUCDe uoins Tac

it
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I
Dl
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O
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thermel conductivity

$o the bridge,

S», no cwrrent was observed To Se passing through galvanometar Gp.

7 e —mmAna A o o~ o pa - i~ . ar - P 1 ~ L% - S el -
When no current passes through either galverometer, then the resistance of

the gavge Tilament is egual to that of The variable resistor at the set potential,
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TS -t - S e - LR A o - ST 3N ey T - 2on Ao ~e el
Initially a variable resistor was employed which was graduzted im chmg, Tul
Lempn

for most of the period of the iunvestigation a variable resistor with o I0 turzn

tor, was used, Calibratilons were
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The gauge has been calibraied for measurexent of krypton pressure in the
range I.8 torr -— LG'ﬁo-_g and measurenment of argon pressure in the range

-1 3 ' = . ~ 3 . .,
I.8xI0 torr — IO torr. It was aTSo calibrated for ortho/para hydrogen analysis,

but use was not made of thig in the present Work.
The method of calibration and the results obtaired are described in appendix
B. An experiment Las Deen conducted to show that the effect of thermomolecular
flow om krypton and argon pressure ﬁeﬁ surements may generally be usglected in

the range of interest, This is presented in appendix C.

the original gauge developed an

O <

wztraceable leak, It was replaced Dy & gauge constructed as fer as pessivle

')
}“J

to be ilemtical. Fhe second gauge was not calibrated, bubt was used as a mny

L

zero izstrument, in order to detect changes in a zet vressure of gass



FIGURE 86 ‘TOUCHING COUNT
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the quantity of radicactive krypion in the ges vhase in the sysiem, Various

oL =

types and arrangements of (eiger-ililer counters were used, Couwnts were
recorded on either o Eclio Electronics Livd., Type H529D scaler or a Pazeax
Touipment Ltd Type D657 scaler., Ecko Llectronics Litd Type H558B probe wnits

The various methods of determining the quantity of radicactive krypton

TOUCHING COUNT or PARALIEL COUNT

Al ’lara Type IXIZ3 thin wall counter was arranged parallel To, and

normally iz contact with, a film vessel countaining a film the activiiy of vhich
was to Tte measured. (figure 8)

-

trear was measured by passing it through the
Jacket of a 20th Century Elecuronics Tvpe Di6 liquid counter, which had Teen
nodified Ty the addition of two side arme. (figure 9) The effective counting
volune was approximeztely 9 ml.

ALl flow experiments were conducted with nitrogen flowing at atrospheric

-1
presswre, at 50 ml min,

The activity of all the ges within a section of the apparatus was
measured by transferring it to a chamber of reproducible geomebry, and then

couvnting iz, Two arrangenents were used.

FTor exmerimenmts in thermal release of krypton {section 4.9), zas was

15 A = SR N F R TR~ g 3 e L - BN
eLeold gauvge Dulb was then trarsferreld in o a I00 mm lengvh oI
;

NN

capillary, The Imllerd ¥XI3% counter was clamped in cowbact with this portion

TSN NS

"N am e /.’.':A...,--‘ -~

ol Tuhing, {figures I0)




FIGURE 10  GAS COUNT IN McLEOD GAUGE CAPILLARY
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Gas of lower specific activity was dilwbted with inactive krypton and
transferred to the gas countir - chamber of apparatus section 6, using She
Nercury VapOour ejgcu;on yump exnd the Toepler of this sectvion. It was then
compressed Dy raising the mercury to a set mark. The volume of the gas space
during counting wes avproximately 30 ml, A Kullard IXI24/0I liguid covnter was

incorporated in the counting charber, (figure II)

etails of the overating voltages and calibration vlots for the couwnters

o

are given in appendix D,



CHAPTER 4

DEPOSITION OF NICKEL FILMS IN THE PRESENCE OF KRYPTON AND ARGON,

AND INVESTIGATION OF THEIR PROPERTIES,
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4,1 DEPOSITION OF NICKEL FIIMS TN THE PRESENCE OF KRYPTON; PRELIMINARY NOTE,

It was decided to conduct preliminary studies using nickel, because of the
ease with which films of this metal could be produced by evaporation from an
electrically heated filament, and because the properties of nickel films have
been widely investigated,

Nickel films were deposited in the presence of a quantity of krypton (5% % Kr)
at various temperatures, in order to find out whether at some temperature,
krypton might be stably incorporated in to a film during its growth,

No evidence was found for the incorporation of krypton in to films deposited
in £ilm vesse;s maintained at 273°K(ice/water bath), or at 195°K(s0lid co, /
acetone bath), However when avfilm was deposited in a film vessel maintained
at T7°K(1liquid nitrogen bath), there was a rapid decrease in the gas phase
krypton pressure, This film was allowed to warm up to room temperature, and
it was found that a large proportion of the krypton initially present did not
return to the gas phase, but appeared to be stably retained by the film,

Accordingly a series of films was grown in order to investigate the extent
and character of the incorporation and retention of krypton by nickel films

deposited at TT K.

4,2 PREPARATION OF NICKEL AND KRYPTON,

Nickel wire (0.50 mm) was supplied by MESst Johnson, Matthey, and Co.,Ltd:
In later experiments, 70O mm lengths of this wire were predegassed in vacuum
by passing a current of approximately 4.I A overnight, followed by two hours
at 4.7 Ae As & result of this treatment a light bake-out film was usually -
produced in the degassing vessel. |

Filaments were cut from the wire thusg prepared. They were approximately
220 mm in length, with weights in the range 0.40 g to 0.44 g. When a filament
had been comnected by means of stainless steel barrel-connectors to the tungsten
leads in the top pért of the film vessel, and the two parts of the vessel were
Joined by glassblowing., The vessel was then degassed by heating under vacuum

to 770°K for a period of at least eight hours, in order to remove any species
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adsorbed on the glass walls, During this period, a current of 4.2 A was
passed through the filament, |

Some of the earlier fiims were grown before the degassing vessel was added
to the system. A slightly less rigorous degassing procedure was used., Since
the whole procedure was carried out in the film vessel, there was usually a
light bake—out film'in the vessel before deposition of the film at 77°K. This
bake-out film was normally almost in#isible to the eye, and its weight was
neglected.

In many cases, deposition was halted before the filament brdke. The filament
in such a case wag frequently used for a subsequent filmj; the first stage of
degassing was then omitted,

Modified film vessels were used in some parts of the work, Reference to
‘this is ﬁade in the text, where appropriate.

5% Kr was supplied in IO mCi empoules by the Radiochemical Centre, Amersham,
Inactive krypton was supplied in I litre Pyrex bulbs by the British Oxygen Co.,
Ltd., Krypton containing O.6%?kr was obtained by the mixing of measured amounts

of krypton from the above sources,

4,3 DEPOSITION OF NICKEL FILMS AT 77°K IN A SYSTEM OF CONSTANT VOLUME;

EXPERIMNE

At firsf, the rate at which krypton was being incorporated in to a film
was meesured by occasionally raising the mercury in the Mcleod gauge in order
- to measure the gas phase pressure, This method involved a considefable
disturbance of the system on each occasion, and the isolation of its component
varts for the time taken to raise and lower the mercury,

For a short time of deposition this technique would therefore be totally
unsatisfactory, Accordingly at this point the thermal conductivity gauge was
calibrated for meagurements of krypton pressure, so that the pressure could be
monitored continuously, without disturbing the system.

Films were grown in a system comprising the McLeod gauge, the thermal
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conductivity gauge, the cold trap, and the film vessel., (see figure I2) The
&oepler pump was evacuated before deposition of a film, A quantity of krypton
was measured accurately in the McLeod gauge, and then permitted to .expand in to
Vthe other parts of the system, When an equilibrium pressure had been attained,
the applicability of the thermal conductivity gauge calibration for krypton
pressure measurement was checked by balancing the resistance bridge and reading
off the dial value for the variable registor, then immediately measuring the
krypton pressure with the McLeod gauge.

The system was now allowed to retwrn to the original equilibrium pressure,
which having been attained, the filament current was switched on and adjusted to
the chosen value within the range 6.4 A to 7.3 A. This current was maintained
constant throughout growth of the film, The time of onset of nickel deposition
was decided arbitrarily, a clock being started when the luminosity of the
filament appeared to have reached a steady value.

Krypton pressure was first obgserved to rise because of the increase of the
temperature of gas in the film vessel owing to the warming of the filament,
Within at most one minute,the pressure began to drop rapidly. Throughout the
growth of the film, the resistance bridge was regularly balanced, and readings
were taken of the variable resistor dial so that the krypton pressure could be
determined.,

Usually deposition of nickel continued until the filament broke, but in some
cases deposition was halted deliberately,

When deposition ended the rate of decrease of the krypton pressure showed
a considerable increase, and the pressure of krypton quickly dropped below the
value which would have been predicted on the basis of a simple lowering of the
average gas temperaturé, corresponding to the increase observed at the onset of
deposition., A low equilibrium temperature was eventually reached, This behaviouwr
is believed to represent physical adsérption of krypton on to the completed
film, (see sectiom 4.I0)

For each film an attempt was made, with the f£ilm still at 77°K, to recover
krypton which had nét been stably and permanently incorporated in to fhe bulk of

the film, The Toepler pump, previously evacuated, was now opened on the one hand
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to the film vessel, cold trap, and thermal conductivity gauge, and on the other
hand to the McLeod gauge.

It was found that no absolute limit to the quantity of recoverable krypton
could be reached, even employing up to fifty strokes of the Toepler pump; Each
stroke would on the basis of the gas laws be expected to remove approximately
half of the gas phase krypton from the film vessel, After an arbitrary number of
strokes in excess of ten,the process was halted and the apparent net -
incorporation of krypton was calculated by subtraction of the quantity recovered
from the measured initial quantity.

For a small number of films, krypton was recovered by pumping at 77°K, using
the mercury vapour ejection pump, which was added to the system later in the
course of the investigation., This pump was capable of maintaining a pressure of
less than iditorr in the film vessel., More krypton could be recovered by this
metheds, Results of these investigations are presented in section 4.9;

In general a more reliable estimate of the quantity of krypton incorporated
in to each film at 77°K was required, This quantity was taken to Be the amownt
of krypton which had disappeared from the gas phase during the period of
deposition, while the conditions of deposition prevailed in the system.

From a consideration of the gas laws, the quantity of krypton incorporated

in to a film, Q, is given by the formula :

Qo refers to the measured initial quantity of krypton introduced in to the
system, and Pf refers to the pressure immediately before deposition of the film
ceased (obtained from the continuous monitoring of pressure using the thermal
conductivity gauge)., In order that Pi, the initial pressure in the system, may
be compared to Pf, a value must be obtained for Pi under the conditions of
deposition. This value was obtained in each case by back extrapolation of the
Pressure versus time plot, to zero time, in order to compensate for the fact
that at zero time the krypton in the system was cooler, and thus at a relatively
lower pressure thén during the period of deposition proper,

This calculation will only be valid if the quantify of gas in the system

is assumed to be proportional to the pressure, There are a number of factors
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which might prejudice this assumption, An appreciation of these factors and a

justification of the assumption are presented in appendix C.

4,4 DEPCSITION OF NICKEL FILKS AT 77°K IN A CONSTANT PRESSURE OF KRYPTON;

EXPERTIENTAL TECHNIQUR

To the constant volume system described in the previous section was added a
gas burette of capacity 500 ml., For the first few films in this series, the
level of mercury in the gas burette was controlled by raising and lowering a
regervoir of mercury connected to the burette by rubber tubing and a tap. This
arrangement was found to be unsatisfactory, and the mercury level was controlled
throughout most of the investigation by varying the pressure of air in a conical
flask. (see figure I2) The alterations requiredvto implement this change in the
system necessitated a reduction to 400 ml of the calibrated volume of the gas
burette.

Filament weights and other physical particulars were the same)as those
described for the previous series of films,

Since the total volume of the system was now much increased when the mercury
level in the gas burette was lowered, it was found that the McLeod gauge no
longer sufficed to measure the quantities of krypton which were required to
~maintain pressures over 5xIdztorr in the system, Thus krypton quantity
mezsurements éould not be taken directly for films deposited at higher krypton
pressures, |

On admitting to the system a quantity of krypton, which was allowed to -
attain an equilibrium pressure, the resistance bridge was balanced to find the
reading of the variable resistor dial corresponding ‘o this pressure. The krypton
pressure was then measured immediately with the McLeod gauge.

When deposition was commenced in the manner described previously, the
pressure in the system was observed to rise, disturbing the balance of the
resistance bridge., However, within one minute, the pressure began to fall.,

The volume mark corresponding to the level of mercury in the gas burette was

noted at the time when the bridge had just returned to its initial balanced
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state. The continuing decrease in pressure was then offset by raising the level
of mercury in the gas burette, to reduce the volume of the system, The system
was disturbed as little as possible, but a pressure was established which was
marginally higher than the measured initial pressure. When the resistance bridge
again returned to balance, further readings of volume and time were noted.

This process was continued until either the filament broke, or the mercury
level reached the limit of the calibrated volume of the gas burette, whereupon
deposition was halted,

' The quantity of krypton which had disappeared from the gas phase was
calculated from the total change in the volume of the system during deposition,
measured from the gas burette célibration, and the known constant pressure in
the system during deposition. The volume versus time plot was extrapolated back
to zero time in order to'compensate for the effect of the initial warming up
of the system.

Assumptions were made, firstly thét the krypton in the gas burette was at
the same temperature as the laboratory, and secondly that the temperature .
gradients throughout the remainder of the system remained constant during the
deposition of a film,

It should be noted that the pressure was not precisely constant during
deposition of a film., In fact, because of the particular technique used, the
_pressure was alternately rather higher and rather lower than the initial measured
value, These oscillations of pressure were small compared to the total pressure.

The weights of all nickel films were determined from the loss in weight of

the filament.
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4.5 RESULTS OF PRELIMINARY EXPERIVENTS

Two films were deposited in the presence of krypton,(5¢°Kr), one at 273°K
(ice/water bath), and one at I95°K (solid €O, /acetone bath). In each case, when
current was supplied to the filament, the pressure in the system rose,
corresponding to the warming of gas in the film vessel by the hot filament, and
then remained constant tThroughout deposition., No evidence for krypton
incorporation could be found either from a drop in gas pressure in the system,
or from an increase measured abave the background activity on bringing the G,H.

counter in to comtact with the film vessel at 295°K after deposition of the film.

TABLE 3 NICKEL FILNS DEPOSITED IN KRYPTON AT I95°K AND 273°K

FILM NUMBER KRYPTON PRESSURE WEIGHT OF NICKEL  RATE OF NICKEL
(torr) (mg) * DEPOSITION (mg min')

I (273°K) = 3xI07 40,0 0.37

73 (195°K)  6.9x107 54.49 0.78

A film was now deposited in the system: McLeod gauge, cold trap, and film
vessel, The film vessel was cooled to 77°K by meens of liquid nitrogen., During
deposition there was a rapid fall in krypton pressure, This was followed by
measuring the pressuré four times with the McLeod gauge. The rate of pressure
fall with time was shown to correspond to exponential decrease by the linearity
of a plot of logarithm(krypton pressure) against time,

The initial pressure for this film, No 2, was 9xIC?torr. The total weight was
34,4 mg, and the rate of nickel deposition was 2.5 mg miﬁf The slope of the
linear plot of logarithm(krypton pressure) against time, was 0,I2I nir,

When the film was allowed to warm up to room temperature, it was observed
- that a large proportion.of the krypton which had been incorporated in to the
film at T7°K, was not released to thé gas phase, but appeared to be stably held
by the film., Despite further warming for one hour periods to temperatures up to
T73°K, and overnight sintering at 800°£; the bulk of the activity measured
at room temperaturé was retained by the film, The results obtained for the
thermal release of krypton from a series of nickel films are considered in

" detail in section 4.9.
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It was concluded that this deposition technique afforded & means of
introducing ** Kr stably in to the lattice of a nickel film, Before the technique
could be adopted for purely preparative purposes, it was necessary to assess the
factors which influence the incorporation of krypton in to a growing metal film

and to explain the mechanism of incorporation,

4.6 INCORPORATION OF KRYPTON AT 77°K BY FILIS DEPOSITED UNDER CONSTANT

VOLULE CONDITIONS

A series of films deposited under constant volume conditions, invariably
showed an exponential decrease of krypton pressure with time when the krypton
pressure was initially below 0,I torr. An example is showm in figure I3,

The results- are summarised in table 4, In & number of cases, films were
grown to investigate particular aspects of the kinetics of krypton incorporation.
Details of these experiments are presented in sections 4.9 and 4.I0, Although
in many cases the system was deliberately disturbed, in every case the rate of
krypton pressure decrease eventually returned to the exponential behaviow which
vwas observed for a film grown in a system at near equilibrium conditions
throughout deposition. The value given for such a film in table 4, for the slope
of the plot of logarithm(lrypton pressure) against time, refers to the observed
linear region.,

Films deposited under higher pressure of krypton did not show exponential
pressure decrease, at least initially, although when pressure had dropped to a
lower value, exponential decrease was then observed in two cases, Such types

of behaviour are shown in figure I4.
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TABLE 4 KRYPTON INCORPORATION BY FILMS OF NICKEL DEPOSITED UNDER CONSTANT

YOLUME CONDITION

PILM  WEIGHT RATE OF DEPOSITION  PRESSURE SLOPE OF PLOT OF LOG(P)
NUMBER  (mg) OF Ni (mg min™) RANGE (torr) AGAINST TIME (min™)

6 2445 3,67 3,29x10°=7.8xI0° 9,8xI0™

17 38,0 1.8I T.40x10°~T,9x10° 7.9x10°

19 16.9 2,61 4,98xI0 =I,20xI0" 9.8xI0™

28 . T.2 0.67 6.30xI0°~I1.27xI0 " 6.IxI0™

34 29.7 I.41 9.35x10" =4 ,0xI0™ 9,3xI0™*

35 8.6 0.66 8,39xI0 ~2,98xI0 " 5,7xI07*

39 29,2 2,12 445107 =5 ,0x10 | II,IxI07

55 21.8 0.36 I.67T=1.I7 not linear

66 29.0 1.I3 4.35%10"'=6.,0IxI0™* 7.9xI0° (later stages)

68 17.8 1.06 1.94xI0 =2.34%I0~ 7.8xI0(later stages)

A film deposited in this constant volume system would not be expected to
have a homogeneous distribution of krypton in the bulk at 77°K, if each krypton
atom was held at the point where it was 'built in' to the film, In the extreme
case, the pressure may drop to such a low value that the later-deposited parts
of the film may be considered to have been laid down in vacuum,.

Therefore the results for the actual quantity of krypton incorporated at
T7°K, and the atomic ¢ of krypton in the film are not particularly significant.
A comparison with the quantity stably retained at higher temperatures is however
of interest, so that the quantity measurements are treated in section 4.9, which
deals with the thermal release of krypton from nickel films,

As an example of the magnitude of the quantity of krypton incorporated in _
,fq a nickel film, film No I7 took up 2.29}Lmoles of krypton, equivalent to 0.35%

of all the atoms(nickel and krypton), in the complete film at T7°K.
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4,7 INCORPORATION OF KRYPTOIT AT 77°K BY FILMS DEPOSITED UFDER CCHSTANT

PRESSTRE _CONDITIONS

It is more likely that the krypton will be homogeneously distributed
throughout the film at T7°K if the conditions of deposition are maintained
constant during the period of deposition,

The pressure may be maintained constant during the growth of a film by
raising the level of mercury in the gas burette, to compensate for the removal
of krypton from the gas phase, For a light film, where the thickness of the
filament is not greatly reduced by the quantity of nickel evaporated, it may
be assumed that while the current supplied to the filament is held constant,
thei the rate of evaporation will also be counstant, The temperature gradients
in the system may be maintained constant by regular topping up of the various
liquid nitrogen baths.

Films have been deposited under a wide range of deposition conditions.
Constant krypton pressures from BXId%torr to I.3 torr have been employed, and
nickel deposition rates in the range I.3xIdlmg mif' to 4.42 mg nin have been
observed.

Vhen films were deéosited at pressures below 0,3 torr, the rate of uptake
of krypton with time was constant throughout the period of deposition, Films
grovn under higher pressures of krypton, generally showed some degree of
acceleratipn in the rate of krypton uptake during the period of deposition,
'Examples of linear and accelerated uptakes of krypton with time are presented
in figures IS and I6.

On comparing the results for films grown under the same pressure of krypton,
it was found that in general a high rate of nickel deposition resulted in a
smaller quantity of krypton being.incorporated in to the film, Films evaporated
at the same rate, ,showed a larger amount of incorporation at high krypton
Pressure,

These statements do not hold for films deposited at particularly low
Pressure of kryptoh and high rate of nickel deposition; in such cases the
rate of krypton incorporation was rather higher at high nickei deposition rate,

In view of the fact that the quantity of krypton incorporated in to a film
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ig devendent both on the lrypion pressure and on The rate of nickel evaporation,
o relatioxnship mey be inferred to the relative rates of collision of the fwe
species with a growing film,

On the basis of a simplified modei of the system, it may be showmn that under
the conditions sclected for this series of films, the ratio of the number of
collisions of kryplon atoms with the'film in a given time to the number of
collisions of nickei atoms with the film in the same time, is given by %he

formula:

D
Kr:111i collision ratio = — x I.IxIO
d

P = The consvan’t krypton pressure in torr,

. .l
d = The deposition rate of nickel in mg min,
The derivation of this expression is given in appendix H, The assumptions
are made: first that the simplified model adopted, and calculations on the basis

of the kinetic thedry of gases, provide a reasonable representation of the

systen actually used; second that each nickel atom Tsticks' to the film wwhen it

b

first collides with it; and third that all of

ot

he films in the series have thc
same geometric area.

Vhen a plot was made,(figures I7 and I8), for the series of films growa a%b
constan’ pressure, of the atomic § krypion incorporated in to each film at 77°K
against its Kr:Tii collision ratio, then a linear relationship is found at values
of the collision ratio below approximately 10 For higher values of the Kr:Ni
coilision ratio, the quantity of krypton introduced in to the film at 77°K
continues o rise but not proportionately.

411 velues of the atonmic % of krypton incorporated in to a film refer to
the % of 21l the atoms{nickel and krypton) in the film,

The scatter of the points may be accounted for by variations in the - .
geonetric ares of the films, by errors in the quantity of krypton calculated

°0 be incorporated at 7 7 K (arising from inaccurate back extrapolation to zero

W

vime of the krypton uptake plot for each film, or failure to hold the pro.sur
Precisely constant during deposition), and by weighing errors in the case of

light films.
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Data for &ll of the films deposited in the constant pressure systen are

recorded in tal
The only f£ilm which gave resgults markedly different from the rest was o &9,

Tn this case , presumably because of a flaw in the filament, the rate of

deposition was very low, and deposition resulted in the production of & film

over only a 20 mz - 30 mn section of the film vessel, Thus this film had

I

geometric area appproximately 25% of the average value.
7ABIE §  KRYPTON IFCORPORATION BY PILLS OF NICKEL DEPOSITID UNDER CONSTAIT
PRESSIRE COIDITIONS
TABLE HEADINGS: P = constant pressure of Ixrypbton in torr,
W = totel weight of nickel in ng,
d = rate of nickel deposition in mg miny'
% Kr = atomic 9 of krypton in the compnlete film at 77°XK.
F = the krypton : nickel collision ratio for each film,
FILI Tio P v d % Kr F
23 3,052I0™ 5.8 0.70 0.99 4,8%10°
25 3,30210 2.8 I.27 0.74 2,9x10°
27 7.68x107 15.3 I.61 0,12 4.,7210*
29 6,80x10™ 6.2 0,73 . I.84 I,0xI10%
38 2,03x10™ 0.6 0.28 3,28 8,2x10"
40 2.00xI0™! 10.2 0.98 3,31 2,5%10°
AT 2,0IxI0™" 12,4 0.7 2,86 3, I1xI0%
42 1.92xI0™" 12,3 1.10 2,82 1.9x10%
43 2.,00xI0™" 4.2 2,62 2,14 8.4x10°
45 3,43%x107" 15.0 0.84 3,60 4.5x10%
46 6,04x10"" 23.3 0.49 4.37 T.4210°
47 1.33x107 9.4 1.92 2,42 7.6x10°
48 12,99x107 12,8 0.46 3,51 7.Ix10°
49 T.24 27.9 0.25 5,44 5.5x10°
50 1,30 28,4 0,41 5035 3,5x10°
51 2,09%10™" 5.0 0,38 3.03 5,6x10"
3,70:10" 3,7 0.96 T,II 4.3%10°

4.79%I07 0,1 0,56 2,19 9,4%xI0"

[€
(@]
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FILI No P ¥ a < Kz B
61 8.72xI0 3.2 0.23 3,30 4.4 3%IC%
63 1.57x10" 5.9 0,28 3.13 6.2x10*
61 I.49x107" 6.6 0.42 2,87 3,9x10"
65 I.18x107 5 o4 0,36 2.57 3,6x10°
70 4.,38x107% 2,2 0.4I 2.25 1.2x10°
72 I.30x107" 5.8 0.30 2,97 4,7x10"
76 3,70xI07 3.1 0,55 .51 7 04xI0°
&5 35,0210 I.4 0,32 0,28 I.TxI0°
86 4.61107 I.5 0.29 2.89 1.9x10"
87 4,70xI07* 2.5 0.58 - I1.97 | T.6x10°
85 4.49%107 2.3 0.42 2,42 1,2x10°
) £.,23x10° I.I 0.0I3 4.5 (3.6x10°)
90 4,1TxI07 4,0 0.87 1.25 5,%x10°
9T 3.16x10™ 4.1 1,00 0.92 3.5%10°
93 3,92x7072 3.0 0.53 1.59 8,IxI0°
95 ©3.56x107° 3.8 5,60 - 0.33 I,1x10°
96 3.72x10™ 9.0 2,40 0.49 1,7%10}
98 4.,09xI0™" 6.5 1.80 0.78 2,5x10°
99 4.,01xI0™> 8.8 2.50 0,56 I,68x10°
100 £,20x10™ 10,2 4,22 0.35 I,IxI0°
101 3,7TxI0™ 3.5 0.69 T.42 6.,0x10°
103 . 4,00xI07 5,2 I.I7T  I.02 3,8x10°
106 3,65x1072 II.8 3.34 0.36 I1,2x10°
109 3,48x10™ 5.1 I.70 0.73 2,3x10°
111 3., 762107 5.8 I.51 0.83 2,710
Jor the films deposited at Kr:lli collision ratio of less than IO‘; the

~n o . . . 13 o~ ) )
Teve of krypton incorporation appeared in the first place to be related only

-:;.\ .\_}1 Tyen - — - e .t y o . 2, T -
v vl& dryplon pressure, Hovever, a definite tendency for films where the nicikel

-

d"‘{; R T Tt — LS ' - o 2 A LIPS 2 P SN
“POSLvion rate was high, to show disprovortionately high krypton incorporation



reies, vas also noted., Additional date

—4 5

for these fil

s are presented in table 6,

TABLE 6 RATE OF KNYPTON INCORPORATION FOR FILIS DEPOSITED AT LOV VALUES OF

THE Kr : Ni COLLISION RATIO

TABIE EEADINGS : Q
RI
RIsP
FILM No
23
25
27
2
43
47
| 57
60
76
85
87
90
91
93
95
96
98
99
I00
I0I
- 103
106
109

III

Q
I.00

1.64
0.325
I.95
5028
3.96

0.690

0.798

0,806

0.067
0.837
0.863
0.645
0.820
0.703
0.769
0,872
0.846
0.614
0.861
0.913
0.727
0.642

0.823

RI
0.121
0.163
0.0348
0.229
0.975
0.808
0,178
0.213
0.142
0.015
0,185
0.188
0.158
0,145
0.21II
0,206
0.242
0.242
0.254
0,169

0,205

0,206
0,214

0.2I5

RI%+P
3.98
4.93
4.46
3.37
4.87
6.07
4.82
4.44
3,84
5.0

4.50
4.50
5.0I
3.70
5693
5ed4
5093
6.04
6.05
4.49
5.13
5.65
6,15
5.71

total quantity of krypton incorporated in to each film
at TT°K, in Mmoles y

rate of krypton incorporation in pmoles min

rate of krypton incorporation, divided by the constant
pressure of krypton., (umoles miﬁ'ﬁorf‘)

d(%sable 5)
0.70

27
1,81

b

0.73
2,62
I.92
0.96
0.56
0.55
0.32
0.58
0,87
1,00
0.53
3.60
2,40
1.80
2,50
4,22
0.69
.17
3034
1.70

I.5I
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41§~;QISCUSSIOﬁ O XRYPTON TNCORPORAWTION KINETICS

A steady state treatment, based on the rates of collision of nickel and
krypton with the film, was adopted in an atitempt to explain the results
presented in the two previous sections,

An alternative treatment, based on the adsorption of krypton by nickel at
equilibrium, was not believed to be of value. The equilibrium adsorption isotherm
for this system at 77°K is not linear in the pressure range of interest (3I).
Therefore it would not be possible to explain the exponential decrease of
krypton pressure with time for films deposited under constant volume conditions,
in terms of the decrease in the amount of Ikrypton adsorbed at equilibrium.

| Haygood (98) has investigated the cryotrapping of air by water vapour
condensing on to a substrate at 77°K, and has developed a kinetic theory for
the sveady state sorption of gases during the formation of a condensate, The
following theory is based on the principles of his treatment,

It was assumed regarding the incorporation of Lrypton in to a'nickel film
during its depositions
(1) That the geometric area of a film.remains constant during its deposition.
(2) That incorporation of krypton occurs when 'adsorbed! krypton is buried by
‘nickel atoms added to the film, The nature of this adsorbed state is discussed
in section 4.I0,.
(3) That the process of krypton incorporation occurs only at the 'growing!'
surface of a film,
(4) That sites where krypton atoms are adsorbed are as likely to be buried as
free sites,
(5) That a steady state is quickly reached after deposition begins.

Certain terms are defined as follows:

. . .‘ - -
¥ = The rate of nickel deposition in atoms sec.

S

The number of nickel atoms required to produce a site where one krypton

aton may be adsorbed,

E = The total numbér of such sites on the surface of a film at any instant,
<= The proportion of surface sites coversd Dy krypton at ary instant.
C =

' .2 . - -1
The rate of krypton collisions with the film in atoms sec,
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D= The probavility that a lrypton atom which collides with a free site on
the surface of the film will enter the adsorbed state.

q = The probability that an adsorbed kryvton atom will be desorbed in one second,

Prom these definitions:—

' The nwaber of surface sites buried in one -second :- .. = ——§;~—
The number of krypton atoms adsorbed on the surface
at any instant = XE
The number of krypton atoms incorporated in to the NX
film in one second S VAN
The ratio of the number of krypton atoms in the X
film, to the number of nickel atoms in the film = —-E:——

A% equilibrium, the proportion of sites covered by krypton will be a
constant, Since the total number of sites on the surface is a constant, the
number of krypton atoms incorporated in to the bulk of the film in one second
will be given by the difference between the number of krypton atoms which enter

the adsorbed state and the number which desorb in the same time,

RO 2 S C.p (1-X) = E.X.q

©S (1)

Thus when X is small, and p and g are low probabilities, the rate of
incorporation of krypton, FX/S, is equal to Cp.
In this case, the rate of incorporation of krypton is proportional to its
l :

collision rate, and thus to the pressure of krypton,

From (I), the ratio, Kr atoms : Ni atoms in a film is given by:

X
S T N N N (2)

Cp 5 Cp E‘qJ

Vhere C/N is the Kr:Ni collision ratio for the particular film,
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EYALUALTON OF W PARAIEILRS p, o, E, AD S

The equation (2) could be used to predict the quantity of kryoion
inoorporaﬁed in to a film if X was eliminated, and if the values of the
parameters P, q, E, and S, were knowmn,

7o calculate these parameters, it was necessary to assume that all Films
had identical geémetric areas, This assumption was aléo made in the calculation
of the relative rates of collision of nickel and krypton atoms with a film,
which appéars in appendix H,

The mean length of the portion of the walls of the film vessel over which
the films were deposited, was ICO mm, Thus the geometric area of a film was
$aken to De 62,8 cms

The rates of collision of nickel and krypion ard—miekel with the film were
calculated in terms of the geometric area of the film, that is the portion of
the filn which would be wvisible fromldirecﬁly above, The total number of
nickel atoms visible from above will depend on the particular plaznes which
are exposed., However, the number of nickel atoms which must be added to tke
file in order to render the previous surface invisible from above, is the same
regardless of the topograpvhy of +the surface., In all cases it ig equivalent to
a 'solid sheet” of nickel, one atom thick, and with the same geometric area as
the film, In order to allow for the exposure of any possible crystal plane, the
number of atoms in such a sheet was calculated from the density of bulk nickel, -
The result of this calculation was that I.27xIOwatoms of nickel would be
required to completely cover the geometric area of the film, It was assumed
that the surface of the film would be regenerated by the addition of this number
of nickel atoms, and that any krypton adsorbed on the surface would be
incorporated in +to the film,

It is not implied that the surface of a film is actually regenerated by
the addition of a series of such sheets of nickel atoms. Surface turnover may
occur more quickly at some parts of the film owing to its topography. The
increaseq number of adsorption sites created and buried at these parts of the
film will ve compensated by the correspondingly lower rate of surface turnover

1n other parts of the film,
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Although the rate of surface turnover is calculated on the basis of & number
of atoms which is calculated from the density of bulk nickel, it is not implied
that the film will have the structure of bulk nickel, Reference has been nade
in chapter 2 to the porosity of evaporated metal films, which would invalidate
such an assumption,

An adsorbed krypton atom is taken to be incorporated in to the film vhen
a nickel atom(or atoms) is added to the film at a point vertically above the
krypton atom. No assumption is made as to how far above this point might be,

Voids may thus ocdur in the film, on this picture of surface regeneration.

The total number of surface adsorption sites on a film at any instant is

given by :- 3
c = 127 x10
S (3]
Let X/S = R, the ratio of the number of krypton atoms in a film, to the

nunber of nickel atoms in the film,
Let C/N = F, the Kr:Ni collision ratio for a film,

Then we may rewrite (2) :—

. F.p-—X[F.p-%- 1'257.><N1o. }

Fp.(1=X])
| 4+ 127%107
. N

(“)

Thus the proportion of krypton which is incorporated in to a film is:shown
to vary with F, X, and N, These three terms are of course mutually dependent;
it is impossible to change one without effecting the others in an actual
experiment, The relationship (4) may however be explained in a physical sense
by aséuming that the terms can be considered separately.

It is obvious that +to increase F, increases the availability of kryplton to
the film, and that R will increase.

Vhere X is low then the probability that any one colliding krypton atom
ill strike a vacant site is high, so that a large number of collisioms will
result in adsorphion and incorporation, Thus a low value of X contributes to a

high value of R,
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Finally where F, the deposition rate of nickel, is low then a krypton atonm
pey remain on the surface for a considerable time before being incorporated,
Since desorption is defined to be a first order process,the effect of
desorption in reducing the surface pool of adsorbed krypton will therefore
be greater when N is low, Accordingly, when all other factors are held constant,
a larger amownt of krypton will be incorporated in to a film grovm at a high
deposition rate,

The number of variables in equation (4) may be further reduced by the

substitution.of R.3 for X,

Fp.(1-R.S)
- R 12 7x10:q
1 4 Iﬁ = (5)

In this equation, R, F, and I afe variables, and py; q, and S are wnknowa
constants.

When the surface coverage of Ixrypton is low, and the nickel deposition
~rate is high, then the rate of krypton incorporation is determined ounly by the
rate of collision C, and the probability of adsorption p. In this limiting
case, all krypton atoms strike a vacant site, and all adsorbed atoms are
buried immediately.

This is assumed to be the state of affairs for the filums deposited at the
highest deposition rates within the linear region of the at.% Xr against KrsNi
collision ratio plots. In this region the highest value observed for the rate
of krypton incorporation, divided by the constant pressure of krypton, is
6,1 umoles mid torrs This velue is assumed to represent the limiting case.

s Limiting rate of krypton incorporation = 6.IfoLmoles min, for a film
laid down in a pressure of P torr of krypton.

From appendix H, the rate of krypton collisions with a growing film is
given as: I.I’j’xIO”'xP atoms min'.'

% L.I3x10"Pxp = 6.TxI0 %6,02x10 %P

i

D = 3.2xI0 °
Vhen the valye of p is known, the values of R, F, and N may be substituted

I to 2 rearranged form of (5), to yiéld a linear equation in q ard S,
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REP.S + —-x127x10 = Fp-R (

(@)]

The equations = obtained for the eight films deposited at the highest values

of the Xr:Ni collision ratio, are given in table 7.

TABLE 7 LIUGAR TOQUATIONS TN g AND S FOR EIGHT WICKET, FITNS

FILI No F R i EQUATTION

49 55000  0,06I0 4,3xI0°  0,I0TS + 0.I8q = I.70
50 35000 . 0,0599 7.0xI0°  0,067S + 0.IIg = I.06
46 14000  0.0459  8.3xI0"°  0,02IS + 0.070q = 0,40
38 8200  0.035I 4.8xI0"“  0.0092S + 0.093q = 0.23
63 6200  0.0324  4.8xI0°  0,0064S + 0.086q = 0,I7
51 5600  0.0323 6.,5xI0°  0,00583 + 0,063q = 0.I5
72 4700 0,03I5 5.IxI0°  0.0047S + 0.078q = 0.I2
45 4500  0,03%88 I.43xI0"  0.0056S + 0.034q = 0,II

Vhen an attenpt was made to solve pairs of these equations for the values
of S and q, a comsiderable spread of values was obtained., In pari, this is due
to the experimental errors which have been mentioned in section 4,7. The mean
value found for S was I6‘i 4, The spread of values found for q was in the range
0.25 to I.3, and it is thus doubtful if this can be claimed to represent a
constant value, In the region of high coverage represented by thé films of
table 7, the equétions are not in any case very sensitive to changes in the
value of q.

Conversely in the region of low coverage, the equations would not be
expected to be very sensitive to the value of S, since effectively all of the
surface consists of free sites,

Six equations in q and S were set up for films deposited in the region of
low surface coverage (films Mo 25, 57, 85, 90, 9I, and 96). The value of I6
found for s (above} was then substituted in to these equations in. order o

¢veluate . The mean value found was 0.I0 + 0.04.
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There is clearly a considerable azmount of errcr in the deternmination of
values for g, in the regiomns (a) of high coverage, and (b) of low coverage,
However, 1f the size of the krypton adsorption site is assumed to be counstant
over the complete range of coverage from X = 0 to X =I, then the difference
vevween the values of g found in each of these deterningtions is significant.

The higher valug found for g in The region of high coverage may be taken
to represent.less stable adsorption in this region, If the value of g does in

fact increase with surface coverage, then this would explain scme of the error
in the determination of S, This determinetion was carried out using data for
films which had significantly differing values of the equilibrium surface
coverage during deposition,

A finding of less stable adsorption at high surface coverage, would be
characteristic of the state of chemisorption, and not of physical adsorption,
Reference has Deen made in section 2,5, to the possibility of a partly chemical
bond between an inert gas atom and a surface, These results may be interpreted

“on this basis.

Alternatively it is possible that the structure of the film at 77%K is
effected by the large amount of krypton incorporated in to the film in the
region of high coverage, and that the change in the value of g arises from this.

The fact that the value of g or S, or both, may vary with surface coverage,
renders a nmore exact calculation of the values of these parameters, than that
presented aboﬁe,{impossible to achieve from the results,

A plot taken from the abdve theory, of R against F for a series of films,
will only be valid for one value of the nickel deposition rate, Figure I9 shows
a plot the atomic ¢ of Lrypton incorporated in to a film (calculated from R),
against the Kr:Ni collision ratio, assuming that the parameters have values:

3 ='I5, g = 0.I, and p = B.QXIOf This plot is valid for a nickel deposition
rate of .5xIOmatoms seé; corresponding to 5.0 ng nid, Experimental points,
for 211 films deposited at rates of between 4,0 ng nin end 6.0 meg miﬂ; are

Meluded for purposes of comparison,

For values of F below 2xI0; the experimental points fit well on to the

cl-

L 1. - - - ~ e -
theoretical line, Athigher values of F, the fit is not good.
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in attempt was made to £it all Tthe experimental points to a theoretical
by adopting various values of p, ¢, and S. (It should be noted that the
legs stable adsorption in the region of high coverage is reflected in different

q velues, only because both the other terms were assumed to be consztant, Th

@

characteristics of adsorption will in fact be determined by all three parameters)

It was found impossible %o £it all of the experimental points oz to a
theoretical line, The assumption of various expressions relating g linearly to
X, was equally unsuccessful., The reason for this failure may lie in the fact
thaﬁ\the experimental at.% Xr against F plot showed a definite sudden decrease
in slope at approximately 2.5% krypton. This may imply that there are two Types
of edsorption site on the surface; one of which is occupied more readily than
the other; or that the onset of some structural change in the film cccurs when
this amount of krypton is being incoryorated,

In any case, it is necessary to invoke a considerable degree of interaction
between the film and adsorbed krypton in order to explain the results obtained,
Such inmteraction could not be explained by a purely physical picture of the
adsorption involved,

Although the precise value is in doudbt, the values of g obtained in the
region of low coverage (approximately 0.I0 sec™), imply a lifetime of the
adsorbed atom on the surface which is in the order of several seconds, This
is also in keeping with a partly chemical picture of krypton adsorption under
the conditions used,

Various experimeants were carried out to investigate the nature of the

adsorbed state of krypton., These experiments are described in section 4.I0.

KINBTICS OF KRYPTON INCORPORATION FOR FILIS GRQWN UNDER CONSTANT VOLULE.CONDITIONS

.

It has been shown in the steady state treatment above, that in the limiting
case, the amount of krypton incorporated in to a film in a given time is
dependent only upon the rate of krypton collisions with the film and the
Probability of adsorption p. This limiting case is found for fi}ms deposited at

high Geposition rates, and values of T below approximately 10

Assuming that the surfaoce conditions during deposition of a film under
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conohont volune comditions are Identical at any instant 1o
fiin being devosited in the constant pressure ystcm,fwith
ratio which corresponds to the instantazneous pressure} thes
collision ratio is less than approximately IOfthe rate of
inoorporation»r i1l be linearly relcted to the pressure throuchot

of deposition, Since the pre

Irypton in the system,a first order decrease in the krypton pressure is predicted
in this region, VWhere the Ir:¥i ccllision ratvio is above Iot'b nen &
in the amount of krypton in the gas phase, brought about by incorporaiic
the fiin, will produce a less than provportionate decrease in the kryploxn
If <the films deposited wnder congbant volume conditions are considere
exms of the Xr:Ni collision ratio during the period of depcsition, thex
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TARIE 3 ﬁON'OF THEE KIILTICS OF KRYPTON TNCORPORATION TO THE EyeWi
COLLISION RATTO WOR FILIS DEPOSITED UIDER CONSTANT VOLULT CCHDITIONS
FILX Yo RANGE OF Kr:Ni COLLISION RATIO OBSERVED KINETICS
6 9.8xI0" = 2.3x10" IRST ORDER
17 445%10° = 1,2x10% PIRST ORDER
I9 2,IxI0 - 5.IxI0° FPIRST ORDER
28 I,0xI0° = 2,1xI0° FIRST ORDER
34 TfoIO’f B?IXIO'3 FIRST ORDER
35 I.4%I0%= 5,7xI0° FIRST ORDER
39 2,IxI0°~ 2,6x10" FIRST ORDER
55 s.zxzog- 3.,6210° APPARENTLY ZERO ORDER
66 4,2x10%- 5.8}:103 FIRST ORDER BELOY &2 I5000
68 I.6x10%~ 2,2¢I0° PIRST ORDER BEIOW & 6000
The results are in reasonable agreement with the prediction of first order
Tressure decxeaselat values of the Kr:lli collision ratio bglow 108
Variations mey be accounbed for as follows:
(I) The rete of nickel deposition may not remain constant during the pericd



FIGURE 20 PLOT OF k, AGAINST RATE OF NICKEL
DEPOSITION FOR FILMS DEPOSITED
UNDER CONSTANT VOLUME CONDITIONS
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(2) The rate of krypton incorporation does 1ot in fact vary only with the Kr:Ii
collision ratvio, bubt also with the nickel deposition rate, so that a value of

10%for the onset of exvoncmiial byh&VlOUA is approximate,
(3) Yo precise point of change-over from one type of kinetics to another would
be expected to exist ; rather the change vould be expected to be graduval, so
that the value selected in each case for *he point of change-over is somevhat
arbitrary.

The apvarently lirear decrease of krypton pressure with time where the

value of the Kr:Ii collision ratio is high, arises because in this region a

It may be noved that in table 4, high values of k,, the gradient of the
plot of log{lrypton pressure) asgainst time, were found for high rates of nickel
deposition, A plot of &k, against the rate of nickel deposition for this series
of films 1s shown in figure 20, This plot mey be compared with a similar plot
nade for the series of films deposited under constent pressure conditons, In
this case, the rate of krypton incorporation , divided by the constant pressure
of krypton, is plotted against the rate of nickel deposition, (figure 2I)

In orcder wo meke a cuantitative comparison of the rates of krypton
incorporztion wnder both sets of conditions, it is assumed that the level part
of each curve represents the limiting case, where each krypton atom strikes a
vacant site, and all adsorbed atoms are immediately incorporated in Jo the filinm,

It has already been stated that the limiting rate of krypton incorporation
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The greaver variation for krypton may be accounted for by the greater
tendency to physical adsorption on any light bake—out film, and also by the
problen of estimating the time of onset of deposition of the film, The initisl
rates of krypton incorporation were so high that an error of a few secouds could
cause a large errorAin the estimation of the initial pressure, The initial rates
of argon incorporation were much less, so thet this source of error was less
important. (see section 4.IT)

The gas laws hold equally for argon and kryptons therefore the more accurate
value obtained for argon was used for the purposes of this calculation,

Let P = pressure of krypton>in torr

Q = quentity of kryplton in pmoles
t = time in minutes

Then,
P/Q = 3,7xICTZtorr/AmoleéJ (under deposition conditions)

In the limiting case,
. . -t -1
aQ/dt = ~ 6.I.'/'u.moles min torr

Thus at pressure P torr,

[}

dQ/dt = — 6,IxP pmoles min” -

dP/d% = = 2,3xI0°' P
Integrating,
InP = — 2,%xI07% + constant

logP = = I.OXIO +t + conshant
Therefore k,, the gradient of the plot of logP against time, is given to
bé - I.0xI0" in the limiting case for deposition of films in g system of
constant volume, This value is in reasonable agreement with the highest

observed values of k. (figure 20)
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Once lrypion had been izcorporated Iz to e film & 77 K during deposition,

no increase of pressure corresponding to release of krypton was ever noied waiie

NN

the film was mainmteined 2% 77 K, Hoveverg on warning the I:z.lm, it was fouvand thas

a large proporvion of the krypton which had been incorporated was released to

.
the gas paase,.

EXPERTITHTAL PROCTDURE

In the simplest case, the Deswar flask of liquid nitrogen was removed from
round the film vessel, After the film had Deen left for anm hour to reach room
‘témpex‘a‘t we; the quantilty of krypbon released was recovered by the Toepler pump
and megsured in the kicLeod gazuge.

~

Yeasurements were taken over z wide range of temperature by one of two

tecimiques, I the first method, the liguid nitrogen bath was rexmoved “'"ouz the

temperatures, Afver one hour, the quantity of krypton that had released was
neesured as above, Typically, a film was surrownded successively by iiquid

argon (8’[011), solid CO,_/ace‘cone(I%oK)g ice/wa.ter(Z'{BoI{)9 and water at
approximately 35001{, Thereafter the film was surrounded by a furnace and heated
to higher temperatures for one hour intervals. For temperatures above AT70°K it
vas found that gas was desorbed from the walls of the vessel owing to "acompleté
degassing, Accordingly the quant mJ of kryptes remaining in the film was
negsured with the paralled counter, instead of gas—volumetrically.

In the second method, provision was made for continuous monitoring of
temperature during a slow rise from TT°K.

& constanten wire was soldered Ho each end of a heavy copper cylinder and a
copper wire +to one end. The wires were connected to a Croydon Precision
Instrument Type P3 potentiometer, This arrangement was used as a temperature
stabiliser and two thermocouples, which were calibrated as described in
Lppendix E, ‘ |

The copper tube was placed in position rownd the £ilm vessel and the whole

lmmerged in liguid nitrogen before deposition Gommenced. After the film had

adl



FIGURE 22 EXPERIMENTAL ARRANGEMENT FOR MONITORING
RELEASE OFKRYPTON FROM A FILM DURING A
SLOW RISE IN TEMPERATURE FROM 77°K.
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peen laid dowvm, and gas phase krypton had been pumped off as far as possible,
the Dewar vessel was quickly replaced by one cooled previously to T7°K, and now
" containing a few drops of liquid nitrogen. (see figure 22) It was found that
this could be accomplished sufficiently gquickly that no rise in temperature

was noted in the thermocouple circuits.

The temperature remained at TT°K for a few minutes until the liquid
nitrogen in the Dewar flask had boiled off; then a slow rise in temperature,
of approximately I°min, was observed, The copper cylinder served, by its heat
capacity, to slow the rate of temperature rise, and also to maintain an almost
constant temperature over the length of the film vessel, The thermocouple at
the top of the film vessel normally registered a temperature 5° to I0° above
that registered by the lower thermocouple.

Krypton release was measured either by the increase of pressure in the
system, or by continuous pumﬁing in to the McLeod gauge using the Toepler

PULD e

RESULTS: RELEASE OF KRYPTON ON WARMING A SERIES OF NICKEL FILMS TOx295°K

The quantity of krypton originally incorporated in to a film at TT°K was
calculated from measurements of the pressure, as described previously. For
films deposited in the constant volume system, between 22¢ and 70% of the
krypton incorporated at 77°K was stably retained at room temperature (295°K), '
Films deposited under constant pressure conditions were observed to retain
between 6 and 69% of the krypton incorporated at T7°K.

Although there was considerable variation in the proportion of incorporated
krypton which, having been incorporated at 77°K, was retained to room
temperature, the atomic . of krypton retained in a film was fairly constant,

The results which were obtained for two series of films are shown in tables
9 and I0, All the values of 'atomic % of krypton®, refer to the percentage of
all the atoms (nickel and krypton) in the film, Thus, for example, a value

of 5% represents,a ratio of 95 nickel atoms to 5 krypton atoms in the film,
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FILI No ATOMIC §5 OF KRYPION RETAINED (295°K)
2 | 0.21
6 0,21
17 ' 0.13
19 0.2I

TABLE IO RETENTION QF KRYPTON BY FILMS DEPOSITED AT T77°K UNDER C

FRESSURE _CONDITIONS

FILM No ATOMIC & OF KRYPTON ATOMIC ¢ OF KRYPTON

INCORPORATED (T77°K) - RETAINED (2'956K)

57 I.II 0.29
60 | 2,19 | 0.32
70 2,25 | 0.2I
72 2,97 0.I9
76 I.5I 0.24
85 0.28 0.19
87 | 1.97 0.36
88 2,42 . 0.35
90 1.25 0.30
95 0.33 0.12
98 0.78 0.24
100 0.35 | 0.24
101 T.42 0.26
103 - 1,02 0.23

MEAN 0.25 £ 0,06

The mean value corresponds to a specific activity of 70 mCi g" for this
series of films, |,
The value of atomic % at 295°K was very subject to error, as its

determination involved the measurement of a small difference between two



IGURE 23 PRESSURE RISE DWING TO A SUDDEN INCREASE IN
TEMPERATURE OF FILM 6 FROM 77°K TO 288°K
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relatively large quantities of krypton, Several of the results quoted in

%able I0 were for films with low weights, and the values were therefore subject
to weighing errors, In other cases the quantity of krypton was not obtained
directly, but by calculation after an exchange experiment., (see section 4.,10)

These factors will contribute to the apparent variation in the mean value
observed for the atomic § of krypton at 295°K.

The films deposited under constant volume conditions all showed values of
the amount of krypton retained, which were below the mean value observed for
the films deposited wnder constant pressure conditions, The reason for this
tendency is that the pressure during the later stages of deposition-of these
films was so low that a large proportion of the film had very little
incorporated krypton at 77°K.

TDE SCALL OF KRYPTON RELEASE

If water at 295°K was substituted for the liquid nitrogen after a film
had been deposited, then a rapid release of krypton could be observed by
monitoring the krypton pressure. The pressure against time plot obtained for
film 6 is shown in figure 23, No further release could be measured after ten
minutes, In fact, all films were left for more than ten minutes, in order to
be certain that release had terminated,

KRYPTON RELEASE DURING A SIOVW RISE IN TEIPERATIRE

It was found that krypton release could be detected at temperatures below
I00°K, and that the fastest rate of release occurred in the range I00°K to
U0°K,(figure 24) Vhen the release of krypton was followed by pumping it in to
the licLeod gauge using the Toepler .pump, it appeared that the range of
temperature corresponding to the fastest rate of release was rather higher,
(figures 27,28) This is explained by the relative inefficiency of pumping with
the Toepler pump, so that the quantity measurements were always rather late
relative to the temperature reached after a given time,

KRYPTON RELEASE DURING A STEPVISE INCREASE IN TEMPERATIRE

This experiment was carried out for two films, numbers 4 and 70, Film 70
' -2
Vas a typical 'constant pressure' film, deposited in 4.38xI0 torr of krypton.

Film 4 wasg deposited in the constant volume system, with initial pressure of
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3,6xldﬁtorr. The pressure decrease was not followed accurately in this case.

The quontity of release with increasing temperature is showm in figure 25,
riln 70 lost a larger proportion of its krypton, but the atomic %~incorporated
at 77°K was larger..

The most-prolonged heating employed for any film was a I5 hour period at
800%% for film 2. 79% of the radiocactivity which had been measured at room
tenperature was retained despite this treatment,

In all cases where a film was heated for a period, cooled, and then heated
agein, the typical ‘'kryptonate' behaviour (69) was observed, That is, no further
release of krypton was detected until the previous maximum temperature was
exceeded.

The results obtained for experiments in thermal release of krypton from
nickel films are also considered in section 4.I0, A general discussion of
thernal release for a series of metals appears in section 5(e).

THE APPEARANCE OF THE PILKS

Once films had been allowed to attein room temperature, they appeared
black in colour. This was also observed by Beeck (9),

If a bake—out film had been present initially, then the film appeared
silver-black,

On sintering at temperatures above 450°K; a progressive silvering was

noted, A film sintered at 800°K was silver-grey in colour,

4,10 INVESTIGATION OF THE NATURE OF THE ADSORBED AND INCORPORATED STATES

It was shown in section 4.8 that the kinetics of incorporation of krypton
during the deposition of nickel films may be explained by assuming that the
incorporation process occurs by the burial of krypton atoms held in some
intermediate,‘adsorbed, state,

The quentity of krypton incorporated during deposition has been defined to
be that quantity of krypton which disappeared from the gas phase during the
veriod of deposition, while the conditions of deposition prevailed in the

System, It was noted that once deposition ended, more krypton could become
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asgociated with the film, This was taken to represent physical adsorption,

In all experiments where attempts were made to remove inéorporated krypton
from films at 77°K, by pumping for long periods with the Toepler pump, it was
found impossible to remove any of the krypton held to be incorporated on the
basis of the above definition, However, part of the vhysically adsorbed krypton
could be recovered by this method.

If 211 the krypton held by the film at this point was in fact physically
edsorbed on the film, it might have been expected that such krypton would be
readily removed by pumping.

To test this point, two films were laid dowvm at T7°K in vacuum, and were
mainteined at this ftemperature, A measured amount of krypton was admitited to
the film vessel, and was physically adsorbed by the film, It was also found
impossible to remove all of the adsorbed krypton in these cases using the
Toepler pump. This is in accord with the findings of Knor and Ponec (36);that
the adsorption of krypton on a thermally non-stabilised nickel film is only
partly reversible,

Vhen such a film was allowed to attain room temperature and heated to
higher temperatures, krypton was released in a similar mamner {o that
observed for films in which krypton had been incorporated., (figure 26)
Lowever, the magnitude of the effect was quite different; throughout the
temperature range, the retained quantity of krypton represented a much lower
proporvion of +the total film, The atomic ﬁxof krypton retained at 295°K is
given in table II.

Under similar treatment, a f£ilm deposited at 273°K and then cooled to
T7°K before exposure to krypton also apparently retainéd a small quantity of

krypton.
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TABLE II IRYPTON RETBNTION AT 295°K BY VACUUM-EVAPORATED FILINS

7ILI To VEIGHT (mg) EVAPCRATION ATONIC ¢ OF

‘ TEMPERATURE (°K) KRYP?ON (295°K)
32 ' 3444 77 2,9x10™
37 3449 7 2,9x10”
33 3045 273 I.1x107°

It is evident that the quantity of krypton incorporated and retained by
films deposited in the presence of krypton at 77°K can not be explained in
terms of physical adsorption of krypton cm to the exposed surfaces of nickel
which develop during the deposition of a film, Nevertheless, it is shown that
a process may occur, under conditions where physical adsorption would be
expected, which results in the introduction of a smaller quantity of krypton
in to the incorporated state,

The addition of the mercury vapour ejection pump to the system enabled
gas to be pumped from the film vessel in to the bulb of the Toepler pump in
section 6 of the apparatus, and thence to the gas cownter. This pump was
capable of maintaining a pressure below I0™ torr in the film vessel, so that
continuous pumping By this method afforded a much more efficient means of
recovering krypton than the use of a Toepler pump alone, A series of films was
investigated as follows,

Lach film was deposited in the presence of radiocactive krypton, and the
quantity of krypton which had been incorporated was calculated in the usual
manner from the difference in the gas burette levels at constant pressure
(a) initially, and (b) immediately before the filament current was switched off,
The film was then maintained at 77°K While krypton was pumped in to the gas
cownter, This was continued wntil the count rate reached a constant vélue,
normally after 2-3 hours, Pumping was then continued further, to a total of
4=6 hours, 4o emsure that a linit to the recovery of krypton had been reached.
he krypton which had been recovered was then transferred via the by-pass to
the McLeod gauge using the main Toepigr pump, and was measured iﬁ order to

deternine the quantity retained by the film,
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It was found that more krypton could be recovered by this method than by
use of the Toepler pump alone, It is not suggested that there is any difference
in principle between the two methods; rather the more rigorous conditions
resulting from the use of the ejection pump will result in the attainment of
a stable state within a reasonable time scale,(Some of the experiments where
+the Toepler pump glone was used, were abandoned after the raising and lowering
of the mercury in the order of fifty times had not resulted in a limit o
recovery being reached, Each 'stroke' would be expected, on the basis of the
gas laws, to remove approximately half of the gas phase krypton from the film
vessel,)

The results which were obtained using the ejection pump to recover krypion

from the film vessel are tzbulated below.

TABLE I2 IEASURBIENTS OF KRYPTON INCORPORATION, #ADE USING THE IMERCURY

VAPOUR EJECTION PUMP TO RECOVER NON—~INCORPORATED KRYPTON AT 77°K

FILI No  VEIGHT(mg)  ATOMIC ¢ OF QUANTITY OF KRYPTON (smoles)
KRYPTON(T77°K) (a) INCORPCRATED (b) NOT RECOVERED
(DEFINITION) BY PUMPING
89 I.I 4.5 0.88 0.57
90 4.0 1.25 0.86 0.97
91 4.1 0.92 0.65 0.62
93 3.0 1.59 0.82 C0.86
95 13.8 0.33 0.70 1.28
96 9.0 0.49 0.77 1.39
99 8.8 0.56 0.85 I.42

The reason that the quantity of krypton which was no{ recovered by pumping
in some cases exceeds the quantity of krypton taken to be incorporated, is
that part of the krypton 'physically' adsorbed on to the films after deposition
ceased could not subsequently be removed.

Vhen an apparent limit to recovery had been reached in the experiments
ebove, the possibility that non;recovérable krypton might be exchangeable with

. €28 phase krypton was investigated. In four cases, a quantity of inactive
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kyypton wes measured with the Ilcleod gause and allowed to be adsorbed o $o
=we film under study. After 30 minutes the ejection pump was again switc.ed on
3o transfer krypton to the gas counﬁer..The quantity of krypton wiich had Tecw
—ginoved from the film was found by counting, and a calculation was made o
f£ind the proportion of the krypton held by the film which was exchangeaile
with a fresh sample of krypton at 77°K. The results of this investigaticn are

siven in table I3.

TARLE I3 SXCHANCEABILITY OF THE KRYPTON EXID BY NICKEL FITIHS AT T7°K, WEICH

COULD NOT BE REMOVED BY PUMP

T

FILM No LEXCHANGEABLE KRYPTON O% OF TOTAL RETAINED KRYPTCY)
91 B
93 ‘ 106
9% e
96 . %%

7

Considering together the results quoted in tebles I2 and I3, it my be
zoted that even after a fairly rigorous pumping procedure, part of the lxrypcoz
retained by a film at 77°K is held on sites accessible to the gas phase,

For films where the atomic ﬁ»of krypton at T7°K, prior to physical
adsorption of krypton, was in the range 0,925 to I.59%, the pumping off of
gas phase krypton and the lxrypton held fto be physically adsorbed left a
quantity of larypton retained by the film which was comparable in magnitude
o that which had been calculated tq be incorporated.

Vhere the atomic & of krypton was initially lower, in the range 0.33 to
0,56%, then the films retained part of the krypion which had been adsorbed
after deposition ceased.

The film which had an initially much higher atomic % of krypton, 4.5%,
released a part of the krypton which had been calculated as incorporated,
“aring the period of pumping.

To explain tﬁese observations, it is necessary to recognise that the states
“eseribed as tadsorbed! and 'incorporated?‘are not coupletely distinct; rather

there is a gradation in the strength of a&sorption from classical physical
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adsorpiion on the one hand, to a totally buried and inaccessible state ¢a the
other hand.

During the deposition of a film, adsorption sites will be formed by the
:rrival of nickel atoms. Some of these sites will be totally buried by nickel
vhich arrives later; others will remain wmburied, at inbtermal surfaces within
the porous Tilm, The occupancy of sites, buried and unburied, vhen deposition
ceaseg, will depend on the availability of krypton during film growth.

When depoaition ceases, the sites in a film mey be taken to fall in %o
§ne of three categories:

Type (I) : buried sites,

Type (2) : sites at internal surfaces within the film,
Type (3) : sites at the external, 'growingé surface of the Film.

Tor all practical purposes, vacant type I sites may be taken to have been
destroyed. Ve may associate the krypton held at type I sites with that
krypton which is neither recoverable by pumping nor exchangeable with gas
phase krypion. From this viewpoint, a site at the internal surface of an
isolated void within the film may be described as a type I site,

Up. to this point, krypton has been taken to be incorporated by a film
vhen 1t was removed from the gas phase to sites on the film during fthe peric:
of deposition., This definition embraces krypton held at sites of type I and
type 2, that is, krypton held at sités which are not in dynamic equilibrium
with the gas phase at the instant when deposition ceases. Krypton which is
reld at type 3 sites at this instant has not been included in the definition,
since the back-extrapolation of the linear plot of krypton uptake to zero time
of deposition compensates for the initial formation of the small steady-state
pool of krypton on the surface, which remains constant in quantity until
deposition ceases, The quantity in question would in any case be small,

In terms of the character of adsorption, it is not possible to make a
saarp distinction between sites of types Z and 3., The distinction is one of
relative accessibility to the gas phase. it is suggested that a proportion
of the rypton held at such surface sites is removable by pumping,

{f afilm is laid down under conditions of ready krypton availability, <then
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sives of type 2 and type 3 will e almost in adsorption equilibriun trhroushous
gevosition. On stopping deposition the remainder will be quickly saturated by
the kryptoa which then becomes associated with the film by 'physical' adsorpiion.
Where the strength of adsorption at a large proportion of the: gites of tipes

2 and 3 is such that krypton may be removed from them by punping, then a
‘proportion of the krypton which disappeared from +the ges phase may now be

recovercd. This correspouds to the observations made for f£ilm 89. (gee table I2)

<

Lt

Under conditions wiere depcsition is so fast that krypton is not readily
available throughout deposition, sites of types 2 and 3 will be more sparsely
occupied at the completion of deposition. Gas phase krypton mey now enter sites
from which it is not removable by pumping, so that the quantity of krypton
retained by the film exeeds that which disappeared from the gas phase during
deposition, as observed in the cases of films 95, 96, and 99.

The observations for films 90, 9I, and 93 correspond fto cases where the two

ffects cancel., The cccupancy of the sites during deposition is such Shet none
of the krypton which disappears from the gas phase during deposition is
removable by pumping, and on ceasing deposition, gas phase krypton enters sites
from which it is thereafter readily removable by pumping. ¢

It is 1ot possible to take exact values from the results quoted, in view
ol experimental error and the possibility of a real variation in the
distribution of sites owing to slight variations in the deposition conditions
from one film to another, However, values in broad agreement with the data
would be obtained by assuming that the numbers of type I and type 2 sites
formed during deposition are approximately equal, and that krypton may be
Irreversibly adsorbed on approximately one fifth of the type 2 sites. The
small quantity of kfypton taken up by vacuum—evaporated films, which has the-
broperties of incorporated krypton,(see page 6I ) is presumably held on such
sites, Ixchangeable krypton is held less strongly on the remainder of the type
¢ sites; the quantity will depend onm the particular pumping procedures employed.

A further comparison between adsorbed and incorporated krypbton is obilained

by considering thermal release of krypton from the two states on allowing the

< . g
vemperature of a film +to rise from T7°K to room temperature, The experimental
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oilowing the release of krypton was as described in section 4.7

(o)

o~
e

nethod
e quontity of krypton released was measured both volumetricelly end by
ronitoring the radicactivity in the licLeod gauge capillary.

Two experiments were carried out, as follows, In the first, = £ilm (No 37)
vas deposited in vacuum at 77°K. Vhen deposition ves complete, the film was
zllowéd to adsorb a measured quantity of radioactive krypton (50*%r), Once gas

phese pressure had fallen to a low value, the film was allowed to adsorv a

zeasured quantity of inactive krypton. The quantity and specific activiiy of

[0}

released krypton were now measured during a slow rise in temperature, It wa
found that the proportion of total 3°Kr which had been released up to a given
tenperaiure was equal to the proportion of total inactive krypton which had
been released, that ig, the specific activity of krypton remained constant
throughout the release. (see figure 27)

The release of krypton during g rise in temperature may be brought about
eithér by a reduction in the number'of adsorption siltes as a result of
sintering the film, or by changes in the attractive forces which cause
adsorption to occur, In either case, all of the krypton introduced on to a Tiin
after déposition is effected equally.

In the second experiment, the volume of the gas burette and its connecting
tubing was adjusted by varying the mercury level until it was equal to the
volume of the IlcLeod gauge and its dead space. A quantity of inactive krypton,
seasured with the llcleod gauge, was expanded in to the gas dburette., A quantity
of krypion containing 5ﬁ¥Kr was then megsured in the lMcLeod gauge and was
rernitted to expand in to the system used for the deposition of films under
constant volume conditions. Deposition was commenced norreally, but when most of
the radioactive krypton had been incorporated in to the film, the taps were
quickly turned so as to replace the McLeod gauge-in the system by the gas
burette. Deposition continued until the filament broke, The plot of pressurs
against fime for the deposition of this film, No 39, appears in figure 46,
Gther details are, noted in table 4,

The cuantity and activity of released krypton during a slow rise in

verperature were followed as in the previous experiment, Once correction had



FIGURE 28 THERMAL RELEASE OF TWO SAMPLES OF
KRYPTCN INCORPORATED IN TO FILM 39
DURING ITS DEPOSITION AT 77°K.
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pecn made for the small quantity of radicactive krypton wiiich had been isclaicl
21 the licleod gauge, and that quantity left in the gas pnase on exposure pe)
inactive lkrypton, a plot of the proportion of radiocactive and inactive krypton

-

released up to a given temperature could again be made. (see figure 28)

In this case, the proportion of inactive krypton which had been relecased
vas higher than the proportion of active lkrypton released, There are two
vossible explanstions. First, it is possible that krypton incorvorated Curing
the later stages of deposition is more readily released, Secondly, it may be
noted that the pressure at the time when inactive krypton had just been
adnitted to the parily growm film wes higher than at any other time during
deposition, and accordingly the nickel added at this time would have the highest
concentration of incorporated kryptén. The observations may therefore Ge
exprained in terms of a greater tendency to krypton release from those sections

£ the film where krypton is most concentrated. This latter explanation is

believed to e more-likely, for reasons stated in section 4.I3.

It is thus clear that all of the krypton incorporated during deposition

(o]
H;
)
iy
e
—
H
.
0
8

ov eguivalent in terms of therwmal release,
The aprarent equivelence of adsorbed krypton in this respect is surprising
because some krypton is sufficiently strongly adsorbed as to be retained up
to room temperature, This krypton is preswaed $o be trapped by the giructural
changes of the film which result from thermal sintering, as it is.unlikely
w2t 1t could remain stably adsorbed at room temperature. It is possible that
at the temperature rises, the krypton atoms which were strongly adsorbed at
T7°K become mobile before the onset of these structural changes, so that all the
adsorbed krypton atoms have exchanged before a fraction is trapped, This effect
would be expected to a lesser extent in the case of deposition~-incorporated
krypton; it has already been stated that some incorporated krypton is held at
surface gites,

At the end of any deposition period, the krypton pressure was observed to
fell more rapidly, then during deposition. This fast pressure decrease has been
assoc1ated with physical adsorption, and the saturation of the sites of types

2 and 3, It is not clear why this process should not occur during film
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deposition, One possibility is that the temperature of a Iilm durin
3.

deposition is highsr than when the filament is not radiating heat, so thet

the tendency to physical adsorption is less., Altermatively, the access of

m

krypton to sites at interior surfaces within the film may be hindered in some
vey by the Tfact that the surface is in a state of flux during deposition of +he
film,

An experiment was desigmned to investigate this point., Film 28 was laid
dovm under constant volume conditions, After four minutes of deposition, +the
current was switched off and the fast pressure decrease was followed. After
ten minutes, the current was switched on again, at the same value as before,
The pressure rose for twe minutes and then began to fall with the same kinetics
as in the first period of deposition, (see figure 29a) If the assumption is
mace thet the conditions of devosition had been established within half s
minute of recommencing current flow to the filament, then back-extrapolation
of the pressure against time plot shows that at least 759 of the krypiton taken
wp during the fast pressure decrease was released again to the gas phase.
Certainly the rise in pressure was greatly in excess of that which would be
produced as a result of & rise in temperature of the krypton remaining in the
gas phase,

From the data presented in section 4,9 regarding the release of krypton
adsorbed on vacuum—evaporated filus, a temperature rise of at least ZOé would
be required to produce an effect of this magnitude. It has been estimated from
bulk thermal conductivity daﬁa(io) that the temperature of a nickel flln heing
deposited at the same current(6.5 A), u81ﬂg a similar nickel filament, and
with hydrogen present during deposition, would be approximately 83°K, However,
the assumption of the bulk thermal conductivity of nickel for a nickel film

is probably not justified. Trapnell(48) has shown that a film may be extensively

sintered by radiant heat from the filament, The present observations also

- s+ s

Rhlcate that the heat rad

ated from the filament has a considerable effect

[

on <3

the temperature of the film,

It is not possible to exvlein the observation that krypton was relsased.

,4

the film when deposition recommenced, on the basis of the surface Zlux



aken up during the fast prezs

W e O

decrease was released to the gas phase at this time., The possibility thet sone
krypton night be adsorbed during deposition on to preformed sites, that is,
type 2 sites, wag investigated by laying dowa a film initially in vacuum, and

then adnitting to the system a measured quantity of Irypton, without

interrupting deposition, It was observed that the

=
()
»
@]
()
Q.x
(')

k d
3
(D
k
9
o}
Q
0]
o]
P

krypton from the gas phase was higher during the first four minutes after
exposure, than subsequently. (see figure 29b) The measured initisl first-order
rate constant for pressure decrease was I.BBXIO“miﬁ; which was higher than any
other observed value., (see table 4) In the later stages of deposition of this
film, Fo 34, the first-order rate constant was 9.3x162miﬁi This observation

.

shows that krypton may in fact enter preformed sites during the deposition
process. The period of accelerated krypton uptake was about four ninutes in
length, compared to a time of disiturbance which would be expected to be a3
most two minutes in length on commencing growth of a film in the presence of
irypton. However, the weight of the film at the point when krypbon was allowed
in to the system was approximately I2 mg; relative to the number of vacant
type 2 sites which must have been present in the film at this time, a wery
small amount of krypton was taken up at internal surface sites. Therefore
this effect may normally be neglected in a kinetic study such as that presented
in section 4.8,
COrCLUSIONS
It is generally accepted that in kryptonates, krypton is held at lattice
points (point defects), at other defects such as dislocations, or at voids in
the lattice. lietal films evaporated at low temperatures have a high
concentration of such defects, which are annealed out on raising th@
tenperature (I09)e It is reasonable to idemtify tvhese as ‘he adsorption sites.
Krypton which is held on type I sites in a film is suggested to Dbe
not removable by pumping, not exchangeable with krypton in the ges phase, and
N

Insensitive to a smell rise in bemperature. A rise in tempereture which is

MR . . .
~&rge enoush to reduce the number of defect sites, results in the release of
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some lrypton, The implication that struciural changes in the Lllu, ragier

than adsorption characteristics, determine the releasc of krywpton, is suoncricd
by the fa that nickel films vhich had incorporated hydrosen at 77°K reliecased

the bullk of their hydrogen in the same temperature rangé as that observed for
kryvbton release in the preseant work(58), In this case the characterisiics of
adzorption would be very rmuch different from those of krypton adsorption,

Krypton wiich is held at type 2 gites is SSvSuea to be partly renovsble
by pumping, poritly exchangeable with the gas phase, and to become mobile on
the surface after a small rise in temperature, Some of the krypton is trapved
within the film as a consequence of the structural changes caused by raising
the temperature, This may involve the sealing off of pores, or the conversion
of an individual type 2 site to a type I site as a result of the rearrangement
of nickel atoms. :

It is difficult to reach any firm conclusions regarding the nature of

Yype 3 sites, or the properties of the krypton adsorbed there, ’

On the basis of the model which has been adopied, a type 3 site may be
consldered to be the precursor of sites of type I and 2. If & type 3 surface
site is buried by nickel, it becomes a type I site, If nickel is added to the
film at other points, the surface grows away from the type 3 site. Eventually
it is so far removed from the growing surface that it may congidered to be 2
type 2 site, Thus structurally a type 2 site is identical to a type 3 site,
but the location in the film is differemt, The varying strengths of adsorption
at type 2 sites have already been mentioned, In analogy, it was necessary to
agsume that the growing nickel surface, which contains only type 3 sites, was
heterogeneous with respect to lrypton adsorpiion. (section 4.8)

The zmount of krypton adsorbed at any instant on type 3 sites will be small,
because the growing surface of a film has an area vwhich is small compared to the
porous interior, In cases where the krypton pressure during deposition was low,
then the formation of the initial surface pool of krypton might be expected to
tatse a measureable reduction in the pressure when deposition commenced. 4
tendency 4o particularly fast rates of incorporation in the first minute of

3 v . e ' ¢ ) -2
4eposition of films at constant pressure below 2xI0 torr was noted. It was
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no’ possible to measure this effect because the system was disturbed in any
case, Ly the onset of deposition,

Figure 30 shows in diegremmatic form the processes which are believed %o
occur on the surface of a nickel film during its deposition in the presence of
krypton at T7°K,

The results obtained up to this point imply fhat the intermediate adsorbed
s&ate has some features of chemisorption. The adsorption is partly irreversible,
and surface heterogeneity with respect to krypton adsorpbtion is suggested.

Erlich (IIO) has shown that heats of adsorption of krypton obtained
experimentally are higher than the values calculated on the basis of a
theoretical model which assumes a uniform surface, Preferential adsorption on
certain faces of molybdenum and tungsten was observed,

It was decided that a comparison of the krypton results with an
investigation of the possibility of the incorporation of argon in +o a nickel
film during its deposition, might be of value in the interpretation of the data,
because the tendency for argon to enter a chemisorbed state would be expected

to be much less,

4,11 TNCORPCIIATION OF ARGON BY NICKEL FILMS, AND COMPARTISON WITH THE RESUIZS

OBTAINED FCR KRYPTON

4 series of nickel films was grown in the presence of argon at T7°K, in
order to compare the results with those obtained for krypton under similar
" conditions., ‘

The experimental technique was identical to that described previously.
Films were deposited both wunder conditions of constant volume and constant
Pressure,

The thermal conductivity gauge was recalibrated for the measurement of
fhe pressure of argon. (see appendix B)

Argon was supplied in I-litre Pyrex bulbs by the British Oxygen Co, Ltd.
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EXAMPLES OF THE VARIATION IN ARGON PRESSURE

DURING DEPCSITION OF NICKEL FILMS AT 77°K

' Lot \ — — ! PN
All vertical axes : ARGON PRESSURE (torrx107)

All horizontal axes: TIME [(minutes)

5 10



FIGURZ32 PLOTS OF LOG,O(ARGON PRESSURE) AGAINST TIME
FCR THE FILMSOF FIGURE 31
Al vertical axes @ LOG,,| ARGON PRESSURE )
All horizontal axes : TIME {minutes)
[
KL
oo

S FILM 8




o

prouLds (I) TIDFS DEXOSITED A7 T7°K IN THE PRUSEICT OF ARGON, IRDER CONETIt

VOLU T COUDITTIONS

All films in this series were deposited at argon pressures initially in
+the range 2xIOQtorr to 9xldatorr. Vhen the filament current had bLeen
adjusted to the chosen value, normally between 6,5 A and 7.5 A, the pressure
vas observed first to rise because of the raising of the temperature of argon
in the film vessel by the hot filament, and then to show an apparently constant
rate of fall with time while the filament current was maintained constant.

The various patterns of behaviour which were observed afe shovmn in the
pressure against time plots of figure 3I, In the later stages of depositioxn,
some acceleration in the rate of pressure decrease was observed for particularly
heavy films, such as film IO, One film, No 30, showed a slowing in the rate of
pressure decrease below IOqtorr, but a plot of logarithm(pressure) against
~ time vas not linear, The failure of similar plois for the other films of this
series, (see figure 32), demonstrates that the linear pressure décrease withtine
is genuine, as distinct from an expomemtial decrease observed over an
insufficienﬁlj long range for the curvature to be apparent.

The rate of argon pressure decrease was invariably much less than the
observed initial rate of krypton pressure decrease for a film deposited at the
same gas pressure and rate of nickel deposition.

Vhen these films were allowed to attdain room temperature, about one half
of the argon incorporated at 770K was released within a few minutes. (see
figure 33) No further release could be detected over a period of I2 hours.

All films appeared black at room temperature, and were indistinguishable
in appearance from those deposited in krypton.

Data on the films laid down in argon under constant volume conditions are
Swmnarised in table I4.

A plot for this series of films, of the rate of argon pressure decrease

against the rate of nickel deposition, is showm in figure 34.

‘
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PADLE T4 TUCCRVCRATIQN OF /MMCOIT BY FILLS DEPCSITN AT 77°%K LDER CONSTANT

VCLU T, COIDITICHS

. PN . . =)
rate of nickel deposition in mg min

PR = the pressure range of argon dwuring deposition of the film
ko = the constant rate of decrease of the argon pressure (torr minm™)
FIL} No VEIGHT(mg) d PR (torr) X,  LINBARITY
. . 2 .
3 33.0 1,67 8,75%I0=5,05%xI0 I.85xI0°%. LIINRAR
o ~3 -
7 42,9 I.9I 7.85x10=3.55xI0 I1.96x10° ACCEIERATION IN
| LATER STAGES
8 21,6 2.36 7.75%xI0=5,20x10" 2.78x107 LINEAR
9 52.I 0.96 7.55%I0~2,85%I0° 0.87xI0™ ACCELERATION TN
_ LATER STACES
-1 -
10 £1.0 T.67 8.00xI0~4,I0xI0° I.59xI0~ ACCEIFRATICN IN
LATER STAQES
2 R -
11 I3.7 2,57 7.60xI0-5.82210" 3.54x707°  LINEAR |
-2 - . :ﬁ
13 18.9 2,12 8,I5xI0-6,I0xIC 2,30x10™°  LINEAR |
16 7.5 3.57  6.66x1025,92xI0° 3.62x10°  LINEAR
30 24.8 3.28 2.96xI10-3.5x10° 3.46xI0”°  SLOVING IN ’
LATER STAGES ‘
36 26,0 3.I2 2.,52x10~8,2xI0°° 2,05x10 LINEAR it

The plot of figure 34 indicates a linear relationship betwen the rates of
argon pressure decrease and nickel deposition., Since all films were grown in

systems of the same volume, under reproducible conditions of temperature, this

suggests that a fairly constant atomic ¥ of argon atoms was incorporated in to
this series of films, The line dravm in figure 34 corresponds to the mean

value of 0,I7I atomic ¢ of argon.

/

The scatter of the points may be accounted for by the uncertainty in the

time of onset of nickel deposition, the unavoideble variation in film vessel

size and temperature gradients, the wnknown effect of variable filament geometry,

and the adsorption of argon on the light bake~out film present in some cases.

Assuning as in the krypton work that the pressure in the system at any

instant is proportional to the amount of argon in the gag phase, it is possible

0 calculate the gquantity of argon incorporated in to the complete film at 77°K

from the ratio of +he theoretical initial pressure (obtained by back—



FIGURE 35 THE ATOMIC % OF ARGON HELD BY A SERIES OF
NICKEL FILMS, la) AT 77°K. | |
(b) AT ROOM TEMPERATURE.
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extrapolation of the linear pressure plot to time zero) and the pressure &t the
instant wvhen deposition ceased. The validity of this caloulation is assessed
in ap?endix Ce

Vhen nickel deposition ceased and the temperature in the film vessel
dropped suddenly, the pressure of argon in the system did not become steady.,

On the contrary it was observed to fa2ll rmuch more rapidly than during the
deposition of the’film to give a low equilibrium pressure, as in the case of
krypton. For example, the filament of film 7 broke when the pressure was 3,55xI0
torr, and within ten ninutes a new equilibrium pressure of 4xI0%torr had been
established,

Even after 75 Toepler pump strokes, with the film still at 77°K, appreciable
gquantities of argon could still be recovered from the film vessel and
transferred to the Mcleod gauge, Eecausé of this effect, the quantity of argon
incorporated in the film at 77°K could not be measured directly. As in the
case of kryplton, the value was obtained from consideration of the pressure
at the end of the depositiom period.

However, a limit to the quantity of recoverable argon was quickly
reached when the film had been allowed to attain room temperature (approximately
295°K); Thus the quantity of argon retained by the film could be calculated
by subtraction of the amount recovered from the measured initial gquantity of
argon,

In two cases, the initial guantity of argon was not measured before
deposition commenced, because the films (No 30, No 36) were grovm in order to
determine whether the rate of decrease of argon pressure with time would be
linear in a region of lower pressure, At the time of deposition, only this
Information was recorded. The quantity of argon incorporated in to these films
vas calculated from the pressure/quantity relationship presented in appendix C.

The quantity of argon held by this series of films (a) at 77°K, and (b) at
295°K, is given in table IS, A plot of the atomic % of argon in the films at

these temperatures, against the rate of nickel deposition, is showm in figure 35,



FIGURE 36 VOLUME OF ARGON TAKEN UP BY NICKEL FILMS
DEPOSITED UNDER CONSTANT PRESSURE CONDITIONS
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TALIE EEADINGS ¢ INC = the cuvantity of argon incorporated in to the film
; during deposition (unoles)
RET = the cuantity of argom revained by the film at 295°K
mnoles)
§3~$ = Ghe percentage of the argon which, having beew
iACO““ ate at T7°K, was retained at 295°K

" L) Of-
v ¢ argon in the f£ilm at 7
atfh 295 = the atomic % of argor in the film at 295°K
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g I.24 0,678 55 - 0,140 0,077

10 I.14 0.5T4 45  0,T64 0.074

1
il
(@]
L2

Ul
)]
™
©

N
N
N

Al 0.I74 0,077

=1
o2}
O
Q
N
H
—~
Q
-
(@]
O

50 0.I7I 0,091

M
O
(@
L]
—~3
—

N

|
|
@]

°
—
o

O

|

ASN}
(@Y
o
L
I
(@)Y
wn
|
!

0.I05 -

i

AT 77°K I¥ THF FRESENCE OF ARGON, UNDER CONSTATIT

=
¢ ~«
-
-3
(o]
L~
N
I

H
ol
&
-
=
5]
O
9]
3
5

FRESSURE CONDITTONS

Four films were deposited in the presence of argon at selected comstant
pressures in the range 5.12z2 LO torr to I, 95AIO torr. The rate of argon uptake
invaria®bly accelerated during the period of film deposition, Two examples of

this behaviouwr are shovm in fizure 36,

,

Data obtained from these films are given in table 16 e values of Tthe

¢

argon ¢ nicizél collision ratio which are quoted in this uable, were calculesed

in the sanc way as the values quoted previously for the krypton. < niclel
collision retio. (see appendix H) In the case of argon the theoretical treatment

:

leads to the expression:

2 - _ 5
= 1.6z I0
o8
P is the constant pressure of argon in torr, and d Is the nickel deposition
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L plot showing the veletionship bebween the Arilli collisionm rebic end the

atonic ﬂ of argon incorporated during devositioxn appears in figure 37.

TATIE T6  TICORDCRATION QF ANGON RY FILUS DEPCSITED AT 7 TR COUSTI

T COIDITIONS (headings as for table I5)
TILN Mo VEBIG(mg)  a(mg miw')  P(torr) | IIK at 77 ArsUi COLLISION
PATTO

o4 27,3 0.83 3,12%I 0,734 0,158 6.,0:70"
26 33,7 2,25 3.12x10 1,04 0.182 2.2x10°
52 36,0 2,02 T,65xI0  I.60 0,261 1,3270%
56 9,0 0.70 I.95%I0 0.525 0.34I £,5%10%
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pressures of krypton. It wes ounly at such, high, lryvpton pressures that film
weights were found vhich aprroached those recorded for argon,

. of argon incorporzied

Lam cnst R4 3 A P L Ty KN - ne S
15 v & serieg of films LEPOSITE Witey consmnaeny volume conditions apnsared To

I"\ . ‘ﬂ N - ST A
cn ratio., The value of +the

[N
(@]
O
)
-
I,J.
g_r.

commencenens of deposition.of film 9, to I70 at the end of the depositicn

period of film 30, Despite this variabion, the atonmic ¢ of argon incorgporated

g
in to these films appeared to be coustant, (see figure 34)

The atomic 7 of argon measured for films 24 &nd 26, which were deposijed
mder constent pressure conditions, was similar to that for the series of £
deposited uvnder ccnstent volume conditions, Ecwever the value found
52 and 5 Thich were deposited et higher values of Tthe Ar:Ni collision ratic
vas larger in both cases.

These results may De explained if <there are vpresent on the surface of the

I1n a limited number of adsorption sites vhere the sticking probability is

- .

very high, and a number of sites vwhere the sticking probability is much lower,

Therefore all of the Tirst type of sites would be occupied at the point vhen they

ere buried by nickel atoms added to the film, so long as & certain minimunm
amount of argon is available, Vhere more argon is available, some of the other
sites may be occupied at the time of burial, leading to an enhanced anouwnt of

incorporation for high velues of the Ar:Ni collision ratio.

o evidence for this effect was found in the case of krypton, This is

surprising, bvecause any site capable of adsorbing argon would be expected to
algord lmypton more readily,
T2 e a2 N - TR e e e B - oy ot «
Is is not clear from the results presenved above, whether the atomic &
of argon reteained by a series of films at 295°K is a constant, or whether it
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In sumnary, it has been established that argon may also be incorporated
in to a nickel film during its deposition; it is possible that the surface of
a growing nickel film is more heterogeneous with respect to the adsorption of
argon than to the adsorption of krypton. The quantity of argon incorporated
ig much lower than the corresponding quantity of lkrypton.

The difference in the quantity of incorporation must be related to the
tendecies for the two gases to enbter the intermediate adsorbed state. Evidence
has been presented to show that this state has features of chemisorption,

If the nature of the adsorbed state approximates to physical adsorption,
then at any given temperature the tendency for krypton fto enter it will be
greaver than the tendency for argon to enter it., The physical adsorption of a
ges 1is akin to its liguefaction; multiple layers of molecules are formed at
tae surface. The tendency to physical adsorption of a gas is therefore
related to the tendency to liquefaction, that is; the vapour pressure, No
evidence was found for incorporation of krypton in to nickel films deposited
2t I95°K or 273°K; +his may be due to negligible physical adsorption et these
temveratures., Alternatively, the number of adsorption sites may be smaller az
higher temperatures, owing to the greater mobility of nickel on the surface,
vhich leads to a film with a iower concentration of defects,

It was therefore decided to attempt to imtroduce krypion in to nickel films.
during deposition at a temperature selected so that the vapour pressure of
krypton approximeted to that of argon at 77°K, to find what changes might be
brought about in the incorporation of krypton,

Clausius—Ciapeyron plots of vapour pressure against reciprocal absolute
temperature were constructed for argon, krypton, and xzenon, from literature
values of the vapour pressure (III). It was found that the vapour pressure
of argon at T7°K is equal to that of kfypton at JO8°EK, and that of xenon at
118°x,

A means of maintaining the substrate temperature at approximately I08°K

¥as now sought; it was found that the melting point of isopentane is TI3°K,



FIGURE 38 INCORPORATION OF KRYPTON DURING DEPOSITION
OF NICKEL FILM 15 AT 113°K
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In view of the approximations involved in relating vapour pressure to physical

©Orr

adsorption, this temperature was held to be close enough to I087XH,

A

I

e

guantity of isopentane was solidified in a Dewar flask by pouring
liguid nitrogen in to a copper tube clamped within the flask. This Dewar flask,
containing isopentane slurry, was used to maintsin the temperature of the walls
of the film vessel at II3°K during the deposition of two nickel films under
constant volume conditions. It should be noted that the actual temperature of
the film during the deposition process will be higher than II3°K by an
wlknown gmount, as iv was previously higher than 77°K.

In both cases incorporation and retention of krypton were observed, dbut
the guantities were very much less than for krypton at 77°K, and also lower
than for argon at T7°K. The rate of fall of krypton pressure with time was
apparently constant, and a plot of logarithm(pressure) against time was not

linear.(see figure 38) Data obtained for these films is presented in table I7.

TABLE I7 INCORPORATION OF KRYPTON DURING DEPOSITION OF NICKEL FILIS AT II3°K

FILI No  WEIGHT(mg) d(mg min™")  ko{torr min') atf II3 atd 295
15 36,0 2.86 8,69xI10°“ 0,063 0,037
6 20.6 3.69 12.8%10°" 0,065 0.03T

The atomic % afkmyﬂwﬂimcorporated in to these films at II3°K is
approximately one third of the value found for argon at T7°K. Considering the
ucertainties involved in assuming that physical adsorption at any temperature
nay be related to the vapour pressure of the adsorbate, and that the theoretical
temperature of such equivalence would be I08°K, the agreement with the argon
results is striking. Certainly the kinetics and gquantity of krypton incorporation
at II3°K resemble those of argon at T7°K more closely than those of krypton
2t T7°K.

However, the actual temperature of the surface of the film during deposition
Vill be higher than II3°K by some amount, and presumably in the range of
tenperature which corresponds to the fastest release of krypton from a film
grom at 77°K. Therefore; the results could be explained by the generation of

“

less adsorption sites at this temperature,
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One film, No II3, was deposited under constant pressure conditions, with
xenon as the inert gas, and with the film vessel maintained at I85°K by neans
of a Dever flask containing solid CO,, acetone, and some acetone ice. It has
previously been stated that the vapour pressure of xenon at IT8°K is equal %o
that of argon at T7°K.

Xenon was supplied in a I-litre Pyrex dbulb by the British Oxygen Co, Litd,
It was found that the thermal conductivity gauge was insensitive for the
neasurement of xemon pressure, owing to the low thermal conducﬁivity of xenon.
The pressure of xenon which could be maintained in the system was low, because
a large quantity of xenon was physically adsorbed in the thermal conductivity
gauge, vwhich was maintained at 77°K.

The film was deposited at 2.84 mg min , to a weight of I4.2 mg, in xenon
at 3.2xIdgtorr. Over the five minute period of.deposition, approximately 6x10°
moles of xenon was taken up , corresponding to 0,03 atomic ¢ of xenon in the
film at I859K. This value is not inconsistent with the picture of a physically
adsorbed intermediate if the approximations involved are taken in to account;
and if it is again recognised that less adsorption sites will be generated
at the higher temperature,

It is not possible to geparate the effects of physical adsorption and
substrate temperature, but the results approximate to those which would be
expected if a physically adsorbed intermediate was involved in all cases.

If a chemisorbed intermediate had been involved, then it is conceivable
that the effect of a small rise in substrate temperature in reducing the number
of adsorption sites, might be partly offset by the larger proportion of krypton
atoms which had sufficient energy to enter the activated adsorption state,
because the experiments were nof conducted under conditions of adsorption
equilibrium,

Assuming that argon adsorption approximates to classical physical
‘adsorption, then clearly the results imply that the krypton adsorption state is
similar in nature., However the validity of this agsumption is open to question,
(see section 2.5)

In conclusion, it is evident that the adsorbed state of krypton on the
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grovriing surface of a nickel film at 77°K has several features of chemisorphion:
the aGsorption is partly irreversible, and the surface is heterogeneous with
respect to adsorpiion, A comparison with observations made at higher
tenperatures is consistent with a physically adsorbed state. It is also
suggested that the adsorption of argon shows features of chemisorption,

It was noted that approximately 50ﬂ of the incorporated gas was lost when
films deposited at T7°K in argon or at II3°K in krypton were allowed +o abtain
room temperature, A speculative explanation is as follows, In section 4,I0, it
wes concluded thatv sites of types I and 2 were generated in approximately
equal numbers during deposition of a nickel film at 77°K., Gas held at type 2
sites was taken to be trapped by structural changes in the film resu ting fron
a rise in temperature. The higher substrate temperature for the deposition»of
films in krypton at II3Z°K, and the lesser tendency to adsorption for argon,
may lead to the desorption of all the gas held at type 2 sites before the
onset of such structural changes, The initial occupancy of the type I sites
is so low as to be little effected by the increase in temperature, and thus
roughly half of the incorporated gas is lost in each case, if the site

distribution is similar to that for deposition in krypton at T7°K.

4,I2 INVESTIGATION OF NICKEL FILIIS BY EILCTRON ITICROSCOFY

In view of the observation that nickel films deposited in the presence
éf inert gas at 77°K appeared black and not silver in colour, it is of interest
Tc examine gpecimens of these films by electron microscopy and electron
diffraction in order to compare their microsiructure and lattice spacings to
those observed for a nickel film deposited at 273°K,

FMlns wefe deposited in a modified film vessel.(see figure 39) This was
held horizontal and was sealed on to the system with the narréw section of
tubing open,

Platinum/iridium mounts, 2.3 mm in diameter, were covered with a thin film
of silicon monoxide by the vacuun evaporation of a powder mixture of silicon

and silica,



PIATE I A NICKEL FILM DEPOSITED IN 0.2 torr OP KRYPTON AT 77°K (x80,000)

PLATE 2' THE ELECTRON DIFFRACTION PATTERN OBTAINED FROM A NICKEL FILM
DEPOSITED IN 0.2 torr OF KRYPTON AT 77°K
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The required number of mounts was introduced in to the film vessel
through the open tubing, which was then sealed off, The deposition techmique
wes as described previously. |

After deposition of the film, the film vessel was allowed to attain roonm
temperature, The section of narrow tubing was cubl open and the mowmnts were
extracted,

Electron micrographs and diffraction patterns were obtained using a Siemens
Elmiskop I electron microscope, operated at 80,000 V,

Details of the film weights and deposition conditions are given in table I8,

TABLE I8 FILIS STUDIED BY TIECTRON IICROSCOPY

FILX o VEIGHT(mg) d(mg min™') GAS PRESENT SUBSTRATE TEIPERATURE
51 5.0 0.38 2.09xIO"‘bofr of krypton TT°K
53 9.5 I.58 vacuum TT°K
54 3.8 0.55 vacuun , 273°K
56 9.0 0.70 1.95xI0" torr of argon TT°K

An unnumbered film was grown in order to establish the technique, in
1,99xIC torr of krypton at T77°K, The weight of this film was not taken,
Micrographs in this case were identical to those obtained for film 5I,

Variations between the micrographs for films 5I; 53, and 56, were no more
significant than variations over differemt portions of the same film. They
differed from those for film 54, in that there appeared to be a higher
concentration of dislocations and stacking faults, as evidenced.by the lines
visible on individual crystallites. This appears to be an effect mainly of the
substrate ‘temperature during deposition.

Plafe I. shows a micrograph of film 5I, and plate 3 shows a virtually
identical area of film 53, The micrographs obtained from film 54 were of low
quality, owing to wérping and tearing of the Si0 support film, Therefore, for
Purposes of comparison with the low=temperature films, plate 4 shows =
nicrograph of a ﬁickel film evaporated at 273°K, obtained from another source,

The diffraction patterns for all films showed ring gpacings corregponding

%o the lattice spacings of pure nickel, An example appears in plate 2, Spacing



PLATE 3 (above) A NICKEL FILM DEPOSITED IN VACUUM AT 77°K (x80,000)

PLATE 4 (below) A NICKEL FILM DEPOSITED AT 273°K (x80r000)
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data were calculated by compariscn with a thallium chloride standard,

TAELE T9  LISCTIRCI DIFTFRACTICIT DATA FOR PLATS 2

RING DIAIETER (mm)  DERIVED LATTICE SPACING (A®)  NICKEL LATTICE SpaCcIie (A°)

20,0 2,03 2,024
23.1 ‘ L.76 1,762
32,8 I.24 T.246
3843 1,06 T.062
39.8 1.02 1.017
505 0.80 0.808

A faint ring of diameter 28 mm, corresponding to lattice spacing I.45 Af
mey derive from the presence of traces of nickel oxide, vwhich has a lattice
spacing of I.476 AS This probably resulted from oxidation between the +Hime
of deposition and the examination of the filums,

In no case was evidence found for orientation of the films. It may be
concluded that the crystal structure of a nickel film deposited at 77°K in
the presence of a small pressure of. inert gas does not differ significently
from that of a film produced in vacuum at 273°K. The nickel lattice is not
reasurably strained by the presence of some incorporated ges.

The Dblack appearance of the films docs not seem to arise because of
veriation in crystallite size, and must be at least partly related to the
presence of inert gas during deposition, Film 53, which was evaporated in
vacuun at 77°K, was blackish-silver in appearance, and obviously different
from the black appearance of films evaporated in the presence of gas at T7°K
and the silver appearance of films evaporated at 273°K.

t is not believed +that the time lapse between producing these films and
their exemination by electron microscopy could have resulted in significant
¢hanges in their microstruciure, except for a small amount of oxidation,

Films stored in air remained black and wchanged in appearance for at

'

least six nonths,
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IICTZL PILYS DERC3ITLD IN IMYFION AT T7°K

It was stated in section 4,9 that for a series of nickel films deposited
wnder constant pressure conditions, which showed a variation in atomic ¢ of
rypton at 77°K from 0.33% to 2.97%, the atomic ﬁxof krypton retained on
warning the films ‘o room tenperature was O.25§§i 0.06%. In view of the
congiderable possibility of experimental error, it was suggested that the
actual variance might be rather less.

One of the aius of this investigation was to produce nickel films in which
kxrypton was held homogeneously throughout the bulk of the film, The quantity
measurements quoted above suggest that all films retain a similar quantity of
krypton at room vemperature, regardless of the deposition conditions., If this
is true then it is also reasonable to infer that separate portions of the same
film will retain similar gquantities of krypton, that is, the krypton is in fact
distributed homogeneously.

The quantity measurements were prone to error because it was necessary to
evaluate a small difference between two relatively large quantities of gas.

inother method of looking at this problem is to deposit films in krypton of

a

e

articular specific activity, and to permit them to attain room tenp perature
vhile pumping off gas phase krypton., The net count rate recorded by a Geiger—
uller counter in contact with the film vessel will then be proportional to
the quantity of krypton retained by the film, and may be compared to the film
Vel ght .

Date was obtained in this way for eleven films, including six of the
fourteen on which the quantity measurcments were based. All were laid dovm in
5(5Kr. A plot of the quantity of krypton incorporated in to these films at
TT°K agains® film weicht is shovm in figure 40, and a plot of the measured
film radiocactivity at 295°K against film weight is shown in figure 41,

Table 20 contains the relevant data.

.



RIS 20 RADIOACTIVINY ITIASIRDITEITNS O FICIHT, T'IIE

71 Tlo atl 77 TEIGHT (ng) RADICACTIVITY  SPECIFIC ACTIVITY

AT 295°K(cpm) AT 295°K(cpa ng )

5T I.II 3T | 1605 434
60 2.19 2,I 680 324
61 3,30 3.2 780 244
63 3,13 569 2144 364
64 2.87 6.6 : 2629 398
65 2.57 544 2998 555
70 2.25 ‘2.2 1020 464
76 I.5I 3.1 923 | 298
86 2.89 1.5 . 666 444
87 1.97 2.5 III12 445
88 2,42 2.3 960 C AT
FEAN 399 £ 83

The principal error in the measurement of radiocactivity by fhe 'touching
comnt’ method was likely to be variation in the counting geometry.

It is apparent from figures 40 and 41 that the scatter of the points is
less for the plot of the radicactivity measurements aﬁ room temperature, The
lines drawn on each plot represent mean values for the plots. That there is an
apparent relationship between the quantity of krypton incorporated at 77°K
and the weight of a film, arises from the relatively small spread of atomic &
of krypton at 77°K for the films considered., The standard deviation of 83 on
the meen velue of specific activity, 399, represents 22¢; of the mean value,
If a relation actually existed between the quantity of krypton incorporated
at T7°K and the weight of nickel in a film, then the staendard deviation from
the mean value would be 28N; which is appreciably larger.

Thus the conclusions made from measurements of the gquantity of lrypiton
retained at room,temperature by nickel films are supported by messurements of
the~radioactivity of a series of films,

It is of interest to note that the activity values for two ng deposite
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wnder constent volume conditions, where the pressure dropoed to a low value
during the period of deposition, are less than tie mean value of specifi

3

activity obtained above, These values are given in table 21,

PAPIE 2T RADTOACTIVITY IBASUREITHTS FOR TWO FILIS VIERE THE AVAITLABILITY OF

iRt PTON DECREASED DUING DWPQS TIOL
FRYPTON DICREASED DUING DEPOSITIO!

&=

FILE No  VEIGHI(mg)  RADIOACTIVITY(cpm) SPECIFIC ACTIVITY(cpm ng)
2 3444 13,057 379
4 40.4 5,864 46

The initial pressure for film‘2 was 9x101torr, and that for film 4 was
3.6xIdatorr. It is reasonable to suppose that the lower specific activity
registered for film 4 arose because a larger proportion of the film was laid
dovn uncder a very low krypiton pressure.

4 more direct method of investigating the distribution of krypton within
films was now sought. It was decided to dissolve films slovly in acid, vhile

nonitoring the quantiy of krypton released, the film activity, and the

concentration of dissolved nickel,

APPARATUS ATD FEXPIRTTNTAL TECHNTOUE FOR DISSQLUTION EXPRRIIENTS

It was necessary to redesign the film vessel for these experiments, Vessels

were made with a BI9 cone at the top. Filaments were attached to tungsten
leads in a BI9 socket wit which was Jacketed so that water could be passed
through it to cool this section during the high-~temperature degassing

procedure, The two sections were assembled as shown in figure 42, the joint
being greased with Apiezon L grease, and the whole unit was glassblowm on to
the vacuun systen in the usual manner via the narrow side-arm tubing, The wide
side-arm was closed with a greased stopper, and the degassing procedure was
carried out as usual,

The volume of the vessel was not significantly different from those used

‘
Fa i 1

rreviously, The kinetics of deposition were not altered by the use of thi

o]

e of vessel.

On completing treatment of the film, the two parts of the vessel were
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separated; and the film vessel was joined in to the simple flow system shown
in figure 43,

Nitrogen was passed through this system at a rate of 50 ml min, The rate
of flow was measured by the time taken for a soap bubble to pass between two
marks on the calibrated tubing,

It was found that filling the film vessel with distilled water by way of
the side arm produced no effect on the background activity registered by the
flow counter, but produced a slight decrease in the activity registered by the
parallel cownter, This was probably caused by the shieldihg effect of the
waters

However when the distilled water was removed, to be replaced quickly by
0,125 M or 0,25 M nitric acid, the radioactivity of the film began to drop
and after a few minutes a corresponding rise in the activity of the gas stream
was noted, In two cases, I ml samples of the acid solution were taken during
dissolution by inserting a pippette through the side~arm in to the bottom of
the film vessel, I ml portions of acid were immediately added in order to
naintain the volume of solution, The continuous flow of gas bubbles through
the solution had the effect of stirring it and maintaining its homogeneity.,

fhe portions of acid solution which had been»withdrawn from the film vessel
were neutralised With(ammonia. Bromine water and a saturated solution of
dimethylglyoxime were added, in order to form the red-brown Ni'-dimethylglyoxime
complex, The samples were mﬁde up to 20 ml, and the optical density was measured
after allowing IO minutes for the colour to develop, An Eel colorimeter with
& blue filter was used.

No calibration plot was made for the nickel estimation, The final value of
optical density,corresponding to the dissolution of all the nickel in the film,
vas calculated from the measured optical density at this stage,which was
corrected to compensate for the removal of a small quantity of nickel in each
'of the earlier samples, It was assumed that, at the concentrations used, the
optical density of the solution was proportional to the concentration of
nickel (50), Thus the ¢ nickel dissolved could be calculated from the optical

density if alldwanceAwas made for the removal of earlier samples,
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In coses where solubtion samples were not recuired, a film vessel withoutd
the vide side arm vias used., Here the measured quantity of acld was poured in

to the film vessel immediately before the BI9 cone was pushed home in to the

BI9 socket of the flow systen.

RESULSS OF T¥s DISSOLUTICN FXPERIITEITS

Films (0 and 65 were dissolved in 0,25 M nitric acid, Samples of solubion
vere withdravn and analysed colorimetrically. The results of the analyses were

consistent, (table 22)

TABLE 22 COLORTIETRIC ANATYSES FCR HICKETL

TILI To VEICHT(mg)  CORRECTED 0.D. OPTICAL DEHSITY
(COLPLETE DISSOLUTION) TR IGHT
60 2.1 0.069 0.033
65 5.4 0,169 0,031

The small discrepancy may arise from weighing errors, or from the fact

he optical density values are themselves low and error-prone,

Fan
&

ot
ct

The results for film 65 throughout the period of dissolution are given in

table 23,

TAZLE 23 DISSOLUNICH OF FILM 65 BY 0,25 M HITRIC ACID

SAIPLE To fIﬁE W ITHDRAV IMEASURED 0.D. CORRLCTED 0,D. % Ni DISSOI#ED
A I min 20 sec 0,018 | 0,018 II
B 5 min 20 sec 0,063 0,064 38
C 9 min 00 sec 0.095 0.098 58
D I2 min 45 sec 0.129 0,136 ‘ eI
E I6 min 30 sec 0.I3I 0,143 o 85
e 40 min 00 sec 0.I52 0.169 - 100

(The two samples F and G were of optical density 0.I5I ané 0.I53 respeciively)

All sign of uhe £ilm had disappeared after approximately 25 minutes,
mm.

The carly semples for f£ilm G0 showed the same trend as these results, but

1% was not possible to corroborate the findings over the whole range. In this



FIGURE L5 FILM AND GAS STREAM RADIOACTIVITY DURING
DISSOLUTION OF FILM 64 BY 0425M NITRIC ACID
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Tfowid that only sufiicient dinethylglyoxinme solution vas being

case 1t o

[V

added to the samples o complex nickel corresponding to apyroxinetely 307
dissolution of the film. This became obvious in time to add excess
sinethylglyoxime to the last sample.

During the dissolution of film 65, the radicactivity of the film vessel was
measured by the parallel counter, and showed a rate of decrease which was
2lmost identical to the rate of dissolution of the Tilm, (see figure 44)

T

ILatterly the film stripped from the walls of the vessel, so that some
undissolved film became more shielded by the solﬁtion. This may account for
the discrepancy in the readings for sample B,

The activity of the gas sitream rose for six minutes, remained apparently
gteady for Tive minutes,; and then decliﬁed.

Vhen nitric acid of lower sirvength (0.I25 Ii) was used to dissolve film 64,
vhich was somewhat heavier (6,6 ng), the ges stream activity showed a
pronounced plateau from six minutes to twenty minutes after dissolution
cormenced, Over one hour was required to dissolve this film completely, The\

film remeined on the walls of <he vessel throughout dissolubtion, Figure 45

shows . the variation in the radicactivity of the film and the effluent gas

’

stream, The presence of the plateau, showing an approximately consteant rate
of krypton releese with time dwring dissolution, also supports the idea thatl
krypton is homogeneously distributed throughout the film.

Agsuming that there is a delay of some seven ninutes between krypton
release during dissolution and its arrival at the gas counter, it is possible
to relate the radioac%iﬁiﬁy of the film at given time to the sotal quauntity of
rypton (accumulated gas flow counts) which has passed through the gas cowater
seven minutes later, This time lag shows that after release from the f£ilm,
krypton is dissolved first in the solution, and is then swept cut by the

flow o

Hhy

nitrogen, Vhile the krypton is held in the solution, it is effectively
totally shielded by the solution.

Fad

The data obtained during the dissolution of film 64 are given in table 24,



. - o ——— T oM N N e T s myeme T TP T A <
DUTOUICHT O i BI7ID DADTCADTIVILY 00 o) 0TAL RUDI0 CRIVINY on
FATTIY TOTYST TN LY AT ATT TRTIT T TR - ST TAYTT I L2
WIDL RFERTULTY GAS DRTATT DIRTIIG UTE DISECLUTION O DIT0C 64

3

TABLE HDADINGS ¢ I'C = the radlo%cuv1 v of the film in cpn
CF = the ¢ p decrease in the iln radiocactivity at given +time
GC = the total accuwmwlabed gas stream count in cpm x IO, seven
minu es later in time :
& = the % of the accumulated gas cownt, corresponding to all
of the krypton in the Lllm, vhich is represented by GC

TLE(min) FC oF GC e
0 26768 0 1515 16
'3 2010 25 2480 27
6 I552 42 3605 39
9 1196 55 4730 51
2 990 A 62 - 5755 | 62
15 826 69 6535 70
18 : 612 75 7180 7
21 498 eI 7682 82
24 328 87 8030 _ 86
27 224 91 6294 89
30 | 208 92 8486 9T
36 124 96 8748 94

These results may all be summarised as follows: dwring dissolution of a
nickel film in acid, the amount of Lkrypton released by the film is proportional
to the amount of nickel dissolved. This is derived. from the observation
in the case of film 65 that the amount of krypton retained by the film Is
proportional to the quantity of nickel remainihg undissolved. Both of these
facts show that krypton is homogeneously distribubted throughout the film,

The major error in the measurement of the total accumulated gas counts
ves likely to be the dead time correction, since for a cdead time of 500 s,
the counter would be %dead' Tor up to 45 seconds of a minubte in some cases.,

This problem could be overcome by using diluted ¥Kr of lower specific activity,

o~

tut this would meke it impossible to monitor the radicactivity of the filnm

viroush the walls of the f£iln vessel using the parallel counter,
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The totval amount of accunulated gas siream counts over th

u

=

Hy

of dissolution represents all of the kryptonr held by a film, The resu o

O}

this measurenent for four films are given in table 25, They are consistent
with the observations made by quantity measurements and the parallel count
method, in thet the quantity of krypton held at room temperature by a series of

films is proportional to the weight of nickel,

TPressure conaitions. Since the anount of krypton within £ilm 4 varied with . . .
—_—T ALY G U PR AWR Y l/UL-JlJG.L CLULLL VidChad Ll L Laudis i g WAl di YPCu \).leUQ_L ULl LLLUO o \/UA*Q U\.u&(; v
- — mMmras i T i - 1 -~ -‘
pABLE 257 DOTRL ACTIVITY OF TOWR rich PSS SPECIFIC ACTIVITY (counts ng )
- —n [
61 Sel 4 ,04xTI0 I,26xI0
‘ 6
63 5.9 8.,66xI0 I.47xI0
6 6
64 6.6 9¢33xI0 . I.4IxI0
6 Crao. 6 b
5 5.4 9.IU.4CIO IQ7OXIO

MEAN  T.46xI0° * 0.16x10°

It is adcepted that the experimental errors involved in each of the
technigues described in this section are quite large. Nevertheless, the evidence
for the homogéneous distribution of krypton throughout these nickel filums is
consistent,

The exceptions to this general rule arise because the lower availability of
£ the deposition process may result in most of the
adsorption sites in the later—dépositg@\gortion of the film being vacantv when
deposition ceases. It must therefore be concluded that during the werming of a

film, migration of lrypton from a site which has been destroyed,owing to the

' .

rise in temperature,to a vacant site, is not favoured., Otherwise, krypton

xpelled from those portions of a film where the concentration exceeds the

ol

equilibrium value for the particular temperature, might migrate to portions of

.

the film where the concentration is lower. In fact such krypton is released to

oL - ~ . e . R} . o
the gas pnase, This finding is supported by the observation that on further

L

heating above room temperature, film 4, which was deposited wnder constant

‘

volunme cond ons, invariably retained a higher proportion of the krypton

2

L wmder constant

H.
ci-

€

-

Present at room temperature than did film 70, which was deposis

Pressure conditions. Since the amount of krypton witnin film 4 varied wi



FIGURE 458 PLOT OF CORRECTED PRESSURE AGAINST TIME
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the film wes below the eguilibriw concentration
of rypton at that temperature, so that no krypton vwas lost fron thisz fraction
of the filn,

o

Axnother illustretion of this point

|52

s vprovided by a more detailed

consideration of the thermal release of krypton fron £ilm 39.(see section 4,.9)
This £ilm wes laid dovn initially in 5(%ir, and later in inactive krypbon.

The first period of decreasing pressure in figure 46 represents the
oy

incorporation of 5%§Kr; at 5% ninutes after deposition commenced, the reservoir

~

ol / Ky was ﬂ'e"olacea in the system Y a reservoir CO..’luc,l.llﬂS inactive _Z"'")JC-_.

4

The second period of decreasing dressure correspounds bo the incorporaticn of

inactive lrypton, vlus a small amount of 7”1“ which was left in the film vessel.

&

f
I

Both parts of the plot have been back-exirapolated to compensate for the initinl

temperature changes in the systen.

Figure 28 shows the proportion of the krypton which was incorporated (a)
before, and (b) after, the time of changeover, that was subequently released
during e slow rise in temperature, Approximztely twice as much inactive krypton
as &ct¢ve krypton was released up Lo roon temperature.(A total of 327 of all
the Lrvpuon incorporated at 77°K, was released up to room temperature)

It nas already been stated that under the conditions of deposition used for

this film, the quantity of Lrypton incorporated in to the film will be
proportional to the pressure of krypton.(section 4,8) Thus the area below

a plot of pressure against time will De proportional to the total amount of
krypton incorporated. The total area above the dotted line in figure 46 thus
corresponds o approximately %2% of all the krypton in the film, This area

is divided in to two parts, one corresponding to active krypton and one o
inactive krypton. The ratio of these areas is also approximately I : 2,
Therefore the release of krypton from this film is explained as the release of
krypton from the parts of the film in which it is most concentrated., A more
€xact calculation, is not presented because it is not certain lLow much the

o o

Systenm Yoz actu 21ly disturbed by the substitubion of oune reservoir for another
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she onset of

frapped within the filnm owing +to strucvural chan
to & genuine veriation in the atomic ¢ of krypton at room temperature, It has

Leen sungested that the particuler quantity trapped will be determined o

reovective rates of thermal desorpvion of krypton, and of structurael changss in

$he film, Lt different rates of warming these processes mey be effected
wegually, If this effect was present; i7 was not detectable within ths Linits
of the technigues used, However, the effect may contribute To the scaiter of
the points in the varilous »nlots in Tthis section,

4. 1L CQICLT OF FRYPZOU BY FICIEL PILS

Vhen nickel films are deposited in the presence of krypion at 77°59

k] -

Irypton exnvers sifes in the growing film by way of an internediate adsorbed

guate Which has features of chemisorptiocn. The adsorption is partly irreversible

'

is epperently heterogeneous with respect o it, However, &

g

and the surface

comparison with results obtained at a higher subsirate temperature, shovs
¢ifferences vhich may be intervreted in terms of the effect of temperature on

& physically edsorbed state, Assuning that the kinetvics can be intervreted on

the basis of the chemisorbed intermediate, it has been shown that the s

)

wrobebllity of krypton on the growing surface is approximately 3.2 lIC The

lifetize of the adsorbed state on the surface is in the order of seconds,

Approxinetely I6 nickel atoms are required to produce one kryvion adsorption

&}

gite,

On werming the £ilm, much of the krypton is lost; mevertheless aporeciable

0]

g
ok
12

ties of krypton are retained even at S00°K. The thermal release process

-

operates in such a way thet krypton is lost oreferentielly from these sectlons

o

of the Film where it is nost concenirated, This results in a levelling out of

4T A - L KRR ~ o ERP IR el Lo o e mon e b £~ R .
e concentration, of irypbton throughout the film, Eventuwally at cach teiperature
2 : camm ] k] FORE- BN S 3 - [E TR I, SR ~ R B
& onceniration is reached, snd twhere is no fursher release of lxywton

z
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resemble solid kryptonates. At room temperature, the atomic % of krypton in
nickel films is a constant at 0,25%, within the limits of experimental error.
The lattice structure of the films prepared by this method is not significantly

different from that of films deposited in vacuum at 273°K.




CHAPTER 5

DEPQSITION OF FILLS OF COPPER, PLATINUM, PALLADTUM, AND IROI,

IN THE PRESENCE OF KRYPTON AT 77°K
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CLiTER 5{a) DRFO3SITION COF CODERR FILKS IN THE PRESENCE OF KRYPTON AT T7°K

rz(a/.i COPLILR TILID; LXPIRIILITAL DOTATLS

Copper films were evaporated from filaments cut from 0.57 mm diameter copper
wire. Lengths of this wire were predegassed in vacuur by passing a current of
5.7 A Tor three hours, followed by a current of 6,2 A for ome hour, which
ftreatment resulted in s light film being thrown in the degassing vessel,
Filaments Wefe approximately 220 mm in length, as in the nickel work,

All copper films were deposited in a modified vessel similar to that used
for the nickel dissolution studies; but with no liquid-sampling side-arm, The
uge of a water-cooled greased joint made it possible to remove a completed
film from the vacuum system, and to locate it in a gas~flow system., (see
chapter 6)

The assembled vessel was joined to the vacuum system, and evacuated. It was
then degassed at 770°K, with a current of 5.5 A passing through the filament.

Films were deposited at T7°K, using filament currents in the range
8.3 A to 9.5 A,

It was found that current control was much more difficult to achieve than
in the case of nickel; both slow drifts and sudden jumps occured, so that
continuous monitoring was necessary.

Quantities of incorporated krypton were calculated as previously. Film
weights were generally very low compared with those of nickel films, resulting
in large weighing errors., Accordingly film weights were normally taken
colorimetrically. Copper was converted to its complex with biscyclohexanone
oxalyldihydrazone., A calibration of the optiéal density of the resulting
solution, against its copper concentration, was prepared us;ng‘an Lel

colorimeter with a red filter, Details appear in appendix F,

5(a).2 DEPOSITION OF COPFER FILYS

All films were deposited under constant pressure conditions. Plots of the

Wantity of krypton incorporated ageinst the quantity of copper deposited



FIGURE 47 VOLUME UPTAKE OF KRYPTON AT CONSTANT PRESSURE
DURING DEPOSITION OF COPPER FILMS 69 & 78
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were usually bub not always linear, Figure AT shows the volume uptake of
krypbton by £ilms 69 and 70. The cases where non-linear uptake was observed, may
be explained by the difficulty in controlling the current, mentioned in the
previous section. It is believed that the non-linearity arose because of a
genuine variation in the rate of copper deposition. Data recorded for this

series of films appears in table 26,

MAEL

5]

26 TRE3ULTS OF IRYPTON INCORPORATION DURING DEPOSITION OF COPFEGR FILIS

Il A CONSTANT PRESSURE OF KRYPTON AT T7°K

FILI o VEICHT(mg) — d(mg min) P(torr) at$h T7T  Kr:Cu COLLISICH
| _ RATIO

67 0,40 0.8 4:6OxIO.l not measurable

69 wcertain - 4,25%I07 - -

71 0.87 0,063 3, 46x10° 4.60 6.4%10"
74 0.90 0,073 3, 75x10™ 4,95 6.,1x10"
75 uncertain - 4,50xI0™ - -

7 0.9* 0.05 4.,00xI0°2 4.14 9.6x10*
78 1,10 0.032 .  3,85xI07 4,90 1.4x10°
79 1.30 0,057 £4.,50xI07 4,61 9.5x10"
80 0.75 0,115 4.45x10" 3.15 4.7x10*
81 0.16 0.018 4,12x10™ 5.0 2,6x10°
82 0.19 0.016 2.45x107" not measurable

83 3,38 04440 4.24x107* 1.58 I.2x10%

*ietermined from the loss of weight of the filament

The Kr:Cu collision ratios were calculated on the basis of the method
outlined in apvendix H, It was assumed that the temperature of gas in the film
vessel was similar to that for the nickel films, The theoretical treatment for
copper leads to the expression below,

Kr:Cu collision ratio =< x L2 x 10°
P is the constant pressure of krypton in torr, and 4 is the deposition rate

of copper in mg min,

The deposition periods for films 67 and 82 were too short for the quantity
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of lrypton which was incorporated~ﬁo be neasured, The filament broke in each
case before the end of the short period corresponding to the warming of gas in
the system by the hot filament,

The weights of films 69 and 75, as determined by colorimetry, were
inconsistent with the loss in weight of the filmaments. The values were:

FILIC Fo WEIGHT(filament loss) VEIGHT(colorimetry) ATONMIC ¢ KRYPTON (77°K)
69 I.0 ng 0.6 ng 6.9
5 1.5 ng | 0.4 ng 8.7

The weights determined for all the other films were reasonably consistent
for the two methods, The values for films 69 and 75 are ascribed to experimental
errors,

The plot of the atomic § of krypton incorporated during deposition at T7°K
in fo this series of films, against the Kr:Cu collisiom ratio, is shown in
figure 48, This plot is very similar to that for nickel (figure I8)., The values
for copper are somewhat higher in the region of Kr:Cu collision ratio = IO?
but in view of the experimental errors, this is not believed to be significant,

Vo attempt has been made to evaluate the parameters p, g, and S for copper,

5(a).3 THERIZAL RELEASE OF KRYPTON FROK COPPER PILES

On warming these copper films to room temperatwre (approximately 295°K),
nost of the incorporated krypton was released, It was not possible to obtain
reliable measurements of the quantity of krypton retained at room temperature
by the gas-volumeitric method. This may have arisen because the guantity of
krypton retained was very small, It is also believed that the copper wire was
not degassed completely before deposition of the films., Even after two hours
at a current of over six amps, resulting in the deposition of a fairly heavy
beke-out film in the degassing vessel, it was found that gas was still being
released from the wire in some cases, The degassing treatment had to be
C‘411"6:73‘:'1.lled.in order to leave a sufficient thiclmess of filament from which
%0 evaporate the film. Any gas vhich is left behind in the filament, and which

is released during film deposition, will contribute to the errors in quantity



FIGURE 49 PLOT OF RADIOCACTIVITY AGAINST WEIGHT, FOR
COPPER FILMS AT ROOM TEMPERATURE
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measurenents,

An atomic ¢ of 0,33 krypton was fownd for the heaviest film, No 83, The
" eilament of this f£ilm had been pretreated in hydrogen in order to aid in
renoving any occluded oxygeil.

This problem was also tackled by measurements of the radioactivity of the
series of films. Touching counts were taken at room temperature, as for the
nickel films of table 20, using the same type 1KI33 Geiger-lfuller counter.

The results are given in table 27.

PATSIE 27 RADICACTIVIPY IEASTRIIDNTS OF CCPYER FITIS

FILI To WEICHT (mg) RADIOACTIVITY cpm) RADIOACTIVITY (cpm ng')

VE 1GHT

67 0,40 60 400

TI 0.87 © 440 510

( 0.90 TI0 790

78  L.IO 510 460

79 1.30 440 340

e3 | 3.36 | 1770 520

HEAN 500 X I40

Taking the value of 399 cpm mé'for nickel, and allowing for the difference
in atomic weights, a value of 0,34 atomic ¢ of krypton is suggested as the mean
for the copper films, compared with 0,25% for nickel,

A plot of the radiocactivity of these films against their weight is showm
in figure 49, The scatter of the points arises partly from the low film weights,
and partly because the copper films were not all evenly distributed over the
vells of the film vessel; evaporation from some parts of the filament appeared
to be favoured., This may lead to more or less efficient cowmting depending on
the particular distribution of the films over the walls of the vessel,

Hevertheless it is clear fhat copper retains a somewhat larger quantity
of krypton at room temperature then does nickel,

One film, No T7I, was heated to higher temperatures in vacuum for one hour

Periods, A plot of the radioactivity of the film against the temperature reached
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is shovn in figure 57. During the heat treatment the colour of the film changed,
4t roon temperature; all copper films were blaclish-bronze in colour, analagous

to the black colowr of nickel filnms.,

Full details of the heat treatment of film TI are given in table 28,

MiPIE 28 HRAT TREATMENT OF PILL 7T

TEIPERATURE (9K) PERIOD OFVTIHE RADIOACTIVITY (cpm) APPEARANCE OT FILM
295 I hour 440 black~bronze
295 3 days 392 "
303 I hour ‘ 372 signs of "copperymess'
423 I hour 300 "
483 I hour I76 *coppery"
560 I hbur I33 nétural copper
295 - 2 days 129 "
478 I hour I25 | "
478 ’ I hour 135 "

411 counts were taken at room temperature over ten minutes, the mean of
two counts being taken, It should be noted that some krypton was lost on
standing at room temperature for a period of days. This effect was not noted
Tor nickel, and if present, is much less significent., On warming to higher
temperatures, relatively more Lkryptorn was lost than from nickel., After the
film had been treated at 560°K, neither standing for two days at room
temperature nor heating to 478’K produced any further release of kryphon.
Small fluctuations in this period are explained by the difficulty of
reproducing the counting geometry precisely, after removing the furnace.

These results show the behaviour which has been reported on heating solid
kryptonates (69).

The thermal release of krypton from a series of metals is considered in
chapter 5(e),

Precise valueé were difficult to obtain for this investigation of copper

filns because thé method of evaporation from an electrically heated filament
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is not suitable for the controlled production of thick copper films,
An elterrative method, which would be more suitable, involves evavoration
of a bead of copper mownted on an electrically heated filament of a metal

such as nolybdenum, which has a much higher température of evaporation (II2),



FIGURE 50 MODIFIED FILM VESSEL USED FOR PLATINUM FILMS
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L PILLE, EXPERIIIINAL DTATLS

Platinum filos were eva?orated from 220 mn filaments of 0.5 mm platinum

vire supplied by llessrs Johnson, latthey, and Co, Ltd., Wires were predegessed
- in vecuu for four hours at 7.0 4, followed by one hour at 7.6 A, This treatment
resulted in a light bake-out fiim being thrown in the degassing vessel,

Filns were deposited in a modified film vessel vhich was designed so that
after deposition, a gas stream could be flowed through the film vessel without
prior exposure of the film to the atmosphere. (see figure 50) The dimensions
of the vessel itself were identical to those of the standard film vessels, The
purpose of this modification was to examine the release of krypton during
adsorption and reaction of species injected in to é-stream of nitrogen passing
over the film, This investigation is described in section 7.3;

Before deposition of a film, the film vessel was sealed on to the system

Fal

and all parts of the flow system were evacuated. The tap leading +o the flow
counter was then closed, and the vessel was degassed overnight, with a ctrrent
of 7.3 & passing through the filament, at a temperature of 770°K.

During deposition and subsequently, the film was protected from contamination
by the cold traps, which were filled with liquid nitrogen.

All platinum films were deposited under comstant volume conditions, using
filament currents in the range 9.7 A to I0.0 A,

Film weights were calculated from the loss in weight of the filament during

the evaporation process,

5(b)e2 DEPOSITION OF PLATINUM FILIS

Plots of the quantity of krypton taken uﬁ at constant pressure, against
deposition +inme, were all linear, Assuming a comstant rate of platinum depositionq
plots of the gquantity of krypton incorporated against the quantity of platinum
deposited, were constructed., Three examples are shovn in figure 5I.

Data for the. series of platinum films are given in table 29,



FIGURE 51 PLOTS OF THE QUANTITY OF KRYPTON INCORPORATED
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TABLY 29 RESULDS CF FRYTTCH INCCRPCRATION DURIHG DRPOSITICN OF PIATINU . TIIIS

T A CCN3TANT PRESSURE OF IRYPTON AT 77°XK

7ILI Wo VEIGHET (mg)  d(mg min')  P(torr)  at% 77  Kr:Pt COLLISION

RATIO ,
o 5.0 0.17 3.99x16° 3,90 8,5%10%
97 4.5 0.33 3.50xIC" 3,16 3,5%10%
102 6.0 0.57 3. 74107 2,95 3,6x10°
105 3.3 0.73 3.I5x10° 2,32 I.5x10%
108 3.0 0,22 3,30x10™ 3,71 5, 3x10"
110 5.5 0.29 3,84x107 2.81 4,8z10%
112 2.0 0.23 3.,6IxI0™ 5490 5, 7xI0%

The krypton :.platinum collision ratios were calculated on the basis of
the method outlined in appendix H. It was assumed that the temperature of the
gas in the film vessel during deposition was the same as for nickei films.,
This assumptbion is probably not valid in view of the much higher currents being
used, but the theoretical derivation is dependent on the square root of the
absolute température, and not much error will arise if the temperatures are
feirly close. The theoretical treatment leads to the expression:

o .. . 5
¥r:Pt collision ratio =< x 3.6 x I0

vy

A plot of the atomic § of krypton incorporated in to this series of films
during deposition at T77°K, against the Kr:Pt collision ratio, is shova in
figure 52, The spread of values of the Kf:Pt collision ratio is not very large,
but there is again a remarkable similarity to the corresponding plot for nickel
(figure I8), The exceptional wvalue récorded for film II2 is assumed to have

resulted from a weighing error; this was the lightest film,

h),2  TEERIAL RULEASE OF ERYPTON FRCM PLATINUIL FITIS

The films were permitied to attain room temperature (approximately 2959K)
and the quantity of retained krypton was measured gas-—volumetrically, as for
the nickel films. (see scction 4.9) The films were left for one howr at room

tenperature hefore the cuantity of krypton released was measured using the
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icLeod pouce. The regults are given in table 30,

At room temperature a2ll platinum films were blaclk in colour.

TARIT 30 THR ATCITIC ¢ OF KRYPTON RETAINED AT ROQN TEMPERATURE BY PLATINI FITIS

FILE N ATOIIC ¢ OF KRYPTON (295°K)
97 | 0.65
102 . 0.78
. 105 I.29
108 0.87
110 0.75
I12 0.95

1

After the measurement for film I05 was taken, the radioactivity of the film,
neasured by a touching count, fell over a period of 30 minutes from a net value
of 432 cpm o 354 cpm, It is possible that the release of krypton from

platizun films is slower +than for nickel or copper; some of the other values

in ole 30 may be subject to this effect., The value for film II2 msy also be
artificially high because of & weighing error.

It is only possible to counclude that the atomic ﬁ of krypton retained by
platinum films is approxinately twice or three times the value for nickel.

Radicactivity measurements were made on a series of five Tilms by the
touching count method. These measurements could not be compared to those for
nickel and copper because an MXI33 counter of higher efficiency was used, owing
%0 breakage of the original. Another inconsistency arose because the exit tube
at the bottom of the £ilm vessel prevented the whole length of the cowmter
from contacting the portion of the vessel where the film was deposited. (see
Tigure 53) Accordingly the errors of counting geometry were larger.

This is reflected in the scatter of the points in figure 54, where the
radioactivity of the films is plotted against their weight., The results are
glven in detail in tadble 3I,

Another factor which explains the somewhat inconsistent data for these

]

Platinum films is thet the absolute quantity of krypiton which was beins measwured

I 1

vas gmoller than for most of the nickel films of tables IO and 20, and thus more



difficult to measure accurately,

PADIo 5T RADICACTIVITY IBASURLLIZHDS OF PLATRTINUL PIL:S AT ROCH TELFERATURYG

TIL To VEIGHT (ng) RADIOACTIVITY (cpm) ACTIVITY
VEIGHT (cpm mg )
94 5.0 682 136
102 6.0 | T4 240
105 33 354 107
110 5.5 861 157
112 2.0 432 216
1EAN I71 X 50

One film, Ko II2, was heated in vacuum by means of a furnace to higher
temperatures for one hour periods. The fall in radioactivity of the film above
roon temperature is shovn in figure 57. |

Further comment on the atomic ¢ of krypton and activity values at room

temperature for these films is made in section 5(c¢).3.



FIGURE 55 INCORPORATION OF KRYPTON DURING DEPOSITION
OF PALLADIUM FILM IO7 AT 77§K
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crarmm 5(e) DEICSITICH OF PALLADITM FIL

i

SOOI T PRISTICE QF KRYRTON AT 77°K

G{c)o I PALTATIUIL PILI D EXFURIIINTAL DRTATILS

- Two palladium films were eveporated from 220 mn filaments of 0.5 mm
diameter palladium wire, supplied by llessrs Johmnson,lat uney and Co, Ltd,
The wire was predegassed in vacuum for four hours at 4,0 A,

The films were deposited in a film vessel of the type used for nickel films

This was sezled on to the system and degassed overnight at 7T70°K, with & current

£S007 & i m e S Taon m e e - DN mi. - [P "

oL -_— I PR, L .- -
This was sesled on to the system and degessed overnight at T70°K, with & currenth

for one hour

Currents of 6,3 4 and 6.5 A4 were used for evaporation of the films, Both
films were grown under constant pressure conditions,

The film weights were calculated from the loss in weight of the filaments

during deposition,.

5(c).2 DEPOSITION OF PALLADIULI FILIS

The plots of the quantity of krypton taken upAat constant pressure, against
deposition time, were linear, Assuming a constant rate of palladium deposition,
plots of the quantity of lrypton incorporated during deposition against the
guantity of palladium deposited, were consiructed., They were virtually identical

" for the two films; that for film ICO7 is showm in figure 55.

Data for the itwo films are given in table 32,

TABLE 32 RESULTS OF KRYPTON INCORPORATION DIRING THER DEPOSITION OF PALLADTIES

FITNS TN THE PRESENCE OF KRYPTON AT TT7°K

FILI Yo VEIGET(ng) d(ng min™) P(borr) at? 77  Kr:Pd COLLISION

RATTO
104 6.4 1.92 3,64x10™ I.18 3,8x10°
107 4.9 1.59 3,50x107 136 444x10%

The Kr:Pd collision ratio was calculated on the same basis as previously.

The ‘theoretical *reatment leads to the expression:



. .. P ~~5
r:¥d collision ratio = % z 2,0 x I0

-
A
The gicmic ¢ of krypton incorporated in to these palladium films is

7

comparable %o that for nickel films deposited at the same krypton : metal
COlllS’OD ratio. However, on a per atonm basis, the measured rates of palladium
deposition are equivalent to a nickel deposition rate of approximately I ng nin
From figure 2I, it is apparent that e larger rate of nickel atom deposition
vould be reguired to give rise to the rate of krypton incorporation measured

in the case of palladium. (see table 33)

TABLE 33 RATH CP KRYPTCH JHCORPCRATION BY PALLADIUL FILITS

TABLE HEADINGS

!
=i
o
(@]
]

the total quantity of krypton incorporated duringz

devosition at TT°L (umoles)

' RI = the rate of krypton incorporation in moles miny
RI+P = {the rate of krypton incorporation, divided ov he

constant pressure of krypton, in umoles nin torr

FILN Mo THC RI RISP
104 0,715 0,214 5.88
107 0.632 0,205 5,85

5(¢)s3 THERMAL RELEASE OF KRYPTON FROII PALLATTIUI FILIT

The films were allowed to attain room temperature, and the gquantities of
krypton retaiﬁed were measured by the gas—volumetric method. Both films were

deposited infO.6%¥kr, and activity measuwrements were made at room temperature by

ne touching

ci-
[of¢]

count method, using the same IZ{I33 counter employed Ffor the

platinum films, The results of these measurements are given in table 34.

TABIT 34 1TASIRTIENTS OF TH QUANTITY OF KRYPTON RETATNED AT ROQM TREPERATIRE
BY PALTADTIN FILIS
PINI Yo  WEIGHT(mg) at$h 295  RADIOACTIVITY(cpm) ACTTVITY
: TRIGHT (cpm mg)
104 634 0.69 453 1T
107 449 0,71 326 : 67

Allowing for the lower specific activity of krypton used, and for the



gifference in etomic weisht between platinum and paliadium, these velues sugrest
an atomic & of Irypion weteained by platinum filos of approximetely O, 15 The

aiftt ference in counting geometry (see Tigure 53) in fact leads to a lower

efficiency of coumting for the platinum films, so tha’t the final atomic ¢ of

krypton retained at rocm teuperature by platinue films is probebly only

(O]

mersinally lower +hgn that for palladium. A value of 0.6 is sugrested,
The measurenents made for the palladium films are believed to be relizble;

zfter 30 minutes at room temperature no further loss of krypbon was detected.,



FIGURE 56 DECREASE OF KRYPTON PRESSURE DURING
DEPOSITION OF IRON FILM 62 AT 77°K
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DEPOSTRICI OF IRCH PILIS TT 2 FROSEICH OF IdYDTCN AT 7791
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L% e svage in the inves tion when only nickel filus had been swudiled,

two iron films were deposited in order to check that incorporation of krypton

- . :

during film deposition could occur for metals other than nickel, Iron wire

(0.5 mm) wes predegassed at 4.4 &, resulting in a light bake-~out £ilm being
throwa in fhe degessing vessel, Pilament lengbths and film vessels vwere identical
$o those used for nickel,

oL

In the case of the first film, Mo 59, vhich was laid dovn under coustant

- . n’ ol T -
volume condivions at an initial pressure of I./4xI0 torr of Ikrypton, g slow fall

el
il

rvpton was cobserved, Vhen the £ilm vessel had been allowed

o
b
s

ressure

3

"t .

thain room temperature, more gazs wes found Lo be present in the gas phase than

I
()

the initial measured guantity of krypton. This was believed to result from

inadequate degassing or the decomposition of iron oxide in the filament during

deposition. Accordingly the filament of the second film, No 62, was treated with
hydrogen for 30 minutes at 770°K, with a current of 3.8 A passing through the
filement, followed by a further period of degessing in vacuum.

L

The Gecrease in lrypton pressure during the deposition of this film at 6.7 A

Tas reither expomential nor linear, (see figure 56) The amount of kryphon

h

incorporated during deposition corresponded to a mean atomic ¢ of 0.91% krypton

‘V

at 77°K, On warming to rooxn temperature, the gquantity of krypton retained

represented 0.09 atomic ¢ of the film, The weight of the film was 5.8 mg and the

ot 2~ 3 ition was 0.2 me min
rate of deposition was mng nin,

These obhservations are in marked coutrast to those for zmickel, A nickel

A . - .. v . o+
filn deposited wnder similar conditions would be expected to have an atomic &

of approximately 3¢ lkrypton at T7°K., Although the results for film 55 were not

reliable, the rate of pressure decrease during deposition was similar to that

~

for fila 62,

Ea
]

% was concluded that the behaviour of iron was genuinely different fronm

that of a1l The other metals studied, but no detailed investigation was carried
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CHAPTER 5(e) GENBRAL DISCUSSION ON THE INCORPORATION OF KRYPTON DURING THE

DEPOSITION OF IETAL FILMS AT T7°K

It has been shown that krypton is stably incorporated in to films of nickel,
copper, platinum, palladium, and iron during the evaporation of these metals
at TT°K in the presence of krypton, Evidence has been put forward to show that
the distribufion of krypton throughout the resulting films at room temperature
is homogeneous, While a detailed investigation of this point has been conducted
for nickel only, the results for platinum, copper, and palladium suggest that
krypton is homogeneously distributed throughout these metals also,

The following values have been advanced for the equilibrium concentrations

of krypton in the metals at room temperature:

TABLE 35 EQUILIBRIUNM CONCENTRATION OF KRYPTON IN FILMS OF FOUR METALS AT 295°K

METAL ATOMIC ¢ OF KRYPTON (¢ OF ALL ATOMS IN THE FILM)
nickel 0,25% '

copper 0.34%

platinum | % 0.6%

palladium 0.70%

The quantity of krypton incorporated in ‘o films of nickel, copper, platinum,
and palladium during deposition at 77°K is remarkable for its consistency,

The points taken from the plots of the atomic % of krypton incorporated at
TT°K against the krypton : metal collision ratio, for all the metals, could be
added to the plot made for nickel (figure I8), without greatly increasing the
scatter of the points,.

The data for these plots was taken from +the measured weights of the films,
Allowance was then made for the differences in atomic weight for the various
netals, Thus the characteristics of the intermediate adsorbed state must be
similar, on a per atom basis; for all of the metals, Since these are all metals
Which have the face-centred cubic structure, it is possible that the particular
adorption site is peculiar to this system, At low temperatures it is likely

that metal atoms stick at the point where they collide with the. £ilm, and a
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gimilar disordered structure may result for all the metals. In support of this
gpeculation, only iron appeared to be distinctly different in terms of the
amount of krypfon incorporated, and it is a body-centred cubic metal, The results
for iron were howevér very limited, and this is probably too much to read in to
$hem,

Before definite conclusions c§uld be made, & wider range of metals would
have to be studied, and some method of examining the structures of the films
af T7°K would have to be found, It is likely that the structure of the films
- at 7T°K is different from the structure at 295°K; assuming the known atomic
radii of nickel and krypton, it may be shown that in the limit, approximately
205, of the volume of a film at 77°K is composed of krypton atoms.,

Minor differences in the plots of atomic ¢ krypton at T7°K, against the
krypton : metal collision ratio, for copper aﬁd palladium, may be interpreted
as follows., The higher values of atomic ¢ krypton,in the region of Kr:Cu
collision ratio = I0° for copper, may represent a‘lesser tendency to surface -
heterogeneity, or a smaller number of metal atoms'required to produce one
adsorption site, than for nickel, The higher values for the rate of krypton
incorporation for palladium, may represent a higher probability of krypton
adsorption than for nickel,

It has been shown that the characteristics of krypton release from the
completed films are similar to the characteristics of krypton release from
solid kryptonates (69). After any rise in temperafure, gsome krypton is lost.
Once a film has.been étabilised at a particular temperature, no more krypton is
lost until this temperature is exceeded., The time.required for stabilisation at
roon temperature is different for the various metals,

An attempt has been made in the case of nickel to describe the processes
. which result in krypton loss below room temperatqre, in terms of thermal
desorption of krypton and changes in film structure resulting from sintering,

' However, throughout the range of temperature up to 800°K, the behaviour of the
metals studied is best described in terms of a stable concentration of krypton
being reached at each temperature,

Figure 57 shows the proportion of the radioactivity resulting from the



FIGURE 57 PLOT OF THE PROPORTION OF THE KRYPTON HELD
BY METAL FILMS STABILISED AT 295°K, WHICH WAS

RETAINED AFTER TREATMENT AT HIGHER
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presence of lxypion at roon temperature, which Was retained on further heating
of films of nickel, copper, and platinun to verious temperatures for one hour
periods.

The Imovmn structural changes of these metals in the temperature range of
interest may be suwmmarised as follows.

In the temperaﬁure range 500°K to 600°K, a recysiallisation process resulis
in.thé disappearance of dislocations from copper (23).

Nickel shows structural changes in two temperature ranges., In the range
470°K %o 5T0°K, changes are ascribed to the disappearance of vacancies (23),
or to the combination of vacancies to give larger groups (II3). Dislocations
are rearranged and annealed out in the range 850°K to 950°K (23),

Dislocations are annealed out in platinum at temperatures in the region
of II00°K (2I). |

Tt has been showm that these processesvmay occur at lower temperatures for
metal films (II3).

Finally, it has Dbeen showm that defects induced by radiation may be annealed
out at temperatures as low as IIO°K, for a series of metals including copper and
nickel (II4),

From the experimental results, it is clear that krypton is released by
copper aftver moderate treatment at temperatures above room temperature, This
would be expected from the low temperature of recrystallisation of copper.

However, the plots for nickel and platinum are very similar, although
nickel would be expected to be effected more by a rise in temperature to 800°K,
It should be noted that the quantity of krypton held by platinum throughout the
femperature range was twice that held by nickel, on a per atom basis, Possibly
the higher concentration of krypton enhances the thermal release of krypton from
platingm, so that it is comparable to the thermal release of krypton from
nickel,

The two effects of krypton concentration and of changes in metal structure
could not be separated in the present work., Certain aspects of the thermal
release of krypton mey be usefully related to changes in metal structure, and

Chenges in metal structure occur throughout the entire range of temperature over
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which thermal release of krypton has been observed from films laid down at
T7°K. T

Accordingly it is suggested that krypton incorporated during the deposition
of metal films at T7°K, is located at defect sites in these films, at least
initially,

As in the case_of solid kryptonates, an explanation of the thermal release

of krypton, which is valid throughout the range of temperature studied, remains

obscure.




CHAPTER 6

OXIDATION OF COPPER FILNS
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CHAPTER 6 OXIDATION OF COPFPER FILMS

6,1 THE REACTION OF COPPER FILMS WITH OZONE

Evidence has been presented in chapter 4 to show that krypton is
homogeneously distributed throughout nickel films at room temperature, and in
chapter 5 to show the similarity in properties of the copper and nickel films
in terms of krypton incorporation, Insufficient data is available to show with
certainty that krypton is homogeneously distributed at room temperature
throughout copper films laid down in krypton at T7°K, but it is reasonable to
infer that this is the case,

If this is true, then films prepared by this method should be particularly

suitable for anslytical chemical applications. It was decided to test this
| postulate using copper films, because a comprehensive investigation of the
oxidation of copper kryptonates prepared by other methods has been reported by
Chleck and Cuocchiara (89). According to these authors, there is little release
of krypton owing to reaction with oxygen at temperatures below 5TO°K., However,
using a flow system with a quartz tube irradiated with an ultraviolet lamp
located before the film vessel as an ozone generator, they observed release of
krypton at temperatures as low as 370°K owing to reaction with ozone,

In view of the relatively large proportion of krypton which is released
from copper films on heating to a high temperature'(section 5(a).3), it was
decided first to investigate whether copper films could be used as ozone
detectors at low temperatures,

After preparation in the vacuum system, copper films were exposed to the
atmosphere and transferred to the flow system shown in figufe 58. Oxygen,
supplied by the British Oxygen Co, Ltd., was passed through this system at
50 ml min, Ozone was produced by sﬁitching on an ultraviolet lamp which was in
contact with a length of ultraviolet-transparent quartz tubing im the system,
The rate of ozome production in this system was determined by passing the
oxygen/ozone stream in to a solution of potassium iodide. The quantity of
iodine produced in a measured time was found by titration of the solution

againsgt a known solution of sodium thiosulphate using starch indicator, The
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rate of production of ozone was found to be 0.93 pmoles miﬁf No ozone was
detected in the cylinder oxygen.

It was found that an all-glass system had to e employed, because otherwise
the ozone produced by switching on the ultraviolet lamp reacted quickly with
rubber or plastic connecting tubing.

Films 69, TI, and T4 were each sintered in vacuum for one hour at 553°K
before transfer to the flow system, Despite this treatment, some krypton was
released in to the flow of oxygen alone at low temperatures, The rate of release
increased when the temperature was raised. Some furfher release of krypton was
observed on switching on the ultraviolet lamp, but in view of the high, variable
background activity this was difficult to assess,

The results obtained for film 74 are shown in figure 59, The treatment to

which this film was subjected is given in table 36,

TABIE 36 TREATMENT OF FILM 74 WITH OZONE

TIME(minutes) TREATMENT OF FILM

0 , filg at 292°K

16 - 22 U.V, lamp on

26 - 30 U.V. lamp on |

31 - 60 temperature raised to 324°K
61 ; 68 U.V. lamp on

T2 - 78 U, V. lamp on
03 - I09 U,V, lamp on
II0 - I50 temperature raised to 375°K
I60 - 167 U.Ve lamp on
IT2 - 176 U.V. lamp on
I79 - temperature increase; eventually reached 443°K

(When the temperature of the film reached 443°K, the count rate was over

9000 cpm)

With the filﬁ maintained at 292°K and at 324°K, a large peak of radioactivity
in the gas stream resulted from the switching on of the ultraviolet lamp for

the first time, The radioactivity of the gas stream began to fall in each case



FIGURE 60 FLOW SYSTEM FOR STUDIES OF THE REACTION
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before the lamp was switched off. Subsequent switching on of the lamp produced
smaller peaks,

Vith the film at 375°K, the corresponding peaks could only just be discerned
above the background activity, and at 443°K, there was no observable increase
in the activity of the gas stream when ozone was being produced,

At the end of this treatment, the film had changed colour from that of
near-natural copper, to a golden-yellow, It was also more transparent than
before,

It may be concluded that copper films are not suitable for use as ozone
detectors in a sitream of oxygen., This may be the result of the predominance of
the reaction with oxygen, even at low temperatures.

It was decided to investigate whether;if this was the case, copper films

might be suitable for use as oxygen-detectors in a stream of inert gas.

6,2 THE REACTION OF COPPER FILMS WITH OXYGEN; EXPERIMENTAL TECHNIQUE

After preparation by the method ouil@ned'in section 5(a).I, the films were
sintered in vacuum for one hour at 553°K. As a result of this, the activity
recorded by the touching counter showed a drop corresponding to the loss of
604-80% of the krypton held at room temperature.

Each film was allowed to cool in vacuum, then air was admitted to the
system, and the film vessel was detached. The film vessel was then joined in
to a flow system, shown in figure 60, A flow of dry oxygen-free nitrogen was
obtained by passing nitrogen (British Oxygen Co, Ltd.) at 50 ml min through a ‘
tube packed with copper chips at 770° K, then through a tube of blue silica gel{

Vhen the system had been flushed with nitrogen for several ninutes, the
temperature of the film vessel was raised to the selected value,

Oxygen and hydrogen were added to the nitrogen flow in measured amounts
by means of a Hamilton syringe inserted through a serum cap before the f£ilm
vessel, Small injections of oxygen were made by injecting air and assuming that
the injection contained 21% oxygen. Results obtained from such injections were

consistent with those obtained using pure oxygen.
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Counts were accumulated by the scaler throughout an experiment, The response
.to a gas injection was taken to be the sum of the amounts by which the number
of counts recorded in each minute exceeded the background value, over the total
time that the count rate remained above the background value following the
injection,

There was a delay of approximately one minute between the injection of a
quantity of gas and the registering of any increase in the activity of the gas
gtream by the flow counter,

For experiments involving the use of electron microscopy, the film vessels
used were of the design described in section 4,I2, (see figure 39) The required
number of mowunts was introduced in to the film vessel before the deposition of
the £ilm, After exposure of such films to the atmoéphere, a gas flow was
. established with the film vessel still attached to the vacuum system. The gas
flow passed in to the system by way of the film line air leak tap, and out by
way of a break in the narrow section of fubing at the end of the film vessel,
The film vessel was cooled to room temperature before each removal of mowunts.
Other details of the electron microscopy procedures were similar to those

described in section 4,12,

6.3 THE REACTION OF COPPER FIILMS WITH OXYGEN; QUANTITATIVE AKD DESCRIPTIVE RESULTS

Some krypton was lost in to the stream of nitrogen while each film was
being heated to the working temperature in a stream of nitrogen, The quantity
was much smaller than the amownt lost on heating the films in a stream of oxygen.
The gas phase activity reached the absolute background value of approximately
30 cpm within one hoﬁr in all cases,

It was found that some films contained traces of cuprous oxide. (see section
644) Accordingly films were normally pretreated with hydrogen at the'working
temperature., The gas stream activity at this stage was not significantly
increased by injeetions of IO ml hydrogen, but in some cases there was an
&ppreciable loss of krypton when pure hydrogen was flowed through the system,

As an example, the gas stream activity recorded for film 82 reached a peak of
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200 cpm, and returned to the background value within {two hours, Normally; this
effect was less significant, )

Some evidence was found for the release of krypton owing to the reaction of
copper with oxygen at 343°K, but most experiments were conducted with the films
maintained at 443°K in the flow of nitrogen at 50 ml minfl

On commencing injections of oxygen to a film at 443°K, (IO ml of air or
2 ml of oxygen) it was noted that the responses to identical, successive
injeotions were not constant at first, However, the variation in responses
followed a pattern which had similar features for all films, Three distinct
phases of behaviour were noted. These were, in order:

(I) A period of decreasing responses
(2) A period of increasing responses
(3) A period of constant responses —- The working period

The. decreasing response period was observed to encompass between 3 and 20
injections of 2 ml oxygen., The magnitude of the responses, and the number of
injections, were not related to the weight of the film,

The increasing response period was observed to comprise between 3 and 4
injections of 2 ml oxygen. In two cases it was completely absent,

In the working period, the responses to successive oxygen injections
remained constant over long periods, and proportionate responses were produced
by varying the quantity of oxygen injected.

Thé value of the background activity, against which the response to each
injection was measured, was found to be important. It was found that if the
background activity was allowed to return to the absolute value of 30 cpm, after
an oxygen injection, then the response to the next oxygen injection was reduced.
Proportionate responses for successive injections were found when the background
activity was kept in the region of 40 - 70 epm. If the background activity was
much higher than this, it was found that the response was related not only to
the quantity of oxygen injected, but also to the background activity.

In other words, consistent behaviour was only observed when oxygen injections
Were made during the time when the peak in gas siream activily resulting from

the previdus injection had almost, but not quite, retwrmed to the natural
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background value,

If a £ilm was left in the flow of nitrogen for some hours at 443°K during
the working period, a short period of increasing responses was again observed
before proportionate responses were obtained,

Examples of the various types of behaviour described above are shown in
figures 6I - 64, It should be noted that the area of a peak, not its height, is
gignificant, The figure above each peak represents the number of counts released
by the particular injection of oxygen.

General details of the results obtained for the six films studied are given

in table 37,

TABLE 37 INITIAL RESPONSES OF COPPER FILMS TO INJECTIONS OF 2 ml OXYGEN AT 443°K

FILM No DECREASING RESPONSE PERIOD INCREASING RESPONSE PERIOD
75 6 injections: 2000 - 200 counts 4 injections
78 3 injections: 690 -~ 400 counts 4 injections
T9 3 injections: 400 - I00 counts 4 injections
80 3 injections: I7T70 = 280 cowmts 3 injections
82 4 injections: I90 - TO counts none
83 ‘ 20 injections: I3000 - 600 counts none

NOTES: (I) Film 82 was inadvertently opened to the atmosphere during sintering
at 553°K, This is believed to have resulted in extensive oxidation '
of this light film,

(2) Film 83 was partly broken, and some sections became detached from the
walls of the film vessel, during sintering, It was also much heavier

than the other films,

The working period of a film, during which time consistent responses to
oxygen injections were obtained, could extend over a period of several days,
Figure 65 shows the responses of film 78 to injections containing up tq
4 ml of oxygen (measured at atmospheric pressure and at 295°K), in two operating
sessions separatéd by a time of fourteen hours,

Figure 66 shows the responses of film 83 to injections containing up to IO

ul of oxygen, in five operating sessions separated by periods of 2, I2, 2.5,



FIGURE 65 RESPONSES OF FILM 78 TO SMALL INJECTIONS
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FIGURE 66 RESPONSES OF FILM 83 TO INJECTIONS
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and I7 hours.

It was invariably found that small injections of oxygen produced
proportionate increases in the activity of the gas stream, but large injections
(over 4 ml) produced disproportionately large responses.

The slopes of the linear region of the plot of response against the size

of the injection of oxygen, for five films, are given in table 38,

TABLE 38 MEAN RESPONSE OF COPPER FILMS TO SMALL INJECTIONS OF OXYGEN AT 443°K

FILM No SIOPE OF LINEAR REGION OF THE RESPONSE PIOT (counts ml™)
75 | 2 400
78 433
79 | 320
80 309
83 307

For the purposes of compiling this table, the slopes have been referred to
doses of oxygen at S.T.P. (figures 65 and 66 show the experimental values for
injections of oxygen under laboratory conditions). |

The value for film 75 is not known with certainty, because the nece;sity of
controlling the approach to background activity was not then understood,

It was found that when a steady flow of oxygen was added to the nitrogen
stream, by means of regular injections of oxygen spaced thirty seconds or one
minute apart, the total response was greatly in excess of what would have been
predicted for the sum of the individqal injections, From the results of table
38, the response to a single injection of 6 ml oxygen would be expected to be
approximately 2000 counts, However, when the same quantity of oxygen was added
to the gas stream passing over film 75, as 54 injéctions of 0.5 ml air spaced
thirty seconds apart, the gas phase activity rose tov300 cpn above the background
vithin I5 minutes of starting injections, and then remained approximately
constant until injections ceased, when it returned slowly to the backgroﬁnd
value, (see figuré 67) The total response to the series of injections was
therefore approximately 9000 counts, Where the continual injections were larger,

this effect was still more pronounced, The injection of air to film 75 at a



FIGURE‘67 RESPONSE OF FILM 75 TO A FLOW OF OXYGEN
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rate amounting to 2.5 ml min, resulted in a count rate of 5000 cpm,

Although the total response in terms of counts released Was consistent for
small injections of oxygen during the working period, the shape of the péaks
changed during the working period. For a fresh film, the peaks were sharp, and
the activity of the gas stream returned to the background value within six to
seven minutes, As the film grew 'older; the peaks became less sharp, and
lengthened to twenty minutes or more. The change in peak shape during the
working periods of film 75 is illustrated in figure 68,

Eventually pesks became so indistinct that it was not possible to evaluate
the total activity released above the background,

There was some evidence to suggest that the peaks were in fact double,
consisting of a fast response followed by a slower process, and that the
quantity of krypton released by the slow proceés became more significant as the
film was progressively oxidised,

An experiment was conducted using a film vessel with no copper film, but
with all other characteristics of the flow system identical to the normal
working conditions, The purpose of this experiment was to assess how much
variation of responses might be caused by purely random factors such as the time
teken to make an injection,variation in the flow rate, etc, A mixture of air
and“‘Kr, of convenient activity, was prepared. IO ml portions of this mixture
were injected by way of the serum cap, and the gas stream activity was monitored
in the usual way,

The peaks observed were sharp, The time by which the response was delayed
appeared to be rather less fthan for an experimental injection, but the
experimental method did not permit of an estimation of the actual difference,
The gas stream activity returned to the backgrownd value in approximately four
ninutes, The mean response to six IO ml injections of the standard mixture
Was 996 counts, The standard deviation from this value was 69 counts, or T%.

It is apparent that much of the observed variation in responses to equal
Injections of oxygen to a copper film at 443°K, may be explained by physical
Variations in the system. The response is shown not to be instantaneous, but to

be partly time-controlled, as the gas stream activity remained above the
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background value for at least six minutes for all experimental peaks.

After a film had been extensively oxidised, it was found that injections of
hydrogen produced responses of increased gas stream activity,

Film 75 was oxidised more than any other film in the working period, so
that the responses to oxygen injections were very indistinct. The responses to
five injections ofAIO ml of hydrogen to the film at 443°K, are shown in figure
69. After this treatment, the injection of I0 ml of hydrogen each minute
resulted in a rise in the activity of the gas stream to 600 cpm for ten minutes,
followed by a drop to the background value over some thirty minutes, Thereafter,
injections of hydrogen produced no significant response,

However, injections of oxygen now produced a series of consistent peaks
which were quite sharp, but of smaller magnitude than before, After a series of
injections amounting to approximately 30 ml of oxygen, it was again found that
the film responded to an injection of hydrogen, (see figure 69)

For other films which were initially less extensively oxidised, the response
to individual injections of hydrogen was much less; however, in all cases there
was an appreciable response to a flow of hydrogen, Once reduction was complete,
the responses to oxygen injections were consistent but smaller than before, and
the peaks were sharper than those observed immediately before reduction,

Figure 7O shows the plot of response against the quantity of oxygen -
injected to film 83 after reduction, and may be compared to figure 66,

No attempt was made to relate the decrease in response to the degree of
oxidation and reduction of the films studied. For films 75 and 79, the
responses after reduction were épproximately 50% of those observed in the
earlier working period. For film 83, the value was approximately I0%, but in
this case a second long decreasing response period was observed, commencing
with a response of approximately 4000 counts to an injection of 2 ml of oxygen.

One film, No 78, responded neither to hydrogen nor oxygen after being left
in the gas stream over three days. During this time, the silica gel in the flow
8ystem had turned completely pink, and it is believed that exposure to water
Vapour may have desensitised the film in some way, A similar poisoning effect

Ly account for the low level of responses found for film 83 after reduction,
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described above, In this case also, the responses eventually stopped, although
a considerable quantity of krypton.%as fownd still to be held by the film when a
count with the parallel counter was made at room temperature,

In all cases, the film was found to retain some krypton at the end of the
oxidation-reduction treatment, The gquantity was uncertain because the final

activity was Iow, Approximate values are given in table 39,

TABLE 39 RETENTION OF KRYPTON BY COPPER FILMS AFTER OXIDATION~REDUCTION TREATMENT

FILM No % OF INITIAL QUANTITY OF KRYPTON (AFTER SINTERING

IN VACUUM), RETAINED BY EACH FILM.

75 28%
78 12%
79 29%
83 46%

The initial atomic % of krypton held by these fi;ms after sintering in
vacuum for one hour at 553°K, was approximately O.I%.

After oxidétion, all films were golden-yellow in colour. Reduction restored
the colour of natural copper.

When the films were dissolved in acid for the determination of their weights
by colorimetry, the colour appeared to revert to that of natural copper before
-complete dissolubion. This is taken to show that oxidation was not compléte, but
that the colour of the film was derived mainly from the oxide; which dissolved
more quickly in acid than did unreacted copper.

The detai}s of the determination of film weights by colorimetry are given
in appendix F,

In view of the complexity of the phenomena observed, it was decided o
investigate the morphological changes in the films during oxidatiom and
reduction by means of electron microscopy, and to attempt to identify the

oxide formed by electron diffraction,

'



PLATE 5 A COPPER FILM DEPOSITED IN 4xIO'Ztorr OF KRYPTON AT 7 7 % AIR)
SINTERED AT 550°K FOR I HOUR (x80,000)

PLATE 6 THE ELECTRON DIFFRACTION PATTERN OBTAINED FROM THE FILM ABOVE
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604 THE REACTION OF COPPER FILMS WITH OXYGEN; RESULTS OF INVESTIGATION BY

ELECTRON MICROSCQPY

Oxidation and reduction were effected by passing s?reams of pure oxygen or
hydrogen respectively through the film vessel at 443°K. Two films were studied.

The appearance of a copper film sintered in vacuum at 553°K for one hour is
shown in_plate Se Tﬁe film consisted of isolated crystallites, up to I000 A’ in
diameter, This plate shows a thin portion of film 7T; micrographs of film 8I were
identical., Other portions of film 77 were thicker, and the crystallites were not
completély isolated from each other. The electron diffraction patterms for these
films showed the structure of pure copper, with traces of cuprous oxide, The
diffraction data for film 77 are given in table 40; the lattice spacings were
calculated by comparison with a thallium chloride standard. Plate 6 shows the

diffraction pattern obtained for this film,

TABLE 40 ELECTRON DIFFRACTION DATA FOR FILM 77 BEFORE OXIDATION

¢

RING DIAMETER ON PLATE = DERIVED LATTICE SPACING - ° COPPER LATTICE SPACING

(mm) . (4°) ‘ (A®)

8.5 2,09 ¢ 2,088
21,3 | 1,8I » 1.808
30,2 1.28 1.278
355 1.09 E 1,090
37.2 1,04 1.044
43,0 ' S 0,90 0.904
AT.I | 0.62 0.829
48.5 0.80 0,808

Weak, diffuse rings of diameter 12,8 mm, I5.6 mm, and 25.6 mm, are assigned
to the presenée.of traces of cuprous oxide, This may arise because of oxidation
during handling in air, or because of inefficient degﬁssing before deposition
of the film, Oxidafion during exposure to the atmosphere for a few minutes at
room temperature has been reported by'Bachmann; Sawyer, and Siegel (55), and

this is believed to be the likely explanation of the present observation.



PLATE 7 A PARTIALLY OXIDISED COPPER FILM (x80,000)

PIATE 8 THE ELECTRON DIFFRACTION PATTERN OBTAINED FROM THE FILM ABOVE



PIATE 9 A PARTLY OXIDISED COPPER FIILM, SHOWING- THE FORMATION OF AN
ANNULAR OXIDE PARTICLE FROM A COPPER CRYSTALLITE (x80,000)
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After one hour in a stream of oxygen at 443°K, the appearance of the film had
changed considerably (plate 7), and the diffraction pattern was that of ﬁuprous
oxide, with traces of copper present.(plate 8)., The micrograph was taken from a
thicker portion of the film than that of plate 5.

Further treatment in an oxygen siream at 443°K, to a total of 23 hours,
changed the appearance of the film to that shown in plate I0. The diffraction
pattern (plate II) was that of cuprous oxide, with traces of cupri? oxide and

copper, The diffraction data for this sample are given in table 4I,

3

TABLE ‘41 DIFFRACTION DATA FOR-EIIM 77 AFTER OXIDATION

RING DIAMETER ON PLATE DERIVED LATTICE SPACING LATTICE SPACING OF
(mm) (4%) CUPROUS OXIDE (A°)
12.8 3.02 3.020
15.7 | 2,46 2,465
18,2 2.12 2,135
22.3 | 175 L74I
25.9 . 1,49 1,510
30,0 I.29 I.297

The weak ring of diameter 24,5 mm is attributed to copper, and very Weak
rings of diame?er 15,2 mm, 16,5 mm, and 27.5 mﬁ, are attributed to the 2,530 A:
2,320 &, and I,4I0 & lattice spacings of cupric oxide,

However, the film was almost entirely cuprous oxide, The electron diffraction
pattern obtained after one hour, represents an intermediate phase, when
conversion to cuprous oxide was less conmplete,

It has thus been shown that at 443°K in a flow of pure oxygen, copper films
react with oxygen to give cuprous oxide. The time required in a flow of pure
oxygen to produce even trace amounts of cupric oxide precludes its formation
wder the experimental conditions, where less oxygen was available,

The particles of oxide formed during this process were annular in appearance.
This shows that cépper migrates from the crystallite which is being oxidised, in
%o the oxide layer. This process had been completed by the time that the

micrograph of plate IO had been taken; that of plate 7 shbws an intermediate



PIATE 10 A COMPLETELY OXIDISED COPPER FILM (x80,000)

PLATE II THE ELECTRON DIFFRACTION PATTERN OBTAINED FROM THE FILM ABOVE
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PLATE 12 A COPPER FILM, COMPLETELY OXIDISED AND THEN REDUCED IN HYDROGEN
(x80£000)
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stage.,

Film 81 was first treated with'hydrogen at 443°K in order to remove any
oxide present, There were no significant differences between the micrographs
obtained before and after this treatments both were virtually identical to
plate 5,

This film was ﬁhen progressively oxidised., Plate 9 shows a thin sectioﬁ of
the film during an intermediate stage in the formation of cuprous oxide loops.
It may be noted that a crystallite which is being oxidised does not necessarily
contact the oxide layer over all of its surface., After oxidation for two hours,
the diffraction pattern showed only traces of copper remaining, and micrographs
showed complete loops, as in plate IO, The film was then reduced for one hour at
443°K in a flow of pure hydrogen. The diffraction pattern obtained after this
treatment was that of copper alone. Plate i2 shéws a micrograph of the reduced
f£ilm, It should be noted that while one oxide partiéle was formed from each':
copper crystallite as a result of oxidation, during reduction a process of
recrystallisation destroys the oxide loops and several copper particles may be
formed from one oxide particle,

32% of the krypton initially held by film 77 was retained after complete
oxidation. Film 81 was so light that no attempt was made to measure the final
activity, which would not have been significant with respect to the backgrowund,

Vhile the terms *loops® and 'annular' have been used to describe the appearance
of oxide particles in the micrographs, it should be noted that the particles
are in fact three-dimensional, hollow structures, The annular appearance is an
efféct of contrast., In all micrographs, the dark sharp-edged particles are copper,

and the lighter, more diffusé particles are cuprous oxide (IIS):

6.5 THE REACTION OF COPPER FILMS WITH OXYGEN; DISCUSSION

It may be concluded from the results which have been presented that copper
films incorporating krypton are suitable for use as oxygen detectors in a stream
of nitrogen, The consistency of responses throughout the working life of a film

verifies the postulate that krypton is homogeneously distribufed {throughout such
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films,

No attempt has been made to optimise the conditions for the estimation of
oxygen by this method,

Certain procedures have.been shown to be necessary before consistent responses
to oxygen injections are obtained. It is necessary first to pretreat the film

with oxygen. During‘this phase, the response to identical injections is observed
| to fall, In some cases, this trend stabilises to give consistent responses, but
in other cases the response reaches a minimum and then increases to give the |
consistent value, Consistent responses are only obtained when injections are
made at the emnd of the tailing-off period of the activity peak from a previous
injection, If injections are made earlier than this, the response is increased;
if injections are made later, then the response is reduced., ( In practice, under
the conditions used in the present investigation, there was a period of at
least fifteen minutes between the two extremes, when g consistent response could
be bbtained.) In the limit, when the film is left in a flow of nitrogen for
geveral hours at 443°K, the film must be reactivated by means of two or three
injections of oxygen. Thereafter consistent responses are again found,

In order to explain this procedure which must be adopted, it is necessary
to develop an understanding of the process of oxidation of these films,

The formation of particles giving annular images on electron micrographs
has been reported at 420°K - 470°K and higher oxygen pressures, of approximately
5 torr.(55). Presumably these particles have a hollow-shell structure. This
phenomenon has been observed for other metals, such as tin (II6).‘At ledﬁtorr
of oxygen, homogeneous particles of oxide were formed from copper,»and at 5xIda
torr, the particles were a mixture of annular and homogeneous types,

The electron microscopy investigation in the present work was conducted in
pure oxygen, resulting in the annular particles characteristic of higher oxygen
pressures, Under the experimental conditions for oxygen estimation, the smallest
injection of oxygen to the system contained approximately 0.2 ml of oxygen under
laboratory conditions, If it is assumed that this oxygen enters and léaves the
film vessel as a pulse five minutes in length,then with a flow rate of 50 ml min

of nitrogen, the oxygen may be taken to be associated with 250 ml of nitrogen.
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The pressure of oxygen during the time of the pulse is thus in {the order of I torr.
Even assuming that more mixing in fact takes place, it is évident that for all
injections of oxygen under experimental conditions, the high-pressure process
is operative, Theref&re the morphological changes observed for films oxidised in
pure oxygen will represent the processes occurring during the reaction of a film
with individual injections of oxygenm. ]
Copper is a classical model for oxide growth by cation transport (II7)., The

motivation for cation movement arises from the difference in electrical potential
between pure copper at the metal/oxide interface, and adsorbed oxygen at the
oxide/gas interface, This fact explains the observation that oxidation ceases -
once & thick oxide film has been built up, in that the potential gradient - 5
decreases as the thickness of oxide increases, Eventually the potential gradient
is so low that cation movement is negligible. At room temperature the limiting
thickness is I30 A3 at higher temperatures, the value is higher (II7). The
thickness of the films studied in the current investigation was in the order of
100 A} assuming the density of bulk copper. It is therefore evident that during
most if not all of the time of oxidation, the thickness of the oxide film will
be much less than a limiting value at 443°K.

| Various mechanisms have been proposed to explain the ginetics of oxidation
in terms of copper transport through the oxide layer(II8), The rate of metal ion
transport may be controlled either by electrical factors alone, or by the rate qf
the surface reaction, Most kinetic studies have centred on the oxidation of
thicker copper specimens, to give thicker oxide films, in a static system at
constant oxygen pressure. The rate of oxide formation is normally observed to
fall with time, although a theoretical treatment where the oxide surface is
assumed to be saturated with oxygen may lead té a linear law of oxidation,
However, it has been shown that the surface of copper is likely to be saturated
vith oxygen under the conditions used in most investigations of the oxidation
of éopper, and it has been suggested that the rate of cation transport is
determined by the amount of dissociation of 'meutral pairs®, consisting of an
0" ion and a positive hole, Whidh are formed‘by the adsorption of oxygen., The

larger the amount of dissociation, the greater is the separation of charge in
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the oxide layer, and the higher is the potential gradient (II8), Observations of
the electrical conductivity of cuprous oxide films during reduction by hydrogen
may a}so be explained in terms of the concentration of pogitive holes in the oxide
(119).

It is not possible to relate the gquantitative results 6btained by previous
workers in studies of oxidation in a static system, to the quantitative results
of the pulse treatment used in the presenf work, In particular, the time
required for formation of a chemisorbed oxygen layer on copper or cuprous oxide
may be importanit in the pulse method.>The following theory is presented to explain
the results in qualitative terms, It is first assumed that the residence time of
oxygen in the film vessel is insufficient for all of the oxygen to react with
copper. A calculation is presented in appendix J to show that only a small
fraction of the available oxygen reacts, Second, it is assumed that there is
present sufficient oxygen to form a chemisorbed monolayer on copper or cuprous
oxide wnder equilibrium conditions, In view of the quantities of metal and gas
- involved, this is a reasonable assumptioun,

The decreasing response period arises because krypton is released during the
reaction of copper with adsorbed oxygen to initiate a complete layer of cuprous
oxide, Although sufficient oxygen is in fact available from one injection o
produce a complete oxide layer, the rate of formation of the layer is limited by
the time of nucleation or of oxygen adsorption, so that several oxygen injections
are necessary to complete the layer, The responses fall because less bare copper
surface is available to later injections, and thus lesé actual reaction of copper
occurs, Assuming that the copper film is continuous, no migration of copper ions
through the oxide layer is possible until a complete oxide layer has been formed,
isolating the copper crystallites from oxygen in the gas phase., No potential
difference may be established beilween the metal/oxide and oxide/gas faces of the
oxide film while the film surface consists of portions of copper and cuprous
oxide, since both faces of the oxide film are in contact with copper. Once
topper has been isglated from the gas phase, copper ions begin to migrate -
through the oxide film owing to the potential difference which has been

tstablished between its faces, Krypton release mow occurs where copper ions
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leave the original crystallite, Since an effectively continuous oxide film now
exists, not all of the krypton released escapes to the gas phase, some being
trapped at lattice imperfections in the oxide,

In fact, the films are not continuous, so that a complete oxide film may be
formed over some crystallites more quickly than others., Therefore the two
processes of kryptop release may occur simultaneously in different parts of the
film, Depending on the morphology of the film and the respective rates of the two
processes, either a minimum response may be reached before a rise to the working
period, or the responses may simply decline until the working period is reached;

The observation that a particularly high response may be found to the first
oxygen injection may arise from the reaction of a larger proportion of oxygen
during the formation of the initial layer of oxide, owing to the fact that the
reaction is occurring in a part of the film in éontact with the gas phase,

The proportionate responses of krypton'loss to various injections of oxygen
in {he working period, and the disproportionaiely large.responses to;lagge;
injections of oxygen, are difficult to relate to the results reported for the
oxidation of copper kryptonate in a continuous-flow system (89), The two
mechanisms leading to the release of krypton, referred to as the "open-structure"
and "diffusion" reactioms, have been separated under conditions of oxygen flow
al constant pressure., The adsorption and dissociation of oxygen molecules has
been shown to be rate-determining for both reactions from the fact that a half-’
§rder dependence on the oxygen pressure is found, resulting in a decrease in
specific response at higher oxygen pressures, In combrast to this, it may be
concluded that the adsorption of oxygen is not rate-determining in the current
investigation, since this would predict the opposite of the observed increase in
regponse to large injections of oxygen.

However, the work of Chleck and Cucchiara (89) was not directly comparable
to the current invesigation, Bulk copper was used as the source, and all
Deasurements were made at high temperatures (670°K - IITO°K). Further, the
activity remaining, in the source was measured during the reaction, not the gas
phase activity. It is stated in this paper that "copper does not apprecisbly

Indrdal acatl

react with oxygen at temperatures velow 5707077 "rile it may be the case that at
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{emperatures below 570°K, the actual rate of decrease of source activity is small,
nevertheless the increase in gas phase activity has been showm to be readily
measurable, Also, thin films may be intrinsically more reactive than the bulk

of a substance,

The character of the reponses may therefore be determined by the rate of the
surface reaction, by the rate of diffusion of copper, or by physical factors in
the system. The lengthening of response peaks during the ageing of a film is
consistent with the increasing thickness of the oxide film, through which krypton,
released by copper, must diffuse to reach the gas phase, During oxidation, somé
quantity of copper is in the process of migration through the oxide film; if the
gurface reaction is glow, then copper atoms may be present at the o#ide/gas
interface, The quantity of copper oxidised by a typical injection of oxygen
is less than I% of all the copper in the entire film (appendix J)., Therefore it
must be recognised that the particular copper atoms oxidised by an oxygen
injection are not necessarily those which are involved in the release of krypton.
An assessment of the physical factors of gas flow in the film vessel is complicated
by the simultaneous processes of flow, mixing/diffusion, temperature change, and
adsorption/reaction which are occurring,

It is not possible from the data collected in this investigation to make g
definite statement of the factors leading to the release of krypton during the
oxidation of copper. It is believed that physical factors may be important, as '
it is difficult to conceive of a purely chemical effect which could lead to
enhanced responses for large oxygen injections,., One aunswer may be that increasing
the dosage size increases the time span of a reaction which is in fact zero
order., If a fast reaction only occurs when a complete adsorbed monolayer of
oxygen exists at the oxide surface, then the effect of larger doses may be to
lengthen the time during which the partial pressure of oxygen is sufficient to
maintain the monolayer, This theory would account for the relatively larger
responses when oxygen was flowed continuously, and depending on physical factors
1% could explain the enhancement of the response to individual Iarge doses.,
However, it does not explain all of the facts, for example the widely different

regponses to different flows of oxygen.
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The facts that re-sensitisation of the film is necessary after no oxygen has
been available for some time, and that ephanced responses are obtained when
injections are made before the effect of the previous injection has ended, point
to the participation of oxygen in the procegs other fthan in the reaction iitself,
It‘is likely that when a film is left in a stream of nitrogen for some hours
at.443°K, all the a@sorbed oxygen will react with copper, or possibly desorb,
The adsorbed oxygen layer has bheen observed to disappear from cuprous oxide on
heating for three hours in vacuum at 443°K (I20).

A similar effect has been observed by Siegel and Peterson (II5), These
authors state that " a lower limit of exposure to oxygen was required to produce
a displacement of the copper atoms at a measurable rate", but give no further
details,

The effect is probably related to the dependence of copper migration on the
potential difference between copper metal and the adsorbed oxygen layer. In
essence, catalysis by the reactant, oxygen, is implied, possibly in terms of
maintaining the concentration of dissolved, migrating copper in the oxide layer,
This could explain the enhancement of responses for large injections of oxygen,

A better understanding of the processes involved could be taken from studies
of the oxidation of copper films in a continuous flow of oxygen, and by studies
of the resistance of the film during the oxidation process,

The process of reduction of an oxidised film is apparently less complex,
Responses to successive injections of hydrogen decrease with the lesser
availability of the cuprous oxide kryptonate film,

It is surprising that some krypton is retained by a film after the cycle of
oxidation~-reduction-oxidation, but a small response 1o a second reduction has
been observed (figure 69), although the first oxidation and reduction were
carried to the stage where no responses could be detected. Since copper migration
is involved in the oxidation process, and recrystallisation in the reduction
Process, this may imply that the retained state of krypton is more than a passive
trapped state; migration of krypton must be involved if it is to be held in the

new crystallites. This is certainly necessary to explain the release of krypton

When the film of cuprous oxide is reduced. However it is possible that the results
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of the second oxidation and reduction arise from the exposure of unoxidised
copper during the recrystallisation“of the first oxide layer associated with ifs
reduction. This could be best investigated by conducting studies of working films
by electron microscopy; in the present investigation the electron microscopy
studies were undertaken only to show morphological changes in the films during
oxidation and reduction, and the structures of working films were not determined

by this method,




CHAPTER T

ADSORPTION AND CATALYSIS ON FILMS OF NICKEL,PALLADIUM, AND PLATINUM,
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CHAPTER 7 ADSORPTION AND CATALYSIS ON FILMS OF NICKEL, PALIADIUM, AND PILATINUM

7L THE ADSORPTICN OF HYDROGEN BY NICKKL FILMS AT 273°K

A simple description of the working of a catalyst is that it alters the rate
of a chemical reaction without entering the reaction, Althoﬁgh catalysts do not
actvally react, nevertheless changes in their structure may be brought about by
adsorption and cetalysis on their surface, showing that at least the outer layers
of atoms are disrupted by these processes. (see gection 2.I) This is exemplified
by‘the release of the krypton label from ion~bombarded platinum during suvrface
processes involving adsorption and reaction of hydrogen and oxygen (47);

It was decided to iﬁvestigate the well-characterised adsorvtion of hydrogen
on nickel films in corder to find whether the release of krypton owing to
adsorption is & general phenomenon, and to quantify any such release for the
nickel/hydrogen system,

Nickel fiims were deposited at T7°K, im krypton, using bthe bechniques described
in chapter 4. They were allowed to attain room tenmperature, and krypton relsased
vas recovered using the Toepler pump over & period of one hour, and was
neasured with the Mcleod gauge. This process always left a low regidual pressure
of krypton in the film vessel because the Toepler pump was not I00% efficient,
Fhile this was not significant in dterms of total guantity measurements, it was
found that the radioactivity of the residuval krypton was large enough to
infroduce errors in to the measurement of the quantity of krypton relessed by
& film owing to adsorption, Accordingly, film vessels were flushed with a large
quantity (approximately S;cmoles) of inactive krypton, and were pumped down with
the main pumps, before adsorption measurements were made.

Adsorption measurements were made with the film vessel maintained at 273°K.
The sintering process for the films was the period of approximately one hour at
roou temperature, referred to above. Vhile this treatment is much less rigorous
than other sintering techniques which have been employed in order to obtain
reproducible resvlts for adsorption on metal films (8), it was found in practice
that any release of krypton during standing at 2{3°K in the course of an

Epariment was negligible compared to velease induced by adsorvtion, The
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sintering process was therefore considered to be adequate, at least for studies
of krypton release,

Smell quantifies of hydrogen were measgred uging the HMcLeod gauge, and were
gllowed successiveiy to expand in to the film vessel, For the earlier doses, the
pressure dropped to.a very low value; the surface was taken to be saturated with
hydrogen when an appreciable residual pressure was found. Since all earlier
gamples were completely adsorbed, the total quantity of adsorbed hydrogen was
determined by the quantity of the last aliguot which had been adsorbed., This was
ﬁetermined in one of two ways, The Toepler pump was used in some cases to‘
recover unadsorbed hydrogen for measurement in the McLeod gauge, Alternatively,
sfter all adsorption studies had been completed on a particvlar film, the volume
of the system was found by expansion of & measzured quantity of argon, (see
appendix A) Then the fraction of the last aliquot which had been adsorbed could
be calculated from a measurement of the quantity of hydrogen in the McLeod gauge
bulb at equilibrium,

After each aliquot of hydrogen had been allowed to come to equilibriim with
‘a nickel film, the activity of the k:ypton released was megsured, A standard
amount of aﬁproximately 3 pmoles of inactive krypton was admitted to the systenm
used for the adsorption studiésg and was left for ten minutes in order to ensure
complete mixing with the small quantity of released krypton., All of the gas in
the film system, including any unadscrbed hydrogen, was then. transferred to the
comnting chamber using the mercury ejection pump and the Toepler, After & éount
had been taken, the counting chamber wes evacuated by the main pumps.

At first, 5%“kr was used for these studies, However, the activity resulting
in the counting chawber was frecuently so high that the dead time correction
time exceeded the counting time. The effective counting volume was 9 ml at this
stage, and it was found that small alterations in the mercury level in the counting
cthamber produced large changes in the observed count rate, For these reasons, the
early results were unreliable, and will not be dealt with in detail.

The results which are guoted in this section were obtained using films
deposited in~0.6ﬂ§k£, which wag obtzined by dilution, and counts were nade in

& chamber of volume apvroximately %0 ml. Under these conditionz, convenient and
s ?
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reproducible count rates, in the order of hundreds or thousands of counts per
minute, were produced,

Various tests were carried out to investigate possible sources of error in
this experimental arrangement, It was found that the krypton held by the films
at 273°K was not exchangesble with gas phase krypton, and that krypion release
on standing was usually negligible, There was no.fadioactive contamination of the
hydrogen used, but the inactive krypton supplied by the British Oxygen Co, Ltd,
was foud to be slightly radioactive. The activity corresponding to the natural
background, plus the effect of B/Lmoles of the supposedly inactive krypton, was
found to be 270 cpm, This value was deducted from all measured count rates when
inactive krypton was added to dilute the krypton released by a film,

From the gas counter calibration (see appendix D), it can be shown that this
level of activity results from the presence of approximately I0'% of ¥Kr in the
tinactive' krypton,

One of the first measurements made with the vacuum system ﬁas of the
adsorption of hydrogen by a nickel film deposited at 273°K, in order to check
that the results would be comparable to those of previous wockers, The measurement
was made at 295°K, and the results which were obtained are-given below,

Weight of nickel in‘film I = 40,0 ng
Quantity of hydrogen adsorbed = 8.50xIOmatoms
Specific adsorpiive capacity = 2.12;Id?atoms ng

The value obtained for the specific adsorvtive capacity of the film is
hlghez than those normally found for films deposited in vacuum at 273°K (9, 50,
121, 122), but lower than the value obtained for the adsorption of hydrogen by
films deposited in a pressure of a few torr of argon (9, 122), Film I vas laid
down in BXIdztorr of krypton, and the intermediate value of the specific
adsorptive cavacity probably arises from the lower value Qf the.gas pressure
during deposition,

It was concluded that adsorption measurements in the present system would
Be consigtent with previous work.

The regﬁlts which were obtained for the adsorption of hydrogen on a series

of six nickel films deposited in the presence of krypton at 77°K, are shown in
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TABLE 42 THE ADSORPTION OF HYDROGEN AT 273°K BY FILNS DEPOSITED IN THE PRESENCE

OF APPROXIMATELY AxI0’torr OF KRYPTON AT 77°K

FILM No WEIGHT QUANTITY OF HYDROGEN SPECIFIC ADSORPTIVE CAPACITY
(mg) ADSORBED (gtoms) (atoms of H, per mg of Ni)
" 98 6.5 1.58x10' | 2.44x10"
101 3.5 1.05x10° 3,00x10""
103 _ 542 1.38x10" 2,67x10"
106 -~ II.8 2.25x10" 1.91x10"
109 5.1 8,57x10" 1.68x10"
IIT 5.8 - T.43x10" 2,46x10"

l?‘_‘_ . [ 3
MEAN  2,36xI0 X 0¢44xI0

The agreement between these values is not very good., Variation from one film
%o another may be explained in part by incomplete annealing of the films during
the rise to room temperature af'ter deposition, The necessity for complete and
reproducible annealing procedures has been pointed out by Singleton (8).
Although in the present work snnealing appeared to be complete, in the sense that
. no ¥Kr was released on standing at room temperature, nevertheless it is possible
that variations in surface arca may have arisen as & result, for exawmple, of
different rates of warming., The effect of small variations in the deposition
conditions may also be important. Another source of error may lie in the
i possibility of reversible adsorption c¢f hydrogen by nickel, In this investigaﬁ@on,
% the surface was taken to be saturated by hydrogen when & measurable pressure of
hydrogen was found in the film vessel, The quantity of hydrogen adsorbed to
| saturate the surface was calculated from the quantity of krypton which could be
? recovered from the film vessel‘using the Toepler pump. Howewer, when further
aliguots of hydrogen were admitted to the film, it was found that sorption of
hydrogen could oceur beyond the point of saturation, The results obtained for

film 106 are given in table 43,
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TABIE 43 HYDROGEN ADSORPTION BY IILY 106 AT 273°K

HYDROGEN ALIQUOT No INITIAL QUANTITY Oﬁ HYDROGEN QUANTITY OF HYDROGEN NOT
| Qumoles) RECOVERED BY TOEPLER Qumoles)
I 0.I56 0,156
2 0,400 : 0,400
3 0,394 - 0.394
4 0,187 | 0.167
-5 0,392 0.392
6 1 0.398 0,339
T 0,386 0,189
8 0.386 0.143
9 0,386 0,130
10 1,400 0.394
I 1.379 | 0,268
12 2,409 | 0,553
13 2,021 0.424
4 2,015 0,277
5 ’ I.995 0.255
16 2,166 0.379

It is not possible for the sum of the quantities of hydrogen apparently
adsorbed from each aliquot of hydrogen to have been associated with the film at
the end of the experiment., The only possible explaﬁation of the observations is
that a quantity of hydrogen which was not recovered by Toepler pumping, was
desorbed by the more rigorous pumping with the mercury ejection pump, during
fransfer to the gas counting section. In each case, & part of the surface would
thus be left bare before exposure to the next aliquo% of hydrogen. It was not
rossible to test this postulate while meagsurements of the amovnt of krypton
releage were being made, because the guantity of hydrogen not adsorbed,'together
with the inactive krypton added as & carrier, was too large for measurement by
the McLeod gauge, It is surprising that such hydrogen was not recoverable using

the Toepler runv, A possible explanation of the wariation in the quantity of
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hydrogen apparently adsorbed from successive aliquets, is that the efficiency
of hydrogen recovery uging the Toepler was variadble. In all cases, I0 - I2
strokes of the Toepler pump ﬁere carried oub; this would normally be sufficient
to recover effectively all of the gas phage gpecies from a systenm of thé same
volune as the film vessel used., However, if the reversible desorption was time-
controlled, part or all of the sorbed gas might ge left in the film vessel,
This postulaie is supported by the results obtained for film 111, where
measurements were made at equilibriuwm pressure in a system of ¥nown volume, In
this case, the quantity of hydrogen apparently sorbed fromvsuccessive‘aliquots

after the point of saturation was much more constant, (see table 44)

TABLE 44 HYDROGEN ADSCRPTION BY FILM III AT 273°K

HYDROGEN ALIGUOT No INITIAL QUANTITY OF HYDROGEN QUANTITY OF HYDROGEN

(ymoles) ADSORBED (ymoles)
I-5 o : 1,102 (saturation)
6 - 0,354 0,167
7 0.341 0,191
g ' 0,355 0,164
9 B o2
10 1,342 0.182
11 1.295 . 0,207

MEAN OF SIX 0,180 * 0,017

It has been observed that adsorption of hydrogen is possiﬁle beyond the
supposed point of saturation of the surface, The phenomenon was first reported
by Beeck (I0I), who ascribed it %o solution of hydrogen by nickel; later workers
(123, I24; 125) have-shown that it is a surface pheromenon, Solution of hydrogen
by nickel is observable omly.at Temperatures over 333°K (I24). .

This adsorption is a time~controlled process; it is referred to as "slow
Sorption®, The adsorbed state has been shown to be the active intermediate in
the catalyeis of the parahydrogen éonversion by nickel (8). Hydrogen slowly
Sorbed by nickel may be desgorbed by pumning for thirty minutes (I25), Various

Sltes such as lattice defects, spaces bhetwveen macrocrystels, and particular
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cfystal planes, have been suggested as the particular adsorption sites involved
(125, 126, I27),

Values of between I3% and 22% of the saturation gquantity have boen found in
the studies cited above, In the present work,the highest values represent 25%
of the saturation quantity for film I06, and I6%_of the saturation quantity for
film IIY, These values are fairly high, but it has been shown that the slow
gorption process is favoured on porous films, and it is probable that films laid
dowm at low temperatures are highly porouvs.

These results demonstrate thiat for the experimental technique used in this
investigation, it is difficult to evaluate the point of saturation with certainty;
as in each case a portion of the hydrogen, reversibly sorbed from the aliquo% of
hydrogen which saturates the surface, may not be removed by the Toepler pump;

The spread of walues in table 42 is sufficiently large that the effect of
incomplete sintering must also be important.

The mean value for the films cf table 42, of 2336210ﬂétoms of hydrogen per
ng of nickel adsorbed, represents an enhancement of the adsqrptive capacity over
the values reported for films evaporated in vacuum at 27%°K. Typical values for
the specific adsorptive éapacity of such filmg fall in the range I,25xIO”atoms mg:'l
to 2.00xI0 atoms mg (9, 50, 121, I22).

Hydrogen adsorption measurements were made at 295°K on four films (numbers
2, 88, 90, 93), which were deposited in Sﬁukr. The mean value of the specific
adsorptive capacity was 2045xIdvi 0066x10" s toms ng, which is not significantly
different from the value found at 27%°K,

The quantity of krypton vhich was released as a result of adsorption was
calculated from the observed count in the 30 ml counting chamber, using the
relation 8,5 cpm = Idmmoles of *kr, (see appendix D) The fotal quantity of
krypton released up to the satur;tion poiﬁﬁ for the six films considered préviously
ig given in tabie 45, Film 98 was deposited in 57Kr, and the values have been
adjusted by a Tactor of 0.6 + 5,0, in order to compare them with the results for

the other filns,
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TKBLE 45 KRYPTON RELFASE LURING SATURATION OF NICKREL FILKS WITH HYDROGEN..

TABLE HEADINGS : ALIQUOTS = the total number of aliquots of hydrogen required
to saturate the film,

the total number of moles of the isotope ¥Kr
released by the film

the total nunber of moles of the isotope * Kr
released by the film, divided by its weight in mg
the total number of moles of the isotope ¥Xr
released by the film, divided by {the number of
prcles of hydrogen adsorbed at saturation

i

¥Kr RELEASED

(i) REILEASE

il

SPECIFIC RELFASE

il

‘. PIIN No ALIQUOTS  *Kr RELEASED (Fi) RELEASE  SPECIFIC RELEASE
(moles x I0™) (moles x-I07) (moles x I07)

‘98 4 2 - 50,0 - -

98(corr.,) 2 6.0 0.92 4,6
101 4 4.9 1,40 546
103 - 7.5 T.44 6.5
106 6 9.8 0.83" 562
109 2 4.6 0.90 6.5
I1I 5 34 ¢4 5.93 31,1

The values were fairly consistent for all of the films with the exception of
film ITI. The only distinguishing feature of this film was that the atomic % of
krypton retained at room temperature, beforc the adsorption measurements were
begqun, was wnusually high (0.39%), The adsorptive capacity.for hydrogen was
typical,

Table 46 shows that proportion of the total incorporated krypton which was
released owing to adsorption of hydrogen to the point of saturation, for the
films above, 1t is evident that there is no general relationship between the
1 quantity of krypton initially held‘by a film at 273°K, and the proportion lost

JOWing to adsorption. The values for film IIT are anomalous in both tables,
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TﬂELE 46 _THE PROPORTION OF INCORPORATED KRYPTON LOST OWING TQ ADSORPTIQN OF

FYDROGEN TO THE POTNT OF SATURATION
FILM No ATOMIC % OF KRYPTOW (273°K)  PROPORTION OF TNCORPORATED KRYPTON
| I0ST OVING TO ADSORPTION (%)

98 0,24 ) 0.38

101 | 0,26 0,53

103 0.23 0.53

106 0.36 | 0,19

109 | 0,27 0,32

III 0039 : I.4AT

Excluding tﬁe data for film III, the best relationship is obtained by,a
comparison of the quantity of krypton released with the quantity of hydrogen
adsorbed, that is, the "specific release" of krypton, quoted in table 45,

The determination of the gquantity of krypton held by a film at room temperature

is subject to error, and from the results presented for the quantity of hydrogen

- adsorbed on to these films, it appears that there is a genuine variation in

surface area. Assuming that the atomic % of krypton in the films is in fact

almost constant, then the guantity of krypton released might be expected to be
related to the surface area effected by adsorption, and thus to the quantity of
hydrogen adsorbed. The data are sufficiently incosistent that this conclusion
camot be stated with certainty; more rigorous and reproducible sintering
procedures would have to be employed before definite conclusgions could be reached,

Another difference between the results for film III and values for all the

~ other films studied was in the distribution of krypton release between successive

eliquots of hydrogen.

For the films which were saturated with two aliquots of hydrogen, it was‘
found that, although less hydrogen was adsorbed from the second aliquot, &
relatively greater amount of krypton release was associated with it, This was
’lso observed For the four films 1zid down in 5%&kr, although for reasons stated
Meviously, exect values could not be obtained for these films,

Vhen the size of aliquots was reduced in order thet release of krypton during
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progressive coverage of the surface by hydrogen could be investigated, a slandard

pattern emerged, The results for film JOI are given as an example in table 47,

TABLE 47 KRYPTON RELFWASE DURING PROGRESSIVE COVERA@E OF FILM TOI BY HYDROGEN

| TABLE HEADINGS : Q ads

the quantity of hydrogen adsorbed in umoles
RADIOACTIVITY

the observed count rate resulting from krypton relezsed,
measured in the gas counter and corrected for background
the observed count rate as above, divided by the quantity
of hydrogen adsorbed

nn

SPECIFIC ACTIVITY

L}

| HYDROGEN ALIQUOT No . Q ads  RADIOACTIVITY  SPRCTPIC ACTIVITY
| (cpm) (cpm per pemole of H,)
I 0.275 1150 4180
2 0,336 460 1370
3 0.270 1750 6480
4 0.074 760 - 10300

It was found that the amount of krypton release was initially high, decreased,
end then increased near the saturation point, Although this pattern was found in
éll'cases, the quantity of release wes noi consistent for all the films, In
particular,'the first aliquot of hydrogen admitted to film III caused the. -
release of a particularly 1arée quantity of krypton. The experimental results
for four films are shown in figure TI.

It may be concluded that the mechanism of kryplton release is not related to
thermal sintering induced by the dissipation of the heat of adsorption of hydrogen.
The heat of adsorption is invariably found to decrease with surface coverage (14%
so that the increase in specific release near the poin% of complete surface
coverage can not be explained on this basis,

It was further found thatl the slow sorption process caused the release of
tonsiderable quantities of krypton, although for a readily reversible process,
very little heat of adsorption could be involved. In the histogram presented for
film 106 in figure TI, the seventh block represents krypton released wholly by
the slow sorption proéesso Because of the difficulty in identifiying the point cf
Smmration,bit is not possible to state how much of the kryvton release in the

last block of each of the other histograns represents slow sorption.
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It is suggesbed that the increase in the speciiic release of krypton near
the point of complete coverage corresponds to the onset of occupation of the
glow~gorption sites on the film,

In the case of:film 106, approximately four times as much kryptoﬁ was lost
owing to slow sorption as had been lost as a result of the formation of the
initial chemisorbed layer of hydrogen. This was the result of the repetition
ten times of the cycle slow sorption/desorption., Krypton release persisted as
far as the film was studied, although the quantity of krypton released was
lower for later aliquots of hydrogen. Successive aliquots occasionally caused
very different amounts of release, probably because of differing physical facfors
such as adsorption time, pumping time, and the rate of pumping.

Films I09 and III were treated less rigorously. Release of krypton owing +to
glow sorption was followed until amoumts of krypton corresponding to 28% and 42%
of the saturation quantity hacd been releaseds in néither case was a limit to
release observed,

This phenomenon is not the result of the release of krypion from the film
for some other reason over the time of the experiment. In the cases of films
106 end III, a quantity of inactive krypton was left exposed to the film for a
period of time much longer than the time of an adsorption measurement; little .
activity was acquired by the inactive krypton. For example, the net activity for
one sample left for +twelve hours over film I06 was 400 cpm, which was less than
& quarter of the lowest acitivity release measured for an aliquot of hydrogen
after the point of saturation. Krypton release therefore arises because of the
interaction of hydrogen with the film,

No krypton appeared to be released by films I0I and I03 after the point of
saturation, This was probably the result of a difference in the experimental
technique, It was assumed at first that the krypton released by a film would
immediately mix ¥ith gas phase hydrogen. Accordingly, once the point of saturation
had been reached, when it was known that & large quantity of hydrogen would
repain in the gas phase, inactive krypton was not added prior to counting.

A this stage the phenomenon of slow sorption had not besen observed, and after

the point of saturcetion the quantity of hydrogen in each alicuot was neasured
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only before introduction to the film vessel,

The assumption that released krypton mixes immediately with gas phase hydrogen
does not seem to be justified by the resu;ts for films I0I and I03, Krypton that
is released owing io the slow-sorption process may be loosely held bj the f£ilm,
and may only enter the gas phase as a result of exchange with gas phase krypton,

- This possibility reveals another source of possible error in the results.presented
in this section,

A short investigation of the release of krypton from palladium films was
now carried out., It was hoped that any differences found might aid in the
interpretation of the nickel results, in terms of'the different modes of

interaction of hydrogen with the two metals (I29).
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Te2 THS ADSORPTION OF HYDROGEN BY PALLADIUM FILHS AT 273°K

The techniques employed for the investigation of hydrogen adsorption by
palladium films at 273°K were identical to those used for study of the nickel films
described in sectién T.I. Hydrogen aliquots were left to equilibrate over the film
for at least thirty minutes. Two films were studied; in each case, the surface
appeared to be saturated by the second sliquot of hydrogen.,

When measurements of the uptake of hydrogen were made, first from the pressure
in the system at equilibrium, and subsequently by Toepler pump recovery of gas
phase hydrogen for measurement in the McLeod gauge, it was found that part of
the hydrogen which had disappeared from the gas phase at equilibriom could be
readily recovered by Toepler pumping. The results are given in table 48} As in
the case of the nickel results, the valuves quoted for irreversible adsorption
ﬁre subjett to error because it is not certain that a limit to hydrogen recovery

could be reached using the Toepler pump.

TABLE 48 THE ADSORPTION OF HYDROGEN AT 273°K BY PALLADIUM FPILMS DEPOSITED IN

THE PRESENCE QF APPROXIMATELY 4xIC0’torr OF KRYPTON AT 77°K

FILM No  WEIGHT (mg)  SPECIFIC ADSORPTIVE CAPACITY % REVERSIBIE
(atoms of H,per mg of Pd) ADSORPTION
TOTAL. TRREVERS IBLE
104 6.4 5,80x10 " 4,32x10" 25
107 4.9 4,66x10" 3,58x10" 23

It is evident that hydrogen is adsorbed in larger quantities by palladium
than by nickel, The value found for the total amount of adsorption is larger
than that found by Stephens (I29) for palladium films deposited in vecuum at
273°K (1,48x10 atoms mg ) Of the quantity measured by Stephens, some 40% was
readily desorbed by pumping,

The guantity of hydrogen-irreversibly‘adsorbed by these films represents an
atomic ratio of approximately I H : I4 Pd, compared to an atomic ratio of I H
+ 4% Ti under identical conditions for the nickel films,

The hydrogen was talken up quite slowly by the two palladiuwn films, The
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pfocess appeared to be complete some twenty minvtes after hydrogen was admitted
to the film, Figure T2 shows the decrease iﬁ pregsure of the second aligquot of
hydrogen admitted to film I0T.
In both cases,;fhe guantity of krypton released by the second aliquot of
hydrogen exceeded that released by the first aliquot, although a smaller amount
?of hydrogen was actually adsorbed by the film, The proportion of the total & .

~quantity of krypton held by the films at 273°K, which was released owing to

adsorption of the two aliquots of hydrogen in each case, is given in the table

below,

(TABLE 49 THE PROFORTION OF INCORPORATED KRYPTON LOST FROM PALLADIUM FIIMS

OWING TO_THE ADSORPTION OF HYDROGEN TO THE POINT OF SATURATICN

;FILM No ATOMIC % OF KRYPTON (273°K) PROPORTION OF INCORPORATED KRYPTON
| 10ST OWING TO ADSOR?TION (%)

104 0.69 0.67

107 0,71 0.34

These results are comparable with those obtained for nickel, despite the
‘relatively larger quantity of krypton taken up by palladium, If the effect’of
bydrogen solution had been a factor contributing to the release of krypton, then
wre krypbon would have been expected to be released by palladium than by nickel.
fowever, the tendency to release of krypton is probably related to the manner by
thich a film holds krypton; it has been shown that palladium reﬁains‘more krypton
ot room temperature than does nickel, It is possible that the release of krypton
wing t§ adsorption of hydrogen is alsgo less favoured for palladium than for
tickel, |

In view of the spread of results for the two metals, no definite conclusions
tan be drawn from the data,

No study of the release of krypton owing to sorption of hydrogen yast the
bint of saturation was attempted for palladium. However the higher specific
lease of krypton from the film owing to adsofption of the second aliquot,
ich saturated the film, indicates that the behaviour of the metals is probably

Hnilar,
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T.5 CATALYSIS OF THE HYDROGEN/OXYGEN REACTION BY PLATINUM FILMS AT 295°K

The measurement of total gas phase activity by a process involving quantitative
transfer of gas from the film vessel to the counting chamber was a somewhat
laborious process, The investigation of krypton releaselauring catalysis was not
attempted by this method, in view of the difficulty of obtaining reproducibility
in the adsorption measurements, and the added complexity of handling two reactant
gases, Instead, it was decided to inject the reactants in to a stream of an inert
carrier gas passing through the film vessel, under conditions where a surface
reaction would be expected, and to measure the release of krypton by a downstream
flow counter,

Because of its high catalytic activity at low temperature, platinum was the

metal selected; catalysis of the hydrogen/oxygen reaction by platinum has been .

observed at room temperature (47).

The platinum films were deposited in 5¢%Kr by the technigues described in

gection 5(b), Details of the modified film vessels used in these experiments

' also appear in this section. (see figure 50)

Once the films had been allowed to attain room temperature, a flow of dry

. oxygen~free nitrogen, prepared as in the copper oxidation studies, was passed
?through the cold trap A to the film vessel, and thence to the flow cowmter,

' The flow of nitrogen entered the film line by way of the air leak tap, and
%injections of gas were made through a serum cap in a section of glass tubing
ilocated in the B9 socket of the air leak., Films were at no time exposed to the

'Mmosphere. The rate of flow of nitrogen was 50 ml mir,

On commencing a flow of nitrogen through a film vessel containing a platinum
;ﬁlm, a quite high count rate was registered by the flow counter, This effect was
‘mre pronounced than that found when a flow of nitrogen was bégun over copper
films (chapter 6); however copper films had previously been exposed to the = -
tmosphere., The effect may arise first from the sweeping out of a low pressure of

§s phase kryvton, and second from a slow process of removal of krypton physically
Wsorbed in the cold traps. It was necessary to maintain the level of the liquid
Mirogen in cold trap A, upstrean from the film vessel, throushout a rwi, A peak

Wactivity in the gas strean resulted (rom lowering the Dever vessel, This may
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have been caused either by sintering of a condensed mercury film which
incorporates some krypton, or by desorption of physically adsorbed kryption,

The downstream cold trap B was permitted to warm up to room temperature
once the nitrogen flow had been established. Any contaminants condensed in this
trap prior to and during deposition, including physically adsorbed krypton, were
gwept away from the film by the nitrogen stream,

Two rwms were carried out with the films at room temperature (approximately
295°K). In the first experiment the film was not pretreated above room temperature,
Gas injections commenced one hour after the nitrogen flow was begun., At this time
the count rate was approximately 240 cpm, considerably in excess of the natural
i background., The activity release peaks were therefore measured agéinst a falling
background, During the experiment, counts were accumulated and a reading was
made each minute, as in the copper oxidation work. Details of the injections of
gas to this film, No I05, are tabulated below. A hydrogen-oxygen mixture was
made by withdrawing first pure oxygen (3.3 ml), and then pure hydfogen (6,7 m1),

from streams of the respective gases, using a I0 ml Hamilton syringe.

TABLE 50 INJECTIONS OF HYDROGEN AND OXYGEN TO FILM I05

T GAS INJECTED QUANTITY OF GAS INJECTED REFERENCE TO FIG.73

(min,sec) (m1)

5445 hydrogen 5 A
18,45 hydrogen 5 B
38,45 hydrogen 5 ¢
5245 hydrogen -5 D

58e45 = T2.45 hydrogen flow - I0 ml min E
80.45 oxygen | ‘ 2 | F
86,45 hydrogen/oxygen mix ‘ 10(6.7 ml B,,3.3 ml1 0,) G
97.45 oxygen 2 H
105.45 hydrogen 10 I
112,45 . hydrogen/oxygen mix 10(6.7 ml Hyy3.3 ml 0,) J

" The release of activity from this film is shovm in figure 73,
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In the second experiment, the film was first heated to 503°K for I50 minutes
in the nitrogen flow, after which treatment a count rate of 60 cpm was found,
The temperature of the film was also changed during the run. Details of the

treatment of this film, number IX0, are tabulated below,

TABLE 5I DETAILS OF THE TREATMENT OF FIIM II10

TIME TEMPERATURE OF FIIM GAS INJECTED QUANTITY OF GAS = REFERENCE TO

(min,sec) (°x) INJECTED (ml) FIGURE T3
0 - 6 min 503 - - : -
6 - 2I min' cooling to 295 - i - -
25,00 fjump! to 363 - - A

31 - 40 min cooling to 295 - - - -
42,45 295 hydrogen 2 B

49.45 LHe hydrogen 2 ¢
5545 n hydrogen 2 D

60,15 = 65,15 " hydrogen flow 10 ml min’ E
T7.I5 " oxygen 2 F
83,00 " hydrogen/oxygen mix 10 ' §5
190,00 " hydrogen/oxygen mix 10 H
98,00 " hydrogen/oxygen mix IO‘ 1

The release of activity by this film is also shown in figure T3, The jump .
in temperature to 363°K after 25 minutes was brought about by suddenly immersing
the film vessel in a Dewar vessel containing water at 257°K.

It should be noted that the time between making an injection to the system
and the detection by the gas counter of the activity released was approximately
three mihutes. A delay of three minutes has therefore been taken in to account
in making the reference marks on figure 73,

The two plots of activity loss during treatment of the films are very similar.
In each case, the first hydrogen injection produced a large peak, and much
Sraller effects were produced by later hydrogen injections, Once each film had
stopped. responding to hydrogen injections, there was no significant response to

M injection of oxygen alone, lowever, & significant peak was observed when a
L
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pixture of hydrogen and oxygen, in the approximate proportion for reaction, was
injected, Thereafier, only minor effects were noted.

The observation that the size of the ipitial peak was greater for the film
which had not been;preheated, may have arisen by an acceleration of fhe process
of thermal stabilisation, owing to adsorpfion of hydrogen, From the length and
shape of the first two hydrogen peaks for this film, some evidence may be taken
for a slower secondary process of krypton release in:this case.

The most important observation, however, is of parallel behaviour for two
films of vastly different thermal history. It may first be concluded that the
krypton lost owing to adsorption can nct be identified with the krypton which is
lost owing to a small rise in temperature, Also, from the fact that there was no
response to a sudden temperature rise for film IT0, it is clear that release of
krypton from a film does not‘arise from thermal sintering induced by the .-

dissipation of the heat of adsorption and reactiomn.

Some observations were made at 403°K, of hydrogen injections to films 94 and
97, which had been sintered at 433°K, It was noted that the release of krypton was
not as much concentrated in the peak corresponding to the first -hydrogen |

- injection, but that a series of falling peaks was found for successive injections

© of hydrogen,

| ]@4 DISCUSSTCH OF KRYPTON RELEASE DURING ADSORPTION AND CATALYSIS

From the results which have been presented in this chapter, it may be .
concluded that the changes induced in the surface of a metel film as a result
of adsorption and catalysis can not be associated directly with the dissipation
| of heat during thege processes,

If the changes in the surface which resulted in the release of krypton had
arisen through thermal sintering, then a steady_decrease in krypton release
throughout progressive surface coverage of a nickel film by hydrogen would have
been expected, lititle or no krypton release would have been expected tc be
essociated With the process of glow sorption of hydrogen, and krypton release

Yould not have been expected at 295°K, using a platinum £ilm presintered to
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cquilibrium at 503°K,

Conflicting results have been presented on this subject., It has been shown
thalt the surface area changes observed for nickel films after chemisorption by
oxygen are substantially independent of the encrgetics of the method whereby the
oxygen monolayer is produced .(3I), Since thermal sintering is both a temperature-
controlled and time-controlled process (32), it is not believed that a momentary
rise in temperature couvld in any case result in extensive sgintering. Cn the
other hand, it has been reported'that the surface area of thermally unstabilised
nickel films on which hydrogen has been chemisorbed at 77°K is related to the .
dose size of hydrogen (36), This is explained in terms of the greater rise in
temperature, and hence greater degree of sintering, resulting from each of a
small nunber of large doses of hydrogen, A fuller discussion of this point is
presented in section 2.7,

The possibility of surface migration of nickel being assigted by the
liberation of adsorption energy has also been sugsested (28), Thus sintering
could result from direct conversion of adsorption energy., While this could explain
the platinum results, the results for hydrogen adsorption on nickel indicate a
substantial amount of krypton release under conditions where the energy chaﬁges
are minimal. One interpretation of the results is that the onset of occupation
of the sites for the slow-sorrtion process produces atom movements which are at
least as great as in the early stages of chemisorption,

However, the interpretation of the present results is complicated by the
problem of precisely how krypton is held by a film, It has generally been
suggested that in solid kryptonates, the krypton is held at defects in the <&
lattice, The release of krypton in the near-saturation and post-saturation
stages of an sdsorption experiment, might therefore be explained in terms of
hydrogen entering defect sites which are thermodynemicelly less favoursble for
adsorption (or less accessible to the gas phase) resulting in the release of
krypton held at such sites, Although it is normal to consider that adsorption
is fevoured at defcet gites, this'assumption is based on the distortion of the
lattice at such sites, and there is no reason to believe that wnfavourably

distorted defect sites cen not existh.
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It has been shown fhat hydrogen adsorbed by siow—sorptidn on nickel is highly
catalytically active, at least for the parahydrogen conversion (8)., And it is
also believed that such hydrogen is held at defect sites (I23), It is thus evident
that strong adsorpﬁion is not invariebly found at defect sites. Indeed, many
étudies have been reported (see section 2.,I), relating the defect condehtration
of metals to their catalytic activity, and it is a general principle of catalysis
that too strong adsorption of a species depresses its catalytic activity.

However, even assuming the existance of unfavourable defects, it is not possible
to explain how the process of slow sorption supplies any energy, by whatever
neans, to disrupt the nickel lattice and cause the release of krypton, We must
also invoke krypton migration induced by the slow sorption of hydrogen in order
to explain the continuing release of krypton by sorption of hydrogen. Accordingly,
vhile it is clear that thermal sintering can not explain the results, no
alternative explanation can be advanced. Another problem is the necessity for the
presence of krypton in the gas phase in order to sweep out the inert gas after
its release from a nickel film, This involves krypton atoms being held at 273°K
in some state which is accessible to and exchangeable with krypton in the gas
phase, but which they are unable to leave spontaneously. Vhile krypton adsorption
at low temperatures shows fea{ures of chenisorption, it is difficult to believe.
that this is the case at 273%°K.

It is evident that a much wider investigation would be required to clarify
tbé situgtion., Many of the answers probably lie in deficiencies of the experimental
techniques, N

First, controlled, reproducible, and thorough sintering techniques would
be necessary.,

Second, the apparatus would have to be redesigned in order to make possible -
simultaneous measurements of quantities of inactive krypten and hydrogen, and to
termit of the direct transfer of large quantitigs of gas from the film vessel for
teagurement and counting in one operation. In the presentv investigation, the
requirement that inactive krypton be allovwed access to all parts of the systen
mcessitated.the re-opening to the film vessel of the mezsured amount of

lon-adsorbed or desorbed hydrogen. Therefore the slov--zorpiion process wag
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therefore repcated to some extent with all samples, and the time factors could
not be reproduced,

In general, no attempt was -made to reproduce time factors precisely,in any
case, Pumping was normally halted when the radiocactivity of the gas recovered from
the film vessel reached a steady value, regardless of the time required, If the
process of surface reconstruction is time-controlled, this could introduce errors,
A time-céntrolled surface reconstruction has been observed for the adsorption of
oxygen on nickel (I30), but this at least partly caused by the penetration of
adsorbed oxygen in to the bulk to form an oxide layer (I3I), and no such possibility
exists for hydrogen,

In this section, it has been assumed that there were only two distinct
adsorbed states of hydrogen on nickel; however it is likely that the real state
of affairs is more complex (I32), -Up to four distinct phases have been identified,

but no physical picture of the various states has been developed,
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CHAPTER 8 GENERAL CONCLUSICNS AND SUGGESTED FUTURE DEVELOPLENTS

It has been shown that krypton may readi}y be incorporated in to metal films
during depogition on to a substfate at T7°K, The properties of the}films are not
significantly altered by the presence of krypton in the lattice, and the kryptoh
has the properties reported for krypton held by solid kryptonates, The homogeneoﬁs
distribution of krypton throughout the films makes them particularly suitable for
use as homogeneous kryptonates in chemical analyses, By variation of the techmnique,
it is likely that any substance capable of being evaporated and condensed could
be kryptonated by this method, using simple vacuum apparatus. There is no reaéon
why a perfectly homogeneous solid kryptonate could not be prepared by the method
if an adequate source of metal vapour was available,

The use of the films in the study of surface processes has been demonstrated.

. In particular, the coﬁbination of krypton release and electron microscopy has been
~ ghown to be a powerful technique for the study of reactions of films,
While it has hot been possible to reach definite conclusions asg to the |

|

mechanisn which results in the release of krypton during the processes of adsorptioh
and catalysis, it is believed that most of the problems resulted from deficiencies
in the experimental technique., With improvements the method should prove to be

an interesting tool for the investigation of surface changes of typical metal films
during adsorption and catalysis,

Three possibilities for fubure work may be suggested, First, the investigation
of adsorption and catalysis by films evaporated partly in krypton and partly in
vacuum, night reveal the distribution of sites for adsorption and catalysis at
various depths in the film, Second, if a non-continuous film could be evaporated
in krypton on to a stirred catalyst support powder at‘77°K, the product might be
expected to show properties similar to those of supported catalysts prepared by
other methods, Then the influence of the support could be investigated, ‘as only
freccesses effecting the metal component would‘résult in the release of krypton.

L similar bub contrasting experiment could be attempted using a support
kryptonated By ion-bombarduent or diffusion. Third, the problem of whether an
bput of energy is reguired to result in surface reavrangement could be tackled

Wing a palladim thirble kryptouated only on the exterior, If the experimental
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arrangenent was such that a monolayer of hydrogen could be formed on the exterior
surface of the thimble at approximately 500°K either by direct adsorption from
the gas.phase or by diffusion from within, then a direct comparison of the
release of krypton in each case Woﬁld be interesting. In one case, all of the
heat of adsorption would be dissipated at the kryptonated surfaces iﬁ the other
case, none of the heat of adsorption would be dissipated there, It is envisaged
that a thin film of kryptonated palladium could ve throwﬁ on to the original
thimble by heving it in a film vessel during evaporation of a film at TT°K,
There is the disadvantage that the thimble would have then to be transferred
through the atmosphere, Possibly in this case kryptonation by ion bombardmenf of
_:the thimble in situ would be simpler and less subject to contamination.
infortunately, with palladium, there is the complicating factor of absorption
(which makes the experiment possible), The thimble could however supply adsorbed
hydrogen to a non-continuous film .of some other metal deposited on its surface,

As an indirect consequence of the investigation, it has been shown that the
adsorption of krypton by a growing nickel film shows features of chemisorption,
Even argon adsorption can not be explained on the basis of the classical picture
of physical adsorption, These facts may be added to the growing body of evidence
vhich suggests that the interaction of inert gases with solids at low temperatures
is not purely physical,

The'ﬁroperties of growing films, and of thermally non-stabilised complete
films, are worthy of further investigation., It should be noted that as a
technique for investigation of the sorption process, adsorption on to a growing
film provides a surface which is effectively clean, without recourse to ultra-—

;high vacuum., However, more work would have to be done in order to determine the
%structures of the films during and after deposition,.if the results were to be

generally applicable.
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‘APPENDIX A PRESSURE AND VOLUME MSASUREMENT BY McLEOD GAUGE IN THE VACUUM SYSTEMN

The component parts of a HMcleod gauge are showm in figure AI, They comprise
a large bulb of kuown volume ﬁhich may be isolated frém the rest of the system
by mercury rising from a reservoir, a sealed precision-bore capillary tube
in to which any gas thus trapped may be compressed, a matched capillary (not
sealed) in order that the effects of capillary depression may be compensated,
and a large bore tube to facilitate evacuation of the bulb,

To measure the pressure in a system which includes the lMclLeod gauge bulb,
air is admitted to the enclosed space in the mercury reservoir, cauvsing the
mercury to rise in to the gauge and to isolate the bulb at the cut-off. The
mercury is permitted to rise until it reaches that point in the open capillary
which is at the level of the end of the sealed capillary. At this stage,
agsuming that all of the gas isolated in the McLeod gauge-bulb has been
compressed in to the closed capillary, then the length of the enclosed gas
colum will be equivalent to its pressure expressed in millimetres of mercury,
The initial pressure P, at the instant when mercury rising in to the gauge
isolated the bulb, mey be calculated from the expression:

2

P = léé torr

In this expresgaon, V is the volume of the McLeod gauge bulb in m, 1 is
the length of the enclosed gas columm in mmg; and A is the cross-sectional area
of the capillary in m

Rather than to calculate the pressure on each occasion, it was found -
convenient to construct for each gauge a plot relating the length of the gas
colum to the initial pressure, and to read off the pressure from this plot,
The plot for the larger gauge is shown in figure A2,

The Ynown voiwme of a McLeod gauvge bulb wey be used to £ind the volumes of
other parts of an apparatus.

Consider a space of volume S, evacuvated and isolabed from the McLeod gauge
bulby which has a volume V, by mercury reised to the cul-off. It is now possible
to measure a quantity of gas Qo trapped in the Wulb, by further raising the

level of mercury so that all of the gas ig compressed in to the capillary,
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The guantity of gas may be calculated from.the length and pressure of the gas
column,

If the mercury is now lowered in to the reservoir, then the gas will expand
,in’to the space S. At equilibrium, the quantity of gas remaining in the bulb,

Q,s is given by consideration of the gas laws to be:

- v
Q = Q% V+5S

On raising the mercury to isolate the bulb again, pumping out the space S{

and repeating the process:

A

v

U = Qo"[\HS
PR V n
and U = QOX[V+S]

Taking logarithms, ILog Q. = Log Q, + n.lLog ['g Z's]

A plot of Log Qn against n'for successive expansions will yield a straight
line of slope Log[V & (V + s)] . |

As outlined in chapter 3, such expansion experiments were carried out for
various sections of the appafuius. An exeample is shown in figure A3, This plot
was obtained for the expansion of gas from the Mcleod gauge bulb in to the
MeLeod gauge dead space and the portion of the Toepler pump oubput arm sbove

the Ball-bearing seal,
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APPLIDTE D: CALIBRATION QF FIHRVAL COUDUCTIVINY GAUGH

This pauge was originally included in the system to provide & means for
measuring the % of para~hydrogen in & given sanple of hydrogen, as it was
pV0posed to study cataly31s of the parahydrogen conversion by nickel fl_ms.

It was subsequently found that the gauwge was also appllcable o pressure
measurement of argon and krypton in the range of interest.

Since the gauge had to be suitable in the first place for ortho-para
hydrogen analysis, it was necessary ‘o selecf a filament operating tempersture
such that the difference in thermal conductivity between ortho- and para—
hydrogen would be at the maximum,. The ﬁemperaﬁure corresponding to the
greatest Qifference in thermal conductivity has been given by Farkas(IO8) as
T40-I60°K,

The temperature of the hydrogen, conducting heat from a hot filament to the
cold (TToK) walls of the gauge, will be intermediate between the temperature of
the filament and that of the gauvge walls,

To provide an estimate of the filament temperature when the gauge was ‘
operating, the effect of temperature on filament resistance was investigated;
The gauge was filled with hydrogen at - atmospheric pressure and surrounded in
turn by baths maintained at temperatures between 77 K and 361° K, A decade
resistor was coupled to the Vheatstone bridge circuit at the point marked Rv in
figure,Jo A voltage of only 0.5V was applied to the bridge in order to minimise -
heating effects, and the decade resistor was adjusted wntil no current flowed
through the bridge galvanometer Gb., The resistance of the gauge filament Was‘*
then equal to that of the decade resistor.

The assumption that no appreciable heating effect was contributing to the
femperature and resistance of the filamenﬁ at the applied potential of 0.5V was
cthecked by raising the voltage to I.CV, and the resistance of the gauge filament
remeined equal to that of the decade resistor, Further increases in voltage
ligturbed the balance of fhe bridge. It was concluded that the filament vas
tearly enough at the temperature of its surroundings at both O RV and 1.0V, The

regults of this experiment are denicted in figuwee BI,



R e T T, - ~m o~ — ~ o~ — - - ~ — ~ "~
— - - - T i - - . ~UN N - A NS
[N N . ) am [ U N T NI [N FR SND S T NP AN RN e

omoT I y TETTT et IO e e NI T TN
- e S PR N o U [ A R S RSN N PR N B
Pt SOCS e NI TN

! AP L NS
V) VU0 i RV

i

SR /O
00+
FILAMENT
20 F

(onms) . /

50 —=2 : — '
10 15 20 25

APPLIED VOLTAGE (V)

FIGURE B3 SENSITIVITY OF TCG. FOR HYDROGEN ANALYSIS

© DIRECT
. X INTERPOLATED

’1 .
f
|
I 1 \ :
(V)
£ - —~ ——
[ /
}O [ P .Z\)



~T59-

DETERMINATION OF APPLIED VOLTAGE TO GIVE MAXIMUNM SENSTIVITY OF GAUGE.

For practical reasons, it was required to usé a pressure of hydrogen
between 30 and 35 torr.of hydrogen

Two experiments were carried out., In the first, the gaunge was filied to
a pressure of 33,5 torr of hydrogen which hgd been purified by passing it
through a palladium-silver thimble at 600°K. Such treatment ensured that the
hydrogen had the thermodynamic equilibrium concentration of 25% para-hydrogen,
In the second experiment, the gauge was filled to the same pressure with
hydrogen which had been fipst purified and then permitted to equilibrate over
activated charcoal at 77°K, so that a concentration of 50.4% para-hydrogen was
established.

In each case, the main switch was closed and the voltage was raised in
steps of one volt, The Wheatstone bridge was balanced as previously, and the
resigtance of the gauge filament was measured when it was equal to that of a
decade resistor.,

It was found that when the applied voltage was below ten volts there was
little difference in the resistances measured in the two cases,

Plots were made of the measured resistance of the gauge filament against '
thg applied voltage in the range IOV to 24V, These plots are shown in figure
B2, It wag found that the difference in resistance at a given voltage was
small compared to the total resistance of the gauge., Thus the difference between
the two readings at a particular applied voltage was subject to error,
Accordingly, the best lines were drawn through the experimental points, and the
difference in resistance at a particular voltage was interpolated from thése
lines, |

As the voltage was increased, the difference in resistance also rose
throughout the range of voltage studied. A measure of the sensitivity of the

gauge for hydrogen analysis was taken from the expression:

sersTrTvIrY = 20(Ri=Ra) o100 ¢

R+ Ry
In this expression, R, is the resistance of the gauge at given voltage

(%

vhen it contains 25¢ para-hydrogen. R, is the resistance of the gauge st the
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same voltage when it contains 50.4% para-hydrogen. A plot o? the sensitivity of
the gauge against the applied voltage is shown in figure B3, The line is drawn
from values interpolated as above, and the experimental points are included for
purposes of comparison, ‘

The sensitivity was found to reach a maximum at approximately ITV,
corresponding to a filament resistance of 87 ohms and a filament temperature of
168°K, This may be compared with the findings of Farkas, who showed that in a
gauge of this type, the gas temperature should be in the range of I40°K to
160°K; to make use of the greatest possible difference in thermal conductivity
between ortho- and para-hydrogen, and thus to achieve maximum sensitivity (I08).

Separate batches of 257, and 50.4¢, para-hydrogen were introduced in to the
gauge and the resistance was checked over a two hour period, No change was found.
Thus there was o possibility that re—equilibration of hydrogen could have |
interfered with the results of the experiment above,

A one-setting potentiometer was incorporgted in the Wheatstone bridge
circuit so that a reproducible voltage of 16,86V could be supplied to the bridge
This particular value resulted from the resiatances of the precision resistors
which were available, |

Some idea of the pressure sensitivity of the gauge was sought, in order
to be able to correct the measured registance in cases where it was impossible
to adjust the pressure of hydrogen to exactly 33.5 torr, The gauge was filled
with 50,49 para-hydrogen to a pressure of 60 torr, and the resistance of the
filament was measured with the standard voltage of I16.86V applied to the bridge.
Some of the hydrogen was pumped out, and a second reading was taken., This
process was continued until the pressure was below I0 torr, The process was
then repeated for 25¢ para-hydrogen,

The results are plotted in figure B4, Between 30 and 40 térr, the

relationship may be taken to be linear, and a correction factor of 2.7xIdlohms

torr could be applied.

CALIBRATION OF THE GAUGE FCR HYDROGEN ANALYSIS

Batches of 25¢ para-hydrogen and 50.4%; para~hydrogen were prepared, and

were mixed in the system, The final ﬁ of para-hydrogen in the mixture was
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calculated from the partial pressures qf the two batlches, The resistance of the
filament at an applied potential of 16,86V was then measured, and was corrected
to the value expected at 33.5 torr. A plot was made of the results, and a
4linear relationship was found. 30wever, the readings tended 4o varj"a 1ittle
from day to day (see figure B5), This effect was minimised by keeping the gauge
permanently at T7°K, but it was still necessaryion a given day to detérmine

the resistance for 25% and50.4% para-hydrogen at 33,5 %orr, and then to assume

a linear relationship,

CALIBRATION OF THE GAUGE FOR KRYPTON AND ARGON.PRESSURE MEASUREMENT

When the need arose in the course of the project to have a continuous
measurement of the pressure of argon or krypton on the system, without
disturbing the system by raising the level of mercury in a McLeod gauge, it
was found that the thermal conductivity gauge ﬁas sengitive to changes in the
pressure of these gases,

The system was filled with krypton at a preséure of approximately I;SxIO“
torr, the mercury in the McLeod gauge being held just below the cut—off, The.
resistance of the gauge filanent was taken and the pressure was measured
immediately by raising the 1§vel of mercury in the McLeod gauge. Some krypton
was then pumped out of the system. A range of values of pressure down to 1073
torr was covered, The process was then repeajed using argon. |

| A 500 ohm wvariable resigtor with & ten turn dial was connected in series
with a resistance nominally of eighty ohms, The filament resistance was balanced
against this arrangement; the reading was taken not in ohusg, but in the units of
the»dial calibration. The results of the calibration for the two gases at 10%
pressures are shown in figure B6, A further experiment was carried out to
calibrate the gauge for the measurement of higher krypton pressures up to I.8
torr, when a McLeod gauge capable of measuring pressures in this range was
added to the systen,

Over a period of months it was found that the system had drifted from the
values found for the calibrations, possibly because of the condensation of

quantities of mercury on the filament, Accordingly, each time that the gavge

X
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was 1o be used for the measurement of variable pressures, the readings of the
resistor dial corresponding to (a) vacuum, and (b) a pressure measured with
the Mcleod gauge, were noted. The amount pf drift was sufficiently small tbat
a simple linear cérrection factor was applied to the experimental reé&ings,»
The readings were found to be congistent over a period of hours or days.
Frequently the gauge was used to check that a pressure remained constant
for a period of time in the system, In thig case, the initial pressure was
measured with the McLeod gauge, and a note was made of the reading of the .
resistor dial, This reading was left unaltered throughout the experiment; if
the galvanometer showed that the system was moving out of balance, then the

pressure in the system was varied until the bridge balanced again,
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APPENDIX ¢ EXPERIMENTAL JUSTIFICATION OF PRESSURE/QUANTITY ASSUMPTIONS

In view of the difficulty of desorbing physically adsorbed argon or krypton
from a freshly deposited film (chapter 4), the quantity of inert gas incorporated
in to each film was calculated from the expression below,

Pi - Pf
—_ " x

Q =
Pi

Qo

In this expression, Q is the quantity of gas incorporated by the film during
depositidn, Qo is the known quantity of gas initially present in the gas phase,
Pf is the pressure in the system at the instant when deposition ceaged, and Pi

is the theoretical initial pressure at the instant of commencing deposition of
thé film, Pi was evaluated by back extrapolation to zero time of the pressure
against time plot, or the Iog(pressure) against time plot, whichever was linear
for the film in guestion, in order to allow for the initial warming of gas in the
film vessel by the hot filament,

This calculation will only be valid if the pressure of gas in the system is
proportidnal to the gquantity in the gas phase, There are a rumber of factors
which could invalidate this assumption: adsorption of gas by a light bake-out
film, failure to reproduce temperature gradients exactly, slight differences in
the area of the films, variation in the volumes of the film vessels or dead space
for the two film lines, |

A further problem is that the pressure may not be consistent throughout
parts of the system which are at different temperatures, because of the phenomenon

of thermal transpiration,

CONSISTENCY OF EXPERIFENTAL CONDITIONS

The data presented below have been taken from the results for the series of
filmg deposited in the presence of a measured guantity of argon,.

Tae term Pe refers to the equilibrium pregsure of argon in the system at
77°K, before current was supplied to the filament in order to evaporate fthe film,
The'pressure/quantity retios found for this series of films are consistent
over a rangeuof values of initial pressure, and it may be concluded that it dis
possible to reproduce the experimental conditions esccurately from one {ilm 1o

Ianother, ard to mainbain them constant cduring devosition of a film,
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TABIE CI  PRESSURE/QUANTITY DATA FOR ARGON F'ILNM SYSTEMS

FILM No Qo

gumoles)
3 2340
T I.94
8 2.14
9 2.13
I0 2,18
II 2,18
I3 2.20
8 . 1,88

Pe
(torr)
7.05x107%
6.82xI07%
6.93x10>
6.,70x10%
7.20xI072
6.85x10
7.20x102

5,90x10%

Pi
(torr)
8,75x10*
7.85%10*
T.T5%107
T255%10"
8,00xI0™
7.60x10"
8,15x10™
6.68x10*

MEAN

e

Pe/Pi

0.806
Of870
0.894
0,918
0,902
0.902
0,883
0.883
0.882

0.032

Pe/QoA

2,94x10™
3,52xI0*
3,24%10°%

3, 1510

3.30x107*

3, 14x1072
3,27x107%
3, I4x10
3,21xI0*

0,19xI0°*

Pi/Qo

3,65xI0~
4,05x107
3,62x107>
3.55xI07>
3,6Tx10°*
3.,49x107
3.70xI07
3,56x10°
3,66x107

0,16xI07°

| Pe was normally measured with the McLeod gauge, Pi with the thermal
conductivity gauge., These results were sufficiently consistent that the mean
values were used to calculate the quantity of argon initially present and
incorporated in to two films, numbers 30 and 36, (see table I5) These two films
were grown specifically to in%estigate the kinetics of argon incorporation at
low pressures and the actual quantity of argon used was not measured at the time
of deposition, The assumpiion that the results for these two films will be -
consistent with those presented above, is supported by the fact that from the
pressure measurements which were made, the value of Pe/Pi is in good>agreement

vith the mean value of table CI,

TABLE C2 PRISSURE MEASUREHENTS FOR FIIMS 30 and 36, AND QUANTITIES Qo and Q

DERIVED FROM THE PRESSURE/QUANTITY RETATICNS OF TABIE DI

FIIM No _ Pe(torr) Pi(torr) Pe/Pi VQogumoles) ngmoles)
30 C2,60x10  2,96xI0 0.879 0,809 0,713
36 2,20xI0  2.52xI0 0.873 0.688 0,465



165

PHERMAL TRANSPIRATION

If at low pressures, two parts of a system are maintained at different
temperatures, then a pressure gradient is associated with the temperature gradient
along the connecting tube, This effect is known as thermal transpiration or
thermomolecular flow, Various theoretical (I33, I34) and empirical (I35)
methods of correction have been proposed. However, in any particular case, it
is advisable to make an experimental assessment of the magnitude of the effect,
The magnitude of the effect is increased by increasing the temperature
difference, by decreasing the bore of the connecting tubing, or by lowering the
gas pressure,

During deposition of a metal film by the method described in chapters 4 and
5y the system may be considered to consist of three parts: the gas reservoirs
(at room temperature), the thermal conductivity gauge (in a liquid nitrogen bath,
with the gas temperature rgised to some higher value by the heated tungsten
filament), and the film vessel (also in a liquid nitrogen bath, where again the r
gas is warmed ﬁg some higher valuve by the filament used to evaporate the film — i
see appendix G),

Supposing that the pressures of the gas in the various parts of the system
fall in a region where the effects of thermal transpiration are significant, as
the inert gas is incorporated in to the film and the pressure falls, then the
magnitude of the effects will become greater, and the pressures will become more
disparate, The quantity of gas required to meintain a prorortionate pressure,
megsured in the part of the system at room temperature, will thus change during
deposition of the film, Therefbre the calculation described previously will give
an incorrect estimate of the quantity of incorporated gas. Since the temperatures
of the various parts of the system are not precisely knowm, an experimental
assessment of the effect is desirable. For a systen containing vessels at three‘
different temperatures, in a dynamic experimént; a calculatsé correction would
be gifficult to apply in any case.,

An experirent was thercfore desisned to directly evoluate the effect of

thermal transpiration wnder conditions similer to those encountered during
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deposition of a film. The Mcleod gauge was taken as the warm (295°K) vessel,

and the thermal conduvctivity gauge, because of its conveniently small volume,

was taken as the cold (779%) vessel, The tubing joining the thermal conductivity
gaunge to the syste¢ was of the same bore as that used for the film vessels (4 mm),
The gauge was maintained at 77°K throughout, no current being applied to its
filament.

A quantity of krypton was measured in the lMcLeod gauge, while the thermal
conductivity gauge and the short section of comnecting tubing were evacuated,

It was then permitted to expand to reach an equilibrium pressure in the thermal
conductivity gauge. The McLeod gauge was now isolated and the quantity of krypton
remaining in it vwas again measured, while the thermal conductivity gauge and
connecting tubing were re-evacuated., This process was continued to a total of
nine expansions, as if the volume of the thermal conduectivity gauge was to be
determined by the method outlined in appendix A, During this experiment, the
pressure of krypton in the licleod gauge fell from 1975xﬂ5‘torr 1o 2x163torr.

A plot of the logerithm of the quantity of krypton in the McLeod gauge after
successive expansions, against the number of the expansion, yieldéd a straight
line (figure CI), Yhis is only possible if the ratio of the quantities of krypton
inlthe two parts of the systeﬁ at egquilibrium is constant over the range of
pressures covered by this experiment. It may thus be concluded that thermal
transpiration is not a significant factor in the system, to pressures as low as
2xT0%torr, which is about the limit of accurate pressure measurement using the
thermal conductivity gauge under experimental conditions.

Even if it becomes a more significant factor at lower pressures, this will
not interfere in practice with calculations of the quantity of gas incorporated.,

. By the time that a pressure of 10 torr is reached during the deposition of a
film, some 99% of the available gas will have been incorporated already. The
error on the remeining I¢ may be neglected,

The effect, being negligible for krypton at temperatures 295°K/77°K, may be
ignored for the higher temperatures encountered in the film vessel during
depogition of a filn, It is also assumed that it mey be neglected for argon,

Fronm the pressurce/quantity date presented for argon, it is evident that the
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experimental conditions during deposition of a series of films are consistent,
Since the effect of thermal transpiration may be ignored, the assumption that
the pressure supported by a quantity of gas is proportional to that quantity,

is verified for the experimental conditions in the present work.
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APPENDIX D CALIBRATIONS FOR RADIOACTIVITY MONITORING

In order that measurements of radiocactivity in the experimental system
could be related to the distribution'of'“Kr in the system, it was necessary
first to determine the optimum conditions for operation of the Geiger-Muller
counters, and second to determine relationships between the quantity of *Kr and
the observed count rate,

The operating voltage for each of the counters was found by clamping it a
convenient distance from an unopened ampoule of radioactive krypton, and taking
one minute counts at various values of the applied voltage, The operating voltage
was selected to be close to the centre of the 'plateau'® of the plot of count
rate against applied voltage, )

Details of the results for all three counters are given in table D, As an
example, the plét of count rate against applied voltage for the Mullard MXI33

counter is shown in figure DI,

TABLE D OPERATING VOLTAGES OF GEIGER-MULLER COUNTERS

G.M. TUBE TYPE USAGE 'PLATEAU REGION OPERATING VOLTAGE
MULLARD MXI33 *touching count® 300V - 450V 400V
20th CENTURY ELECTRONICS
DM6 r*gas flow cownt! 950 V - II00 V I050 V

MULLARD MXI24 'gas count® 325 V - 425 V 315 Vv

Calibration plots, relating the quantity of *Kr in a counting chamber to the
~observed count rate, were constructed for two experimental arrangements, which
were selected to have different sensitiviiy.

The first arrangement, which was relatively insensitive, was used for
experiments in the thermal release of krypton dyring warming of films from TT7°K

to room temperature, The second, more sensitive, arrangement was used to determine
- the much smaller quantities of krypton released during experiments involving
adsorption and catalysis by the films,

In the first method, the MXI33 counter was clamped in contact with the closed

capillary arm of the McLeod gauge., (see figufe I0) A quantity of krypton was



FIGURE D2 GAS COUNTER CALIBRATION PLOTS
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transferred to the McLeod gauge and the upper part of the Toepler pump output arm,
The krypton in the McLeod gauge buld was then compressed in to a IO0 mm length of
the capillary, and a count was taken. In the second method, krypton was ;
transferred in to the counting chamber of section 6 of the vacuum system., (gee
figure II)

The method of qalibration of the two arrangements was the same, Small
quantities of krypton of known specific gctivity were measured accurately and
were transferred to the counting chamber; Plots were constructed relating the
observed count rate to the known quantity of the isotope **Kr, A small correction
was made for the additional activity of the supposedly inactive krypton used for
dilution in some cases,

The resulting plots are shown in figure D2, Both were linear for smali
amounts of krypton, and usually in the case of. én-fe;:perimental measurement, the
results were calculated from the gradients of these plots, |

The expressions used were: |

(a) 10" moles of *Kr = 2,34 cpm
(b) 10"*moles of ®Kr = 8,50 cpm
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For the experiments on thermal release of krypiton incorporated within nickel
films it was necessary to have a means of monitoring the temperature of a heavy
copper cylinder surrounding the film vessel., Two copper-constantan thermocouples
were connected to this cylinder and formed part of a potentiometer eircuit with
a Croydon Precision Instruments Co; Ltd. Type P3 potentiometer.

The calibration was carried out by immersing the copper cylinder in liquid
nitrogen, in several COa_/acetone baths of various temperatures (measured by an
.alcohol thermometer), in an ice/water bath, and in water at 294‘°K. In each case
the input voltage was balanced against that of the standard cell and the
thermocouple EIF was read off. It was foumd to be equal for the two thermocouples
and consistent from day to day. The values were in good agreement with the values
of potential q;:otecr in the literature, (III). : '

The calibration curve is shown in figure BI.

R TR

.
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APPENDIX F COIORIMETRIC ESTIMATION OF COPFER

Because of the low weights of copper films, it was necessary to have a method
of estimating the weight, which was more accurate than measuring the loss in
weight of the filament during film deposition, Accordingly, the copper in a
womplete film was dissolved by nitrié acid and was converted to its complex with
biscyclohexanone oxalyldihydrazone, The optical density of the resulting solution
with respect to red light was measured using an Eel coloriﬁeter. The method used
was that of Somers and Garraway (I36), and the following reagents were used,

10% aqueous ammonium citrate,

Borate buffer solution, made up by mixing 400 ml of O,5M boric acid
and 60 ml 0,5M sodium hydroxide solution, (pH 8,3 - 8,9)

0.5% biscylohexanone oxalyldihydrazone in 50% aqueous ethanol,

A calibration plot waé made as follows, A known weight of copper wire, part
of a filament which had been used for evaporation of a film, was dissolved in
nitric acid., When dissolution was complete, the solution was made up to 500 ml
with distilled water, Small measured portions of this solution were made just
alkaline with aﬁmonia, and to each was added first I ml of the ammonium citrate
solution, then 20 ml of the borate buffer solution and finally 2 ml of the solution
of biscyclohexanone oxalyldihydrazone, Water was added to make up the volume to
50 ml. A blank solution was made up using water in place of the standard copper
solution, but with all other quantities as above, The optical density of this
solution was set at zero on the colorimeter scale, and the optical density of the
other samples was measured using a red filter,

The plot of figure FI shows the relation between the measured optical density
and the quantity of copper in each final 50 ml solution,

To make an experimental measurement, the film was dissolved in nitric acid,
and the solution was made just alkaline with ammonia. A measured fraction was made
up to 50 ml as above, All readings of the optical density were taken within five
minutes of the time of preparation of the 50 ml Cﬁfbiscyclohexanoné oxalyldihydrazone

.

solution, because the colour intensity was observed to lessen with time.
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APYENDIX G CALCULATION OF THE TEMPERATURE OF GAS IN A FILM VESSEL DURING

DEPOSTITION OF NICKEL FILMS AT 776K

Vhen current was supplied to each filament in order to evaporate a film,

- there was an immediate rise in pressure in the system, owing to the warming of
the gas in the film vessel, In the constant volume system this rise in pressure
amounted to approximately I3% of the initial pressure for both argon and krypton,

From this measurement an approximate estimate of the temperature of gas
wder deposition conditions may be obtained by consideration of a simplified
model of the system,

A volume of the thermal conductivity gavge and its attendant tubing,
equivalent to 136 ml at 295°K, was derived from the slope of the plot carried
out in order to investigate the effects of thermomolecular flow, An eqﬁivalent
volume of 340 ml at 295°K may therefore be taken for the MclLeod gauge, its dead
space, the thermal conduwctivity gauge, and all connecting tubing. The film
vessels all had volumes of approximately 60 ml,

An equilibrium pressure P was established in the system with the film vessel
and the gas in it at 77°K, and all other parts of the system equivalent ‘to

340 ml at 295°K. From the general gas law, P.V = n.R.T, we may write:

The quantity of gas in the film vessel = % x-éQ moles, (Qa)

The quantity of gas in the remainder P 340

of the system = — xZ— moles {Qb)
) R 295

On warming the gas in the film vessel to a new temperature 4, the pressure

in the system rises to I.I3xP,

The quantity of gas now in the film vessel = leI3 XP X 60 moles (Qe)

Rxt
The quantity of gas now in the remainder
of the system o 113 ; z : 340 moles (Qd)

Since the total quantity of gas in the system is unchanged, we may equate:
Qa + Qb = Qe + Qd

On solving for %, a valve of I08°K is obtained.
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APPENDIX H CALCULATION CF' THE RELATIVE COLLISION RATES OF INERT GAS ATOMS AND

METAL ATONMS WITH A GROVING FTLM

AlX films were deposited on o the walls of a vessel whose inside diameter
was 2 cm, Consider a number of inert gas atoms N, contained within an
mdetermined length of such tubing, Let all the atoms be moving with the mean
speed u cm seéﬁ one third in the x-direction, one third in the y-direction, and
one third in the z-direction, at any instant,

Since the vessel had a circular cregs-section, all of the atoms moving in
the x-direction or the y-direction may be considered to be moving along chords
of a circle, The mean length for a series of chords spaced the same distance
apart may be calculated by geometry.

Considering first the atoms moving in the x-direction, then assuming that
the gas is homogeneously distributed throughout the vessel, it is obvicus that
the number of atoms moving along a particular chord st any instant is
proportional to the length of that chord. The mean length of a chord, weighted
by the number of atoms on each chord, will be the average distance between
successive collisions with the walls for an individual atom, This distance, the
root mean squsre length of & chord, may be shown to be I,64 cm for a 2 cm
diameter circle,

Then the number of collisions with the walls in one second; for an atom
moving in the x-direction or the y-direction, is given by u + 1,64 sec,

It is assumed that collisions of the gas atoms with the top or botton of
the vessel, that is, collisions with the vessel for atoms moving in the z-
direction, gimply result in restoring the atom to the system,

Now two-thirds of all atoms are noving in the x-direction and the

y-direction at any instant,

U gecy
I.64

Total vate of collisions with the side walls = % x ¥ x

= 0,407 x Nxu secy’ (1)
 The mean speed of the molecules of a gas whose molecular weight is M, at
8 ¥R x TJ%

absolute temperature T, is given by u = [_~¢—;r¥:u-
LS i

The temperature of argon or kryplen in a film vessel dwring rickel film
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deposition hés'ﬁeen shown to be approzimately I08°K, (see appendix G) At I08°K,
the mean gpeed 6f krypton atoms is I.65x104cm £8C,

Subgtituting this value in to (I), the total rate of collisions with the
gide walls is given as 4,03 x ¥ x Iosmin:'

The quantity N is identified with the gas in the section of tubing of length
L cm where the film is laid dowm. Thus the voluﬁe of gas interacting with g film
is 3,14 x L cms At a pressure of P torr, and a temperature of 108°K, the number
of atoms will be: N =2,8I x 10°x L x P,

Thereforevthe total rate of collisions of krypton atoms with the growing
film,'being.laid down in a JO cm section of t@e film vessel, is given by:

Collision rate for krypton atoms = I,I3xI0°x P min (2)

A1l absolute rates of collision quoted in chapter 4 are derived from this
formula.,

Asguning that all nickel stoms stick to the film ow the first occasion that
they collide with it, then the rate of nickel collisions with the growiﬁg film

-1

is equal to the rate of evaporation, If d is the rate of evaporation in mg min,

-3
Collision rate for nickel atoms = X 10 ¢ ¢.00x1  min”’

58.7
1,02x10"'x & min”' (3)

i}

Therefore the ratio of the number of collisions of krypton atoms with the
growing film in wit time, to the number of collisions of nickel atoms with the
growing film in the same time, abbreviated to 'Kr:Ni collision ratio', is given

by:

Kr:Ni colligion ratio

(2) = (3)
P

5
I.I IO -~
X X a

RIS

Assuming that the temperature in the film vessel is the same in each case
as for nickel films, and allowing for the difference in atomic weights, it can

1.6x10°x (P % d)

"
ofe

be shown that: Ar:Ni collision ratio
Kr:Cu collision ratio = I.2x10°x (P < )

Kr:Pt collision ratio = 3.6x70°x (P + d)

o§

Kr:Pd collision ratio

1

2,0x10°x (P £ @)

ofe
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APFENDIX J_ ESTIMATION OF TIE FRACTION OF AN OXYGEN INJECTION WHICH REACTS

WITHE A COPPER PIIM AT 443%°K

The atom%c % of krypton in copper films at room temperature has been estimated
to be 0.34 %,.{See chapter 5(a)) Sintering_in vacuun for one hour at 553”K
reduced this value to 0.I % approximately,

From the experimegts in dissolution of nickel films described in section
4,13, approximately 1.5xI0° counts were released in to a flow of 50 ml of nitrogen
per minute, when I mg of a nickel film containing 0.25 &% of krypton was dissolved
by acid,

By proportion, the quantity of krypton retained by a I mg copper film after
sintering repregents 6xI0° counts, Therefore the total guantity of.krypton retaineéd
by one mole of copper represents 4xIOwcounts, in a flow of 50 ml min’of nitrogen.

An injection containing 2 ml of oxygen is equivalent to approximately 10°¢
moles of oxygen, and releases some 600 counts from a copper film. (see table 38)
Two~thirds of the krypion held by film 77 was lost owing to complete oxidation,
This was the only film characterised both by electron diffraction and
radioactivity measurements at this stage, but values for other films are in
reasonable agreement,

Assuming that two~thirds of the krypton held by a film is released owing to
complete oxidation, then the oxidation of one mole of copper will release
approximately 2,7xI0 counts in to the gas stream, Therefore 600 couvnts will
be released in to the gas stream by the oxidation of approximately 2xI0’moles
of copper, The product is cuprous oxide, so that the guantity of oxygen used
will be less than IO*moles, or less than 0.0I% of the oxygen injected, For a
typical 1.0 mg copper film, rather less than I% of the copper in the filmiis
oxidised as a result of the injection of 2 ml oxygen,

In view of the apvroximations involved in this estimation, the guantities
quoted should be taken only ito give the order of magnitude of the amowmts of

copper and oxygen reacting.,
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APPENDIX K THI KFFECT OF TPE PRESKENCE OF INFRT GAS ON THE RATE OF EVAPCRATION

OF NICKEL FILNS AT 77°K,
APFENDIX K THE EFFECT OF TIE PRESENCE OF INFERT GAS ON THE RATE OF EVAPORATION

In the sections of this thesis dealing with the.e§aporation of nickel films
in the presence of‘an‘inert gas under constant volume conditions, (sections 4.3,
4.6, 4,8, 4.10, 4,1I), it has been assumed that the rate of nickel deposition
remained constant throughout, although the pressure of gas in the film vessel
decreased as gas was incorvorated in to the film,

This assumption will be valid if heat loss from the filament occurs mainly by
radiation, and the amount of conduction is minimal, It can be tested by a
comparigon with the rates of évaporatjon ofrfilms in vacuum at 77%K, Six films
were laid dovm in vacuun in the course of the project; details of the currents

used and the rates of deposition are given in table X,

TABLE X RATES OF EVAPCRATION FOR NICKEL FILMS DEPOSITED AT VARIOUS FILAMENT

CURRENTS IN VACUUM AT 77°K

FILM No FILAMENT CURREKRT (A) RATE OF DEPOSITION (mg min™)

20. 6.5 1,28
21 | a0 v 3,22
32 6.8 2,29
37 6.8 2,36
44 ~ 6.3 1.14
23 6.5 1.59

For purposesrof comparison, all other films have Been classified as follows.
(a) Films deposited in krypton at.pressure below 0,I torr,
(b) Pilms deposited in krypton at pressures between 0,I torr and 0.3 torr,
(¢) Films deposited in krypton at pressure above 0.3 torr.
(@) Pilms deposited in argon at pressure below 0, torr,
(e) Iilms deposited in arson at pressure above 0.1 torr,

The observed values for all films are plotted in figure KIj the line drewn is
the best line for the filws deposited in vacuum,

1t is clear that vhen the filament current vas high (6.7 & or abeve), the



rates of evaporation of films laid dovn in g pressurc of less than 0,1 torr of
krypton were not simmificantly different from those of films laid down in vacuum,
(It is not surprising that at'higher currents, a larger proportion of heat losgs
occurred by radiation) For such films, the 3initial assumption is valid,

Por all other films, the rates of deposition were appreciably lower than those
of films deposited in vacuum at the same current; showing that the effect of |
conduvction in reducing the temperature of the filament was significant. Therefore,
as the pressure of gas decreased, it would be expected that the rate of evaporation
would rise, gnd as a conseqguence, the rate of gas incorporation wbuld ténd to
increase,

In cages where the rate of pressure decrease is tending to exponential
behaviour, that is, tending to become slower, the effect of an increased rate of
evaporation is to oppose this %endeﬁcy, so that the rate of incorporation may
remain almost steady or may actuvally increase, This factor probably contributes
to the apparently linear pressure decrease observed for films laid down in argon,
aﬁd at high pressures of krypton.

The effect of filament thinning has previously been invoked to explain thesge
results, It is believed that both effects contribute to the phenomena observed,

but no attempt has been made to sevarate them,
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