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LBSTRACT

The 'Wagener' flow technique is developed to give
accurate measurements of the sticking probability of
hydrogen on evaporated metal films.

Initial values are invariebly high (>0.1) and are
independent of flow rate and temperature. On sintered
films the following initisl sticking probabilities are
obtained: molybdenunm (0.75), nickel (C.38), titanium
(0.29), tantalum (0.45) and palladium (0.99). Values
obtained using unsintered films are generally somewhat
higher due to the rougher surface enhancing the
probability of multiple collisions,

At 78 and 9OOK the adsorbed layer builds up on the
'outer' surfsce of the film and comes into pseudo-—
equilibrium with the ges phase. The kinetics of the
resulting slow pressure decays on interrupting gas flow
are charscterized, and & gas phase process is proposed
for the redistribution at low uptakes. At higher uptakes
a similar model 1s appliceble to molybdenum and nickel,
the other metals absorb hydrogen and the redistribution
is different in form. The rate determining step in
absorption may be =zt of necar the surface (palladium) or
within the bulk (titsnium snd tantalum)e

At 195 and 300K the adsorbed layer is highly mobile

and is near to an equilibrium distribution even during
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gas flow. Titanium absorbs hydrogen in this temperature
range with an almost coustant sticking probability
until the hydride composition T1H is spproached whereas
Tentalum does so atb 5OOOK only when there is a relatively
high pseudo-equilibrium pressure (lO"'5 torr) above the
film, Palladium does not absorb hydrogen eppreciably
at §OOOK within the pressure raonge studied,
Isotherms are constructed for the saburated layers
and are found to approximate to the Temkin form.
'Desorption spectra' are used to examine the
energetics and populetion density of the adsorbed state.
It is concluded that many of the cdsorbed 'phases' which
have been reported sre merely due to surfece rcarrsnze-—
ments of the adsorbate and are not reflections of

changes in population density with binding cnergye
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1LPZ0LUCTION

The velccities of :zdsorption of zuses onto clean
metel surfeces are found to approach the o ximumn
possible rite i.e. .n atow or molecule adsorbs at
nearly every collision betwecn gas und surface. or
This reuson the kinetics of such processes are most
eleguntly discussed in terms of the sticking probsbility
- defined loosely for the purpcse of this introduction
8 the ratio of the rute of :dsorption snd the rate of
collision of the gas atoms or molecules with the metal
surface, both terms being expressed in units of atoms
or molecules per unit area of surface per unit tine,
Thus, for a gas at a pressure P in contact with the
surface, the rate of adsorption is 3%P molecules
per cm2 per cecond where 5 1s the sticking probability
ond %4 the Hertz—~Knudsen collision factor - (Bnka)—%.

The first reasonable model of the adsorption
process was produced by Langmulr in 1918 who introduced
the concept of sites for adsorption existing in the
vicinity of each surface wetal atonm. On this basis
Longmuir derived kinetically the form of the isotherm

bearing his name by assuming that a necessary condition



for adsorption was collision with a vacant site.
However, Lanznulr later sugsested thet in the cese of
xygen odsorption on tungsten it was possible for
adserption to occur on top of the primary chemisorbed
layver thus discarding the necessity of vacunt surface
sites. Ixperimental evidence in support of this concept
was obtained by Tavlor ond Languuir in 19%7 in a study
of the adsorption of caesiuww on tungsten. They found
that the sticking probebility wais unity until nearly
& complete monolayer of caesium atowms had oveen
depogited thus concluding that the caesium condensed
with unit eificiency and then migrated around in a
precursor state until a vac:nt site was reached whence
transfer to the strongly held layer occurred. It may
be noted at this stage that, in contrust to much work
on adsorption it this time, the results of Languuir
for this systemn cre still considered escsentially
correct; in fact 1t is relatively rececntly that
gsinilar results have been obtzined for strontium and
barium on tungsten (licore and ~Allison, 1955) and for
barium and magnesium on tungsten (Lingerman and
Morozovskii, 1551).

Further evidence for a precursor stote during the

edsorptlion of oxyzen on tungsten was presented by



Lorrison and wberts (193%9) who found that the sticking
probability did not fall as rapidly with increasing
coverage as expecivad if cdsorption occurred only by

sas molecules colliding with vacant sites. iowever,
the evidence cited by lorrison and #Hoberts is
convincing only if the initial velue of sticking
probability is unity (zs indeed they repnorted), other-
wise the less steep fall with increasing coverage way
be avtributed to an activation energy of adsorption

decreasing with increuasing coveraze. lore recent work

Cu
<t
4]
Cu
+
g
[

ntian

&)
)

U

on the oxygsen-tungsten system has not subst
unity sticking probability at zero coveraze and it must
be concluded that the work of FMorrison and iloberts is
not = coavincing demonstration of the existence of a
precursor to chemisorption of oxyzen on tunssten.

The first reasonably relisble data suggesting the
existence of & precursor to chemisorption of diestomic
molecules wes obtained by Becker zund Hartmann (1953)
in @ study of the nitrogen-tunzsten system. These
workers found = constant sticking probability up to a
certain critical cover:ijze dependent on the temperuture ,
and & rapid decrease beyond this point. .gain, since

$ is less than unity (0.55 at 3C0°K) the constant

value may be due to a fortultiously decreasing



activation enerzy with increasing coverusge. However,
the initizl 5 decreases with increasing adsorbent
temperature and this eliminotes the possibility of =
simple activited process, bub makes attractive the
concent c¢f 2 precursor stite whose concentration
decreases with increasing temverature. A similar
negative temperature coefficient of 5 has been
observed by hrlich (1661) for the saue system at
lower temperatures but where compsrable (5OOOK to
4OOOK) whrlich's values of initicl 3 2re lower ¢.3.
0.15 at EOOOKg and furthermore ore stronsly dependent
on coverasge .t all teuperstures above about 115OK. To

A

"add further confusion Kisliuk (1951) and Saini, Hasini
snd iddcea (1959) find initiel vzlues of S of 0.3 and
0.03 respectively which are temperature independent in
the ranze 100°K (200°K in the case of 3aini et al) ®o
SOOOK, The situation is zg yeb unresolved but the work
of Hoywerd, King ond Tompkins (1967) suggests for
adsorption of nitrozen on both molybdenum and tunszsten
that © 1s independent of covercse only at temperatures
below about 15OOK and that there is & small negative
temperature coefficient of 3 up to the highest
temperatures used (about 350°K).

The situation with czrbon monoxide on tungzgsten is
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similarly unresolved. iedhead (1961) finds an initial
S of 0.3 independent of temperature in the range BOOOK
to 600°K =nd likewise HNasini, Ricca =nd Seini (1961)
find « constant value bhetween 9OOK and 5OOOK. Initial
b values of 0.36, 0.15, C.62 and 0.% have peen found
around 300°K by Becker (1958), Zisinger (1957), Schlier
(1958) and Shrlich (1961) respectively. However,both
King (1966) and Gomer (1956) have obtained velues of
unity at 760” and 90°K by sensitive tTechniques
mezsuring essentislly (1 - 3) thus casting doubt on
the earlier results.

For the hydro-en tungsten system no significant
variation of 5 with temperature has been recorded in
studies up to 7OOOK and in fact calculations from
ctomisation data indicate en essentially constant value

up to at least 25OOOK (Brenuan and Fletcher, 1959).

(@]

Initial values of 0.1, C.%5, 0,32 and C.24 hove been
obt:zined wround 300°K by Hickmobtt (1960), Lisinger
(1958, Aizby (1965) and sedhead (1962) respectively
and 0.35 by FPasternak and iesendanger (1961) for
hydrogen on molybdenum.

It thus acppears that the negative temperature

coefficient of 5 way be confined to the aitrogen

tungsten system. However, the existence of a precursor
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is sugiested in the other systems by the independence
of 3 on coversge., fortunately, by a modificatlion of
technigue, the flash filament experiments used to
obtain much of the reported dato can be used to supply
infornution <bout the binding energies of the adsorbed
species ond thus sbout precursor states - tentotively
identifying these with the most wealkly held zdsorbed
states preg—nt. This so-called 'flash desorption'
technicue wes developed moinly by <hrlich (1961) and
used subsecuently by Hickmott, .igny, Lizsini and others
to detect weakly bound species. Such species have been
found for nitrcgen, carvon monoxide and hydrowen on
tunzsten ot low temperutures. For aydrozen adsorption
it appears, from isotopic exchange and other data, that
tiie most strongly bound stutes are atomic; Hickiott
(1960) concludes that at 780K the wost weakly held
nydrozen arises from a noleculer type layer aand thus
identifies this with bthe precursor to chemisorption of

the hydrogen =s atoms.

Lpart Ifrow exverimental cvidence the existence of

0]

& precurscr may be estoblished from the very nature of

the gas-surface meuction since, =5 pointed out by

Lennard Jones, tie notentiul energy of « molecule

approaching the surfuace must show Ttwo minima - a rather
ghnzllow one ot » digstance commarsble with the hard sphere

£ oy
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diameter of the zos cnd & more pronounced one closer

to the surface corresponding to th

D

strongly held
adsorbed state. Thus, 1f the outer sasllow minimum
corresponds to the precursor state, then the lifetine
of molecuvles :nd the process of trapping of molecules
in physically adsorbed leyers 1sintircavely connected
with the kinetics of chemisorption.

factors influecncing the wapnitude of

The volues of initisl svicking probabllity do not

s

appear o vary siznificoently for the different ses-metaol

combinctlions previously considered, his has led
Bhrlich (1955) ond loter dovyward and frapnell {(1964)
to consider that the surfice is essentially patch-like
dsorptive cificiency anving regions where S is

)

casenticlly unity balanced by others where £ is very low.

wtrong evicence to surport such o theory wos obtained
by Zhrlich who found thait different but entirely
reprocucible vailues of 5 could be obtalned using

different or tun:isten wire imrlich considered

that the 'zetive nutches' vere isclated 2toms of high

sdgsorptive efficiency perhans gituated 2t defects or
slocations in the surface structurc. However, this

o

cun se digcounted since the density of suc

probably too low to explain values of 5 sround 0.7 and
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furthermore i1f such o density of sites existed then
the wiacle of the surface could pe reached =
precursor of only moderute s=tability and 5 might be
expected to son in conrton®t, sn olfernative sugzestion
has been pub forwverd by Hovwsrd znd Trapnell noumely that
the ~ctive patches cre certein crystal planes., This
does anpear to be ¢ more logzlcel conclusion although

it conflicts with Sisinger (41958) who claims to expoce
only the %11 vnlane of tunisben and finds the sticking
probebility less than unity snd simil

other mebtzls. 'fhere 1s some recsonible doubt, however
that 2 single olone ig exposed in the latter work,

e re-sow for & high efficiency of adsorption on

s

certain planes is probably associlated with the process

o

of energy tronsfer belireen s and solld durlng the
initivl interaction with the surface. Unfortunately,

in stronzly interacting systems Lhe efficiency oI energy
transfer is difficult to zecsure experinmentolly and
comparison must be mode with results obtained for the
rare suses. dowever, since we envisage a wealily held
precursor to chenisorntion of the 'cctive .2ses' such

t
2 comparison ey be helpful.

nergy transfer

The classical model for trzpping conslders the sas

stoms or :clecules i

|J

the surfzoce force field both orioer
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and subseguent to collision with the lattice. .n atom
or nmolecule nmust give un sowme of its kinetic cenergy
nerpendicular to the surface in order to be captured
l.e. rem2in within the renze charscteristic of the
surface forces; failing this a molecule will wrebound
from the surface with 1ittle or no diminution of energy.
‘he situation 2t impact is fundamentally different from
thet during vibrational energy btronsfer in jus phase
collisiocns since the energy of compression »reduced in
tihe lattice at the point of impact uny be propogated
thirough the lattice &s a phonon thus making energy
transfer more efficient. LAfter trapuing the atowm or
molecule mzy lose further encryy to the lattice snd come
to thermal ecuilibrium. At sowme stase, either prior or
subsequent to eguilibration, the adsorbed entlity moy
receive sufficient eneryy frouw the lattice to ca
desorntion, dxict treatiients of simple claocsical models
have, for exumple, been cuarried ocut by Ihrlich and
lcCarrol (196%) for a one dimensional lattice and by
Goodman (1962) for both one and three dimensional
lottices. In early work oll collislons were head on
with surisce ctoms in 2 lattice initiilly at rest,
Goodman (1966), in als latest work, considers the

removael of such restiictions. Some trextments, for
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examvle, leCarrol (19G3) ond Goodman (1956) have

included the effect of surface or lattice impurities

on the luvtice relaxation. In senerel the results of

the simple clissicel treatments arve ilnteresting

althougt not directly avolicable to any recction system.
The littice 1s found to relux easily siving an efficiency
of energy tronsfer which increascs 2o the mass ratio of

gas and surface aftoms or nmoleculeg apwproaches unity.

]

his trend has been observed experiuventally by Roberts
(1959) wnd Thomas =nd Brown (1950) for & rsnze of inert
sases on platinum and tungsten. There is o second
predicvion from the model which has os yet not been
experimentslly verified. 4s the moss of the s.s atom or
molecule decreases the critical energy for capture

decre.ses and cone might expect reflexion of the lighbtest

molecules even when there is an cppreciable intersction
with the surfice. 1In early wtomic beam studies reflexion
phenomena were well documenbted for helium zs well as for
atomic hydrozen (Friscl. «nd Stern 19%%) but not for
syvsteus where There wis & stron., surface iateraction.

(e shall veturn to wore modern 2tomic besn experinents
at @ liter sbase). Seryllium cevcosition on tungsten

158 been studied by Zingerman ond lLiorozovskii (1961)

wito found unit stickingz probibilitv showing that, if
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importznt at all, reflexions must be limited to the
very lightest atoms or to cases where the interaction
is neglizgible.

Guoantum mechanical treavments of energy Ttransfer
hove been coarried out mainly for collisions involving
the production of = single plhionon, the luttice belng
congidered as o set of Debye oscillators. Various
interaction potentizls haove been applied but in no cus
cun the sccoamod:sticon coefficients be calculzved a
priori since agreeunent with experinentsl valuces is
obtained only «fter judicious adjustnent of several
consbants' in the final formulae. The equations
derived by Devonshire (19%7) -sre the most zeneral end
include these of Jackson crnd iott (19%2) and Jackson

znd Howorth (118%5)

[}

snecial cnses, LS & consequence
of limiting the treatuient to sinrle phonon excitation
the meximum ollowed encrgy transfer iz limited to

k6U7 where 0,. is the Debye temperature of the luattice.
Thus only wenkly interacting systems .re within the
range of comparison =nd no account can ve given of the
nighly efficient encr:iy transfer bebween for example
coometal atom oand its own lattice where us many ss ten
vhonons miy be excited rer cocllision. Furthernmore,

both the classical end the guantsl theories do not
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consider the accommodztion of internal enerszy but

T

ave, with the exception of that of Yeur (196%),

©

strictly epulicoable only to atom-littice collisions.

IS

B fsr the considerstion of enervygy transfer hos
been wainly conrined bto the initizal =ct of trupping
of the gas atom or molecule 2nd not to subsequent
eguillibration with the lattice which st occur for
any ocermanent sdsorpltion, The simple treavaent of
wirlich @nd HeCorrol (1963) indic.bes that the decay
to the eguilibrium state is repld - for atoms colliding
witihh thelir own lattice only around 45 of the initisl
encgrgy 1s retiined in the surfcoce link aiter Lwo
vibrations; for different wiss ratios tiune efficiency
of enerzy transfer wmay be less bubt even 1in the worst
caseg o few nundred vibrations should be sufficient

M

for ecuilibration. The v .pidity of this approach to

equllibrium snokes its experinmentel verificotion very

oo

AlfTicult but Shrlici (1984) was 2ble Ho show in the

s . , e R o
rleld ion microescope thot tunsten otows at 30007KH
s s . e O -
lmpining on <& btungsven tip ot 207K aude legs than one

nundred surfice nops before imucbilis.tion. Uanfortunitely
there is no similsr worlk for more varied systeas. &
view of condensuavion in whlich Tie initial cct of

N

tropring 1s not importunt has been put forv.rd Dy

{
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Kisliuk (1956) and Sears =nd Cahn (1860). They consider
that the limitiny fector in adsorption is & slow energy
trunsfer in the zdsorbed lsyer which is thus at soume
temperature inverimediate between that of gas and
surface. However, recent work by Bhode (1904) does not

reveal any siznificsnt effect of as temperature on the

5}

condensation of cadmium on polystyrene as misht be
expected if the wojority of the energy transfer did not
occur &t a single step. Likewlse the experiments of
Josephy (19%3) showed that mercury vapour w.s specularly

eflected from clecved rocksalt held 2t essenticlly the
same temperature as the vapour indicating thet despite
the nonwrequirement.of energy acconwmodztion there was
nezglipible interzction.

1t is now necesscry te turn from the vuarious
theories of energy accoumodation =nd considerations of
broad trends in energy acco.uicdaticn to ¢ more detailed
congiderzticn of the magnitudes of accomuodastion
coefficients which nuve been experimentslly determined
\

znd the effect of wdsorbed layers znd Cemperslture on

3

these vzlucs. ‘fhe result of =z unit sticking probability
nd thus unit energy accomiodation for «toms depositing
on their own lattice uppears universal except perhaps

for urgon (Foner 1959) where the sticking probability



19

is found to be 0.6 for zus snd suvface temperatures of
300°K snd 4,2°K respectively. lMcCarrol (1963), however,
sttributes Chis low vailue to the scotltering of the
lattice waves by the .:any defects frozen into the
lattice structure wihich thus reduce the efficiency of
energy propogatioan away from thie point of impact.

FMore important in considering the relationship
between sticking probability ond energy transfer
efficiency ..r¢ those systens where the efficiency is
less thon unity, thus zllowing the effects of
Lemperature cnd ~dsorhed layers to be discerned. tluch
of the esrly experimental work must be discuarded bec.ause
of unknown surfice composition; The work ol Zoberts
(1939 ) is -n exception and is entirely comparsble with
modern work. Most me.surenents hve been nerformed
with the rure sases since :dsorption eifects cre thereby
minimiscd; results for substanticlly clean platinum

surfaces indicute 2n enerpy accommodation verying from

z

near unity for xenon to around 10 © for helium with &

s

slisht negative temper-ture coefficient for a ziven

difference of Log znd surfsce temverature (Thom:s and
=

Oliei, 194%). Tae situ.tion zppears more complex in

recent work of Thom=zs and Silvernail (1846) and Zoach

3

and fhomas (1968) who found, using the temperature
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Jump method, a minimunm in the volues of the accoumodation
coefficient of neon at about 250°K.

For the active zases the accommodation coefficient
cannot be measured by the classical technigues until
the adsorbed luyer is effectively saturated. This
precludes the determination of o temperzture coefficient
of the accommodation coefficient since the surface
coverage itself vairies with temperature., Thus, Wachman
(1966) found for nitrosen on tungsten in the teuperature
range 5OOOK to BOOOK & decrease in accommodation
coefficient from 0.7 to C.4 und this is simply explained
by @ fzlling surface coverage with increase of temperature
znd thus & decreczse in the nuaber of surface species of
similar muss to that of the impinging gos.

In a2 similcr study of hydrogen and deuterium on
tunssten Wochman (1957) found accouwodation coefficients
of 0,16 and 0.24 respectively znd a value of 0.04 for
nelium sccommedation on = hydrogen covered tungsten
surface.,

The methods of Thomas, «achman <nd others are
sradually being replaced by sophisticated molecular
beam type work in which zas mblecular speed and flux
density dilstributions are messured directly using an

essentially nlane surfuce. Thus both = diffuse and a



21

specular reflection of beams of hydrogen, helium and
deuterium on platinum (Datz, Moore znd Taylor 1962)

hcve been observed, and also for the last two gases on
silver (Smith and Salzberg 1966) and for hydrogen and
srgon on tungsten and nickel (Smith and Fite 1962). It
is surprising that these systems show specular reflection
to such & degree since the de Brozlie wavelength of the
incouming molecules is of the same order as the lattice
specing and scattering of the incident beam mighi be
cxpeeted (except at very suall angles of incidence) as
the surfsces arc undoubtedly atomicclly rough. If these
results are correct they give considerable insight into
the process of trapping since the observation of a
svecularly reflected bezm indicotes @ negligible life-
time on the surfece. There is much evidence in the
zbove work that the tronsition from diffuse to specular
reflection with increzsing temperature depends critically
on the degree of surface contamination, In particular
Datz et 2l found a« large decrease in the transition
temperature when the platinum surface was exposed 0
oxyzen, 2 fourfold change in oxygen concentration having
the equivalent effect to & 1000° change in temperature.
likewise Smith and Fite found, in addition to the effect

of oxygen, that the carbon content of the nickel adsorbent
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had o »rofound influence. It is reasonable to connect
the diffuse behaviour at low temperatures (around BOOOK)
with the adsorption of some impurity since it w:s
definitely proved by Dotz that the adsorption of the
hydrogen cor deuteriunr on the pletinum wss not the cause
and Smith and Fite were able to show thet verlous
treatments of a2 nickel surface had orecisely the same
effect on the behaviour of argon znd hydrogen beams
sugzgesting that there was 1 surfuace effect independent
of the nature of the impinging gzs. The LELSD work of
Tucker (1962) end Germer and McRae (1961) on oxysen
adsorption on platinum end nickel respectively shows
thet the surface structures heve unit cells several times
bizger than thst of the clean surfece thus suggesting
that the enhencenment of diffuse reflection could be due
to a roughening of the surfoce structure during oxysgen
adsorption frem the 'background' jzs. In support of the
senerzl iden of o specular reflection at @ really clean
surface Hinchen and Shepherd (1966) have observed such
reflection .t 40C°K in the argon-plotinum system and
Smith cnd Seltsburg (1966) have obtaincd specularity
for hydrogzen, deuterium ancé zrgon on o clean silver
surfcce b BOOOK.

snother inportunt offcet Lhaes been observed. during
I o
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the beam scattering experiments -~ that of accommodation
of the gas wvelocity normal to the surfice but not in the
pline of the surfacc. Thug, for gas impinging <s 2 beam
onto ¢ surfoce 4t o higher tempersture it 1s found that
the specul:rly reflected ray is shifted towards the
norin.l und vice versa for a I:: temverature higher thaon
that of the surfice. It thus appears that the angle of
approach of gas to the surfice i1s & parameter to be
considered since 1t was not possible to explain the
observed cffect by a combination of diffuse and specular

scattering.

Inergy accommodation ind the sticking cocfficient.

stoms or molccules which adsorb into strongly held
leyers will necessarily be fully accoumodated to the
surface; the more enlightening =spect 1s whether all the
impinging gas is ot lcast partislly sccommodated or if
pert is immedicately reflected on impuct. IFor the active
ases the ma-nitudes of the sticking probabllity &t zero

coveraze 2nd the sccommodation coefficlent new

=

szturation arce remzrkably sinilar thus waking slttractilive
the coancept of the proportion of cctive patches
deterndning the mognitudes of both sticking probability
and accommodation coefficient. This picture of either

full or zero .cconwodation of the incoming as is in

dircct contrast to thst of Lisliule (1956)
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=

lcred thot there was o slow exchange of energy in
the precursor staoe and thot the majority of wolecules
not adsorbed come from this layer prior to complete
equilibration. HKisliuk in & later publicatiocon (1958)

-

did, however, include the cusc of reflcction on impact
but retained the concept of an essentially homogencous
surfzces

The nezligible tempoerature depeadence of both the
scconmodation cocfficient and the sticking probability
is readily explained on the basis of a patched surfoce
if the unit efficicncies wrs .aintoined irrespective of
temperature, lore difficult to explain is the obscrvation
of increasing sccommoduetion coefficients with increasing
coveraze which are not parallellcd by increases in .
This behaviour probably indicates thabt the inactive
notelics become coverced with sus by surface diffusion
from the .ctive rezions ond, by virtue of the adsorbed
loeyer, show »n increise in cnergy cccosmodation
cfficiency whilst retoining ¢ low adsorptive efficicney
for molecules direct froi the .8 vhasc.

If ¢dsorpbion werc restricted to the 'cctive

patches!' then the sticking probability might be cxpected

to £2ll rapidly ¢t coverazcs covresponding to

ik

soturction of the cctive regions. Tails hils been

observed in the cose of . oxy-on <odsorption on tungsten
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by Becker (1953) but the result moy be =scribed to

experimentel artefocets introduced by interaction of

£

the zgos ond the pressure gauge used rother then to the

[¢]

jar

recson previocusly discusscd. Tuere docs appear to be
sonme correspondencce in gsonme systems bebtween the value

of the initiszl sticking vprobability and the frazctional
coveraze ot which B starts to full (Huyword and Trapnell,
1964 ) the total coveraye generslly extends to that
cxpected from the known density of surfzce sites. I
the neative temperature coefficient of sticking
probability for the nitrozcn-tungsten system (dhrlich,
1961) is sccepbed then this may be ascribed to a
decrcase in the mezn distance diffused by the precursor
from the active 1eglones =s the temperzturc is raiscd.
Likewise, z. decrease in S with increasing coverage aay
be wttributed to the increasing probebility of
desorption as the precursor hos to diffuse sreater
distances to resch vzcant siftes in the 'inactive!
reglons.

obicking probobility me:isurcments on metal films.

It has been Jjudicious go far to z2lnost completely
neglect most of the work performed using evaporated
metal films although the lutter hove been widely used

1n rete mezsurements. This hus been necessery because
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the values of i obtained for ¢ rouzh porous surface

such &s thet of an eviporated film gre not directly
compurable with thosc obteined using smooth surfoce
adsorbents such os filoments. xperimentslly the
sticking probability is messured as the ra:tio of the
rate of adsorption ana the rate of collision, both terms
veing cxprcesced in units of avoms or molecules per unit
ares of adsorbent per unit time. TFor a smooth adsorbent
surface the collision rate ig unambiguously defined but
for = porous structure this is not so since a molecule
way weke o numbor of collisions beforc being either
sasorbed or reflected back into the void of the reaction
vegsel where 1t may be registered by the gauge. Thus,
only the r:te of approach to the surficc nay be
determined znd sticking probaebilitics calculatced from
this zre higher than would be obscrved for & chemically
identicul smootTh .~dsorbent surface. Thoere sre, howoever,
two extreucs =t which oirecuent should be obtzined.

Thus wihen the true sticking probability is unity, the
same value should be cobtained for » rough surface. L
seceond circumstance when the ambiguity discppears is
whien the sticking probebility is so low that on averapc
the atom or molecule penetrates the whole surfoce
structure many timecs before being sdsorbed. In this

situntion the gus pressurc is approximately constant
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throughout the porous structurce and correspends to that
measured in the void of the rcaction vessel in = constant
tenperature system. BSubstitution of this pressure in

the iHertz-Knudscn equation yields w collision rate pex
unit of true surface erca and providing the rate of
sGsorption is also expressed in the same units then =«
sticking probzbility cguivalent to that for 2 plane
surface 1s obtained. Normally the 'true' sticking is
neither unity nor sufficiently low for the above treat-
ment to upply «nd can culy be obtained by cstimating from
some model of the porous surfacc the enhancenent of the
collision rate over and sbove that of the rete of approach
of the gus <toms or molecules to unit secometric arca of
the adsorbent.

There 1s o second ambigsuity, not hithcerto
specifically mentioned, relutbing to the term ratce of
adsorption. This rate is clearly understood only when
azdsornption occurs dirvectly from the 328 phasce into a
strong chemisorbed stoate vhere the 2toms or moleculces

are permencntly retoined. It hos been demonstrated,

—y

however, that adsorption in many cascs occurs Via &
precursor state from which desorption may be appreciablc.
The rate of adsorption as normzlly measured refers only

to atows or molecules cntering the chemisorbed stote and
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strictly this should be noted in the definition of
sticking orobability. There is & similer, but more

> heat of

<

widespread confusion when, due to a fallin

sdsorption, there is sppreclable desorption from the
chemigorved state wns evidenced by the appcecarance of
cquilibrium pressures of g2 above the adsorbent., I
the total ruete of collision is obtained from, for exanmple,
an ombient vpressure of gas zbove the film then the
corresponding rite of :dsorption must include terms for
the rate of supply of 'new' 3as and the rate of adsorption
of #mus previously desorbed from the chemisorbed layer if
the gticking probability is to have physicel significence.
In meny rabte wessurements, oorticularly in flash
filament studics, the latter term has been ignored and
the rapid fall in the calculated sticking probability
45 the luyer approoches saturation is merely due to an
increasing equilibrium pressurc. The value obtained in
this way still describes the overall kinetics of
adsorption viak the expression S.Z2.F. but has no
significance as rcgards the average number of collisions
made before an atom or molecule can enter the chemi-
sorbed state,

although eveoporated films may be scen to have

certain disadvsntages for ratc measurements they have
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the great advantazce of versatility in that practically
any metel may be used, Furthermore, meny metals c¢.gZ.
nickel, rclladium,readily sinter to approximately smooth
surfaces and should give data directly comparcble with
that for a wire or sheet. also the rough porous films
have e foirly shorp division between an outer surface:
which is dircctly cccessible to the gas phase of the
reaction vessel void, and an internal surface which is
reached only by diffusion processes. It was found
possible in this work to utilize this situation to zain
insight into the phenomenon of surface migration and
clso to obtzin the kinetics of various redistribution
PrOCISSES.,

There 1s a second and much more¢ serious reoson why
values for evaporated films have not been discussed at
length in this introduction namely, that with few
exceptions, the magnitudes of 3 measured arc subject to
larse crrors due to bad spparatus design and the failure
to conform to certain fundamental conditions. It is
hoped that the following section will outline the
deficiencies of previous measurements and also invoke
the nccessary conditions for & successful design of

¢xperiment.
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SAFLRIVENT.L SYSTEMS WiHICH HAVE BELEN USED

TO NMizaSURE STICKING PROBABILITIES

Classically the amount of gas adsorbed on a solid
is measured by ascertaining the pressure diminution in
the systenm during cdsorption. In »rinciple the kinctics
of the azdsorption step wmay be followed by measuring the
pressure e¢s a function of time; in practice this has
been difficult to do., With clean metal surfices the
rate of adsorption is of the same maznitude «s the
collision rate from the z:s phase cind 3as prescures must
be very low for the adsorption to last for many seconds
or minutes. More precisely, there are about 1015 sites
for adsorption per cm2 of metal surface; according to
the Hertz-Knudsen eguation this number of collisions
will be made in about 40™° P~ secconds, where P is the
ambient pressure in torr asbove the metal surface. Thus,
pressures less than 10 -8 torr must be usede.

In zeneral, »nressure detectors of this sensitivity
have become avoilable only recently in the form of
inverted ionization gauges or various types of partial
pressure devices. However, there is ample evidence that

-8 . . !
pressures as low as 10 torr werce achicved in the 1920 s

and in fact Langmuir and co~workers did have, in one
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particular system (Cs/W), o« means of neasuring pressures
of caesium vapour of 10_15 torr. Lengnuir, by measuring
the ion current produced by ionization of the caesium
atoms at a hot tungsten wire wes able to estimate the
sticking probability of ccesium atoms on tungsten with
an accuracy as good das that of modern techniques.,
However, the method used by Lungaulr was limited to
readily ionizable metal atoms. This limitation was
remnoved by apker who used un electron bewm to ionize the
sas in the system whence it became possible To measure
‘pregssures' of electronegative goases as well. With the
development of the inverted ionization geauge by Alpert

-10 torr bec:zme routine.

the mecsurement of pressures of 10
Various methods of estimating sticking probabilities have
been developed using this guuge.

As mentioned cerlier the measurement of sticking
probability depends on the sepsrate or simulteneous
measurenment of the rate of adsorption and the rate of
collision of gas molecules at the surface (assumed smooth
at this stage to avoid unnecessary complication). The
rate of collision is obtained in nearly all methods from
the Hertz-Knudsen eguation reloating the pressure P at a
surfacce to the rate of collision per unit sresa

5
N(No. of collisions pcer cm®™ per sec.) = P

a
(enakT)?

i
&
e
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This expression, however, presupposcs a state of

s

complete molecular chaos since the coancentration of

gas is given in terms of pressure and the collision
frequency has been derived using the mean velocity of a
completely random distribution of moclecul..r velocitics
throughout the zus. .4s will be seen subseguently,
molecular choos connot be zssumed cven approximately
when the sticking probability is high and the arca of
adsorbent large.

The rate of adsorption has been obbtoincd by a
variety of methods. The rate of adsorption of a mctal
on 1ts own lattice may be obtained by direct weighing of
the deposit. In this way Rapp ¢t «l. were able to
neasurc the rate of adsorntion of zinec and cadmium on
their own lattices. It so happens that the sticking
probability is near unity for these systems and the
small amount of material reflected could be estimated
by direct weighing of a 'catch electrode'. A similar
experimental set up has been uscd by von Goele and co-
vorkers Lo measure S during the condensation of gold on
its own lattice. Herc, howecver, a radloactive iTracer

Auq97) was used to wmeasure the adsorbed and reflected
amounts by bringing cach deposit separately near a

scintillation counter.
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the preceding methods have been applied to systems

in which many monolaycrs may be deposited from the vapour

o)

hoge at near unit efficicncy thus moking 'macroscopic!

ct

cchnigues feasible. Direct measurement of rate of
sdsorption in systeuws in which one or @ few monolayers

dre adsorbed is experimentszlly much more difficult and
only recently haove vacuum microbalances been developed

of sufficient sensitivity to detect scveral per cent of

a monolayer of = gas of moderute molecular weight (say 50).
A dircet method for systems involving low molecular. weight
gases has, however, becn cdeveloped using cllipsiometry.
Archer and Gobelli (1965) have obtained an cstimatcd
zccurscy of 2% of & monolaver for the adsorption of

oxygen on silicon and in conjunction with collisiion rates
obtiined via the Hertz-Knudsca equation have obbtained
detalled sticking probability-coverazc curves.

Hdowever, of far more importance to the present work,
are the more indirect methods of cstimating the kinetics
of adsorption. The two major techniques in this field
arc the flosh filament wmethod and the flow method as
developed by iigener (1950), The former hoes been widely
used by Becker and Hortman (195%), Ehrlich (1961 etec. ),
Hedhead (1961) and others meinly to study gie odsorpbion
on tungsten filcments. The experiment, briefly, consists

of cleuning the adsorbent by high temperature heating in
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ultra high vacuum conditions until virtually no gas is
evolved on 'fleshing'., Then, with the filament held at

e high tempcrature, o stezdy flow of gas is set up by
suitable adjustment of the inlet and outlet conductances

of the recaction vessel. On cooling the filament, gas is
adsorbed from the awmbient zas: and the steady statc pressure
is thus disturbed. From the resulting pressure-time
profile the sticking probability can be found zs & function
of coversge. By raplidly heating the filement and
exzmining the resulting pressure~time profile & check can
be made on the total amount adsorbed up to any particular
point.,

The flow technicue as developed mainly by Wagener
differs from the flash filament method in that gas is
not introduced to the adsorbent until a clean surface is
senerated. Thus, the method may be used with a wide
variety of adsorbents and particularly with evaporated
metal films.

Since the major part of this thesis is concerned
with o flow method of the latter type only 2 sufficient
description will be given at this stage to enable some
comparisons to be mades. The principles and practice
of adsorption measurements using flow systems with metal
films were outlined by Wagener (1950, 1951, 1952, 1956,
1957) and extended by Clausing (1961), Della Porta and
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Ricca (1960), Elsworth and Holland (196%), Bergsnov—
Hansen, Endow and Fosternsk (1963, 1966) and others.

In the basic method the rote of flow of gos to the
adsorbent is controlled by interposing a capillary
between a gas storage vessel and the reaction vessel.
The magnitude of this rate is obtained from the pressure
drop zcross a capillary of known conductance provided
that the sole pumping agency is the adsorbent and that
the rate of increase of zos molecules cbove the
cdsorbent is small compared with the rate of =dsorption.
The rate of collision has normally been obtained from
the 'pressurc'! of gcs above the adsorbent by utilizing
the Hertz-Knudsen equation.

The method has the great advantage of versatility
in that practically any material thaet can be evaporated
may be used. The scope is not necessarily restricted
to evaporated films as surfaces generated by such varied
means as crystal cleavage or high temperature flashing
may similarly be used. The large arcos of surface
normnally involved restricts the degree of contamination.
during an experiment whereog in flash filament
experiments the small crea used Gvﬁcmg) demands the
ultimate in vacuum conditions. Since the film is
usually evaporatced onto the walls of the reaction

vessel temperature control is eesy. This contrasts
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with flash filament worlk in which the filament is
adsorbing the ambient zas during cooling to 2 desired
temperature thus wmokingzg useful measurements nesr Zero
coveragse impossible. There is a further cdventage of
the flow method nimely thot & constant pressurec mwy be
maintained cbove the surface during adsorption. This
simplifies treetment of diffusion phenomena by
maintaining @ constant surfice condition if & pseudo-
cquilibrium exists between surfice and gos phase (Della
Porta and Ricca, 1960). The flash filement studies
should give S values of more fundemental significance
than those obtained with & rough porous film and
furthermore should ve capablc of good reproducibility
as effectively the saome surface is generated for cach
cxperiment, ..s mentioned earlier, the demarcation of
the surfece of & film into an inner znd an outer
component is not neccsscrily o disadvantuge since it
2llows e sensitive niethod of studying both surface ond
5.5 phase diffusion phenonmenc.

Fluosh filewment studics have been extended, mainly
by Zhrlich, to obtain inform:tion on the population of
various energy states on the surface. This is performed
by presorbing as to some desired cxtent .nd then
raising the tewpercture of the filament at 2 known rate

while exeamining the resultant pressure-time profile of
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the desorbed ggs. In principle such desorption may
occur from equilibrated or non-squilibroted surface
states depending upon the rote of heuting; in proctice
the former may be performed using films (e.g. Hoyward,
Tzylor .nd 'I‘ompkins,’i966)g whilst the latter may not

be possible to perform cven with filamentse.

3. THE FLOW TECHNIRUT FOR IMEASURING
STICKING PROB:BILITIES

Sticking probzbilities of geoses on evaporated metal
films cre usually obtained by establishing a known
constont rate of flow of zas to the film und meusuring
the pressure P above the film surface. The rate of
wdsorption is equated to the rate of flow of gus (nA
molecules sec —l) and the apparent rate of collision of
molecules with the surface (nc molecules secc —l) is

culeulated frowm the Hertz-Knudsen equation,

nC = AP ( 1 )
(onmkT)®
where & 1s the geometric zrea occupied by the film, m is
the mass of a molecule, k is the Boltzmann constznt and
T is the absolute temperature.
Hence,

s = A = A (2)
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FIGURE 4. Schematic representation of apparatus commonly used to measure
sticking probabilities. S5 - gas reservoir, C - reaction vessel,
F - film, D - capillary, IG - ionization gauge.
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where Z = (ERka)_%.

The rate of flow of zis to the film is zdjusted so
that the film continucs to wdsorb for o sultable length
of time; normally between 10 2nd 1000 minutes. If the
sticking probability is high P will be in the range 107 7
to 10—u%orr and an ionization zoujZe or sensitive moss
spectrometer must be used to record it.

he majority of workers in this field have used the
Scme bdéic design of apparatus and this is shown in
figure 1. The film is thrown onto the inner wzll of the
cell and the pressure in the cell 1s measured by an
ionization szeuge placed in one or other of the positions
indicated (in some systems the go.s passes through IGE
rsther than past it as shown).  The rate of flow of azas
to the udsorbent is given simply by F(R - P,), where F
is the conductance of the capillary in molecules sec ~
torr _]} P71 is the pressure in the storage bulb and P2
is the pressure ot the far end of the ceapillery.
Norm:lly Po is very much lecs than Pl_and cin be nezlected.
The net ratc of adsorption can he cjuated to the rate of
flow through the capillary without significant error as
pumping by IG, or IG3 is usually negligible and the rate
of increcse in the number of gas phase molecules in the
cell is alwoys cxtremely small compared with the rate of

uptake. Thus, mecsurement of the rate of adsorption
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presents no difficultics cexcept, pcecrhaps, when the
primary chemisorbed layer is weckly held and corrections
must be cpplied for dusorption (seec loter).

The buosic problem with this method is to obtain a
meaningful pressure reading from which the rate of
collision of molecules with the film surface con be
calculated, The pressure mneasured with IGo will alweys
be too high bcecausc the adsorbate passes through port of
the tubulotion connecting gauge and cell, resulting in a
pressure drop across this scetion. Thus, during the
cdsorption of carbon monoxide on o barium film ot room
temperature, wWwageacr (1956) found thut the pressure
registered by IG5, wis five times higher thun that
rexistered by IG5' Similzrly FeKec and Roberts (1965)
hive shown that, in the earlier work of Roberts (1963)
using a guuge between capillary and film, the initial
sticking probability reportcd for nitroscn on molybdenum
was too low by o« foctor of 50. In principle the pressure
drop between zouze and film e=sn be reduccd to negligible
proportions by increcsing the conductaonce of the tubulat-
ion betwecn them, 2lthough it ig clcarly betber to place
the gauge «ftoer the film.

However, the problem of obtuining o mecningful
pressure reoding is not necessJrily solved simply by

having the gauge in 2o certein position. When s is low



41

the molecules cntering the cell collide on average muny
times with the film before they are adsorbed, and their
motions «re thus largely rondom. Under these conditions

o definitive pressure exists cvbove the surface of the
film, perturbed only to o small extent by the motion of
molecules emerging from the gus inlet, cnd the cppirent
collision rate is correctly given by ZAP, But when s
cpproaches unity and the film covers most of the wall

area of the containing vessel the métions of the moleculcs
arc¢ no longer rondom for, ot sny given moment, o
significont proportion of them cre merely in transit
between the gas inlet and the oésorbent surface. Thus

o pressurce cannot be defined within the cell volume and
the collision rote cannot be cilculated even approximately
from a 'pressure' reoding simply by using equation (1).
Furthermore, the rate of collision is not uniform ucross
the surfacc except for certain geometricol arrangements

of zos inlet and adsorbent surface.

One solution of these problems is to reduce the
geometric area occupied by the film to o small fraction
of the total wall Zrea. In this wey the motions of
moleculecs within the cell cre largely roandomised by
reflection at the cell wall. Experimentally this has
been occhicved by throwing film onto o zlass plate which

is then isolited from the evoeporator filoment ¢nd from any
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FIGURE 2. Two ways of obtaining a uniform flux over the surface of the film.
D - small glass sphere punctured with many holes, F - film,
IG - ionization gauge.
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strey f£ilm before admission of gzas (Gibson, Berisnov-

Heonsen, sndow ond Pusternak 1963%; lcKece and Roberts 1965;

snd Fosternak, Endow and Bergsnov-~-Hansen 1966). A

disudvantaoge of this method is thot odsorption is likely

to occur onto the wclls of the freshly outgossed system
during the initial stoges of an cxperiment, and this
could casily lecad to erroncous resultse.

Meaningful sticking probabilitics can still be
obtained, howecver, without reducing the geomctric arca
of the film if certain designs of gos inlet and
ionization sruge port are usced. In genersl such systems
must satisfy the following thrcece conditions, otherwise
the problem of relating the pressure rccorded by the
ionizution gauge to the sticking probability becomcs
intrzctable.

(1) The moleccular collision rate must be uniform over
the exterior surfoce of the film. This can be
~chiceved by throwing the film onto the inner wcll
of = spherical bulb ond introducing the gus either
uniformly in =11 dircctions from the centre of the
spherc, ¢s in figure 2a, or from n sm2ll orifice
acting «s & cosine~law emitter, zs in figure 2b.
The latter method has two disadvantoges: first,
small deviations from spherical geometry near the

&+s inlet lexd to disproportionctely large



variations in the collision rut: :cross the surface,
and secondly, the anzgle of incidence varicge from

0 to 90 degrceces so that the molecculese do not 'sec!
cquivalent sections of . rough film surfacce.

(2) Molccules must not c¢nter the grid structurc of the
ilonization gauge dircct from the gas inlet, but
only xfter their motions have been to o lorge
cxtont rondomiscd by collisions with the cell walljg
hence the bend in the tubulction leading to the
lonization gauge in figure 2a. This point is
important becousce the calibrotion of the ionization
gouge in toruws of pregsurce is meoningful only under
conditions of random motion.

(3) There must be no uptake of gis within the side arm
contzining the ionigzotion inuge. This con be
achieved by preventing the deposition of film onto
the wzalls of the zouge tubulation during evaporation
and by reducing gouge pumping to ncegligible

propertions,

44 CALCULATION CF THE sTICKING YROBABILITY
Tor a systenm conforming to the rcquirements listed
wbove, @ general cquation can be derived rclating s to P,

the pressure registercd by the lonizntion zauge,
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First, we define Xas the froction of the total
number of molecules entering the ccll (nA.pcr sceond )
thot rewuch the side-mrm of the ionization gouge direct
from the zis inlct. 4s sticking probability measurc-
ments are normally corrricd out -t very low pressurcs
(‘<1O—7 tory) where thoe mexn free pith in the 2os phase
is vexy larsze compored with The dimensions of tho
appuarotus, the wolecules move independently of one
znother and the totul ruate of collision with the film,
N, s 43y bc divided into two conponcnts; one due to
molecules nrriving dircet from the z2s inlet wnd cqual
to (1-®n, , <nd the other, n, , duc to molecules which
heve ulready suffered one collision or morc with the

film surfoce. Thus

S = n_l\ = nA. ' (5)
D (4'—0‘“)nA M

The molceccules contributing to nDg will have o
completely rondom distribution of velocities (i.ce os in
2 constant pressure reservoir) provided they are re-
emitted from the film surface after collision according
to the cosine low. Thus, the total molecular flux ocross
the orifice, of sren (a) leoding to the ionization zouge
consists of « random component, n a/4, and & directed
component, O e Now the rate ot which moleculcs cutcer

the zouge side-orm is clso the rote at which they lecve
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under steady-stote conditions .nd in the absence of
pumping. The lutter rate would be equol simply to 42P
if =z uniform pressurce were mainteined in the side crm.
However, it has been pointed out by L. Holland (private
communicstion) that the molcecules centering dirccet from
the yus inlct penetrabe o considerable way up the gouge
tubulation bofore colliding with the wialls, ond they

then diffuse out randomly, giving rise to . concentration
grodient clong this section of the tubulation., Thisg
problen is bost cnalyscd by regarding the random ond
directcd components of tie molcculor flux entering the
gauige side or cs independently giving rise o pressurcs

E ond B respoctively within the gouje envelope.

r
id

t

Equeting the rotes of arrivel ond deozrture, we have
[ £ b

for the rondom component
Za]%3 = nBa/A, ' (&)
znd for the directed component

Z.TL]:}’\L =a B, B (5)

where B corrccets for the molecular beaming effect and is
a constant for a given srranseument of gas inlet and

ionization gauge tubul.tion. Thus

-  FalT - 3
ZaP = &Ki +%¥ afn nB/A

a”
ond.

n, = 4AD —(xBnAA/a.



FIGURE 3.

GAS SUFPLY GAS SUPPLY

Schematic representation of two cells used to 'mea_sure sticking
probabilities. B - baffle plate, F - film, IG - ionization gauge.
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Substituting for n_ in cquation (3)

B
n,

s = “ (&)

el lh ) . \
ZiP o+ n 4—(“ . "‘B)o;
A N /S

Throe types of cell have been used in the prescnt

investigotion to which this equation is applicable. The
first is shown schemcticilly in figure 2e. It suffers
from the disadveont ge thot Bmust be known before
sticking probabilitics can be calculated ccurntelye.
B con be obtoined either by calculation or by calibration
azeinst the second type of cell, which is shown in
figure %a, Here the orifice leading to the ionization
gouze has been reduced to o very smull hole ~boub 2 mei.
in diamcter. It will be shown later that Bis effectively
one for this type of cell, However, gouge pumping coen
be a problem with such a small hole. The third type of
cell is shown schemrtically in figure 3bj; it is similar
to the first cell except for the insertion of a
retractnble baffle plote, just large enough to prevent
moleculces entering the gouge tubuloation direct from the
sas inlet. Thus,® is zcro ond the term containing B in
cquation (6) disappears. 50 for this type of cell hos
not given completcely satisfactory results; the reasons
for this will be discusscd latcer.

The three cells will now be described in greoter

det-il.
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5. BTICKING PROBABILITY CELL - TYPE I

In the first type of cell, shown schemotically in
figure 2z, the froction of the incoming molecules thot
enter the ionizotion gouge compartment dircet from the
gos inlet is simply o/(a+i). This, substituted for ain

cquation (6), gives

0a
s = (7)
ZAP + in A (1=-B)/(a+a)

In earlier work (Huyward, Tnylor and Tompkins 1966;
Hoeyward, King and Tompkins, (1967 ) sticking
probabilities were colculated for this cell using the
conventional cquation (2) rother than equation (7). This
is tantamount to assuming that B = 1. Obviously the error
involved in this cssumption becomecs smaller ng s decreascs
because, et - given volue of n 4, the pressure P
registered by the gouge increaseé and finally the term
2AP in the denominator of equation (7) dominatcs the
second term, However, at high s the error can be
cppreciable ond it is necessary to use equation (7) and

hence to czlculote 8.
51 CALCULATION OF B

We consider, first of all, @ beam of moleculcs
entering the gouge tubulction of cross—-sectional area a

at 2 rate of n molecules per sccond and striking the wall
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FIGURE 4.

MOLECULAR
BEAM

Cross section of a molecular beam striking the wall of
a cylindrical tube.
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and.

s the velocities of the molecules dispersed ot
0C' do not have exactly the same znzuler and spacial
distributions s those of uolecules arriving from = con-
chont presgure source, this formulc involves 2n cpprox—
imation. dowever, this =1lso meuns thst the pressure to
the left of CO0' is not entirely constant and the two
ennroximetions tend to concel one another.

In the more zeneral case where the molecular beam
strikes the wall at various distances along the tube,
we mey consider o numover of molecules dn, all striking
the wall at a porticular distance G from the outlet and
contributing d¥ To the overall pressure F recorded by the
gauze. LEquation (8) then becomes

an = ZadP
Za/PF - %

On integration

1
f (za/T - 4)dn = ZaP (9)
Jo

For a short tube T is given epproximotely by

9]
Za/(4+5ﬂ/8r), where r is the radius of the tube (Dushmen
19241 ). Substituting this in equation (9) and integzrating
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Za]? = (.;L -4 5{)/81’)1’1 (/]O)

_ n
where@ = 1/npj 6 dn and is the mean distance
o . .
penetrated by the beam. Comparison of equations (5)

end (10), with®n put equil to n, shows that
B=24+3 6/8r (1)

for our experimental systeme cin be calculated
from the dimensiong of the rezction vessel as
indicated in the appendix, and to & good approximation
is equal to rRL/(2+L), where R is the redius of the
spherical reaction vessel and L 1s the length of the
gauze tubulation up to the bend (see fizure 2a).

The accuracy of this formula for Bwill very with %
and also with the distribution in the values of’&. It
involves three approximations (Lwo in deriving equation
(8) 2nd one in the formula for I'), but as these do not
a1l operate 1in the szme direction the overall error may
be less than thet involved in any one approximation. 4
zood check on the formula is to calculate the value of
B obtained when the molecules enber the gauge
tubuletion randomly rather than zs & beam. IF can
_reudily be shown from kinetic theory that in this cuse
% = 4r/% znd substitubion of this in eguation (11)
gives B= 1. Thus, the equation is exact in this

instance even though% = 4r/3 the error in using the
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Dushman formula for the conductance of a short tube ig
about 10, (F. Clausing 1932). The equation has also
been tested experimentslly and it will be shown later
that it is generally sccurate to better thun 3% for the

systems used in this work.

6. STICKING PROBABILITY CillL - TYPE II

In the second type of cell access to the
ionization gauge is through a small hole in a platinum
sheet, which is sealed acrog the end of the ionization
gauge tubulation. The pletinum sheet is 0.05 mm thick
and was used in preference to glass because the
'"thickness'! of the hole has to be small compared to its
diameter (2 mm) in the present application.

The great advantage of this cell is that the
molecular beaming effect can be ignored provided the
area of the hole is very small compared to the cross—
sectional area of the gougze tubulation. when this is
so mostof the moleules entering the gauge tubulation
through the hole meke many collisions with the walls
before finding their way out again. Thus; the motion of
molecules within the gaugé tubulation is largely random
and the pressure is very nearly constant. This results

in a value of Bclose to one,
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6.1 CALCULATION OF 8

B8 moy be cazlculated from equation (9) by
substituting for I the formulla for the conductance of
a short tube restricted ot one end by a diephragm
containing a small hole., This formula is, approximately

(ushman 1962 p. 96)

P = Za
5%/8r + a/a0

where a4 igs the ares of the hole,

Bquation (10) then becomes

ZaP = (5%/8r + a/ao ~ 4)n.

In this case Bis defined by the equation

ZaoP = Bn
Thus
B =4 + Gl/or - %)ao/a. (12)
In the cells we have constructed a/aéf 300,
r = 1.7 cm and@ <5 cm, Substituting these values in

equation (12) we see that the error in putting B= 1 is
considerably less thaon 1%, Thus the conventional
equation (2) can be used to calculate sticking

probabilities.
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7. STICKING. rROBLBILITY C3LL -~ TYFE IIT

The third cell is basically & type I cell but
with the oddition of a retractable baffle, as shown
schenatically in figure 3b. When lowered into position
the baffle is just lurge enough to prevent molecules from
entering the side arm leading to the ionization gauge
direct from the gas inlet at the centre of the sphere,
fdowever, it has a negligible effect on the random
component of the molecular flux and equation (&) may
therefore still be used, but with Bput equal to zero;

that is

s = A 9 (45)

where Pl is the pressure measured by the ionization
gauze when the baffle is down. This method of
obtaining sticking probabilities is essentially thet
used by R.E. Clausing (1961).

The sticking probability may also be calculated
from Pg, the pressure measured with the baffle withdrawn,
and Pl. n, may be eliminated from the formula for s
by combining equations (7) and (1%). Thus

s=_To- P (1)

Po- A(1=-B)P ¢/ (iara)
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This method has the advantage that neither the
absolute conductance of the gas inlet system nor the
sensitivities of the gaﬁges need be known. In all
other methods discussed. in this thesis the absolute
conductance of the gas inlet system is required if the

calculation of s is to be independent of gauge sensitivity.

8 HYDROGEN ON METAL FILMS - EXPERINENT..L

8.1. The Ultra-Hizh Vacuum 3System

The main vacuum system is shown schematically in
figure 5. It is constructed entirely of glass and
consists of two separately pumped chambers - The gas
reservoir Gl and the reaction vessel RV - interconnected
by a chain of small decker valves D2, D3, D4 (Decker,
1954 ) and a magnetically operated capillary lesk DL
(see page 84, Pumping is effected by single stage
high speed mercury diffusion pumps each backed b& three

6 torr

stage diffusion pumps. The pumping speeds at 10~
are approximately 60 1 sec_land 20 1 sec ton RV and CR.
Cold treps are inserted between the pumps and the
vacuum chambers to prevent diffusion of mercury into
the main system. The pumping speed on GR may be varied

by a varisble-~aperture nercury cut off MV a large

decker valve D1 is used when necessary to isolate RV
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ND

FIGURE 6. 3Sticking probability cell type I.
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from the pumps. 4 calibrated volume CV1 is included

in the chain of small decker valves to facilitate
calibration of various volumes. The gas storage

system is comprised of o« 1 litre hydrogen bulb, a

dosing volume V2, a mercury manometer M and & second
calibrated volume CV2. Gas leaves the storage system
via the palladium thimble PT end enters GR via a small
decker valve D5. Pressures are measured in the main
system by inverted ionization gsuges Gl, G2 (Alpert and
Bayard, 1950) or =t l:irge gas pressures. (10° to lO'5torr)
by a high pressure ionization gasuge G3 (Schulz ond Phelps,
1957). A sensitive 180° megnetic deflection mass
spectrometer MS is connected to RV allowing partiel

lgtorr to be meusurede..

pressures down to about 5 x 10~
For various gcocuge calibrations o Me leod gauge was
connected via a cold trap and capillary (see Leck 1964)
to GR. The forepump is o two stage rotary pump (Zdwards
25C20) which pumnped on about 15 litres of bhallast
volume, .bout 5 litres of the latter volume could be

isolated to operate the lMcleod gauge «<nd the mercury

cut—-off.

8.2, The recction vegsels

figure © 1s o more cetalled representation of

the type I cell, Gus 1s introduced symnetrically from
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the centre of the cell via a diffuser D, which
consists of a smzll gliss sphere punctured rezularly
with about 20 holes and connected to the gas sﬁpply
by a fine capillary. The total area of the holes is
only = small fraction of the area of the diffuser
sphere so thot, on average, the incoming guas molecules
make many collisions with the walls of the diffuser
before emerging through the holes., This ensures: that
there is & uniform gas distribution over the film as
a whole, a2lthough there may be some local variation
due to the directional properties of the flux from
any one hole,

The metal film is deposited onto the walls of the
cell from the filament F, with the gas inlet system
withdrawn from the cell and the nickel discs ND held
magnetically over the orifices leading to the ionization
gauge and to bthe retrocted diffuser in the vertical
sidecrm, The prevention of film deposition in the
zauge sidearm is of extreme importance since (see page68)
even minute amounts lead to seriocus errors in pressure
nmeasurement, After film deposition the nickel discs
are removed, the diffuser is lowered into position
and gas is introduced from the gas reservoir GR through
the chain of decker valves. (The pressure in GR may

be set to any desired vealue by altering either the
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temperature of the palledium thimble, the hydrogen
pres:zure behind it, or the setting of the variable
mercury cut~off MV). The cell may be isolated from the
pumps by closure of the decker valve D1, Normally this
remained closed during measurements although the pressure
recorded by the ionization gauge was little different
when it was open, except at low sticking probability.
For a discussion of the effect of D1 on recorded
pressure in terms of gas purity and conductance between
cell and pumps see page 78.

Cells II and IIT were similar in basic structure
and operation to cell I. The differences have been

discussed previously.

8.3, The mecsurement of pressure with the ionization

FauzZes.

8+.3(a) Construction

The inverted ionization gauges used were the
commercial types 10G3 (Mullard Ltd.) and IG% (Edwards
High Vacuum Itd.) modified by replacing one of the
tungsten filaments by a rhenium filament which was then
coated with lanthanum hexaboride using a cataphoretic
technique., The deposition technigue has been previously

described (Hayward and Taylor, 1966),
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The high pressure ionization gauzes were
constructed in & similar manner to that described by
schulz and Thelps (1954). In eorly designs the grid
and collector were faobricated from polished melybdenum
sheety later platinum wzs used with the great adventage
of & maintained surface finish. The cathodes were
rhenium filaments coated with lanthrnum hexaboride.

8.3(b) Operation

The electron emlission of The ilonizztion gouges
was stabiliized uging the circuit given in figure 7.
The range of control wae 1 P to 10 - and the srid-
cathode and cathode~collector potentisls were maintained
at the naker's recoumended values -  +150V and +30V
recpectively. The high nressure gouge operated
perfectly sctisfoctorily from the sazme civcullt «lthough
as pointed oult by Schulz ond thelps there may be an
advantage in operuotving with the cothode potential
mid-way between grid and collector.

Ion currents were meosured using 'Enick'

-1z, . fes.d. ),

picocmmeters (maxinum sensitivity 8 x 107
en 'Gkeo! vibr.oting reed electrometer (moximum
sensitivity 3 ¥ 107722 f.e.d.) and a 'Keithley Model
417' high speed picocmmneter (maximum sensitivity

~13 - . . . o
1 x 10774 f.5.8.)s .och unit hud certsin advante. LEe83

the backing off fzcility of the Keithley wss found
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particularly useful.

The inverted ionization gauges were outgassed by
induction heating or by electron bombardment usiqs.the
tungsten cathode only. when using the latter method
the lanthanum hexaboride~rhenium cathode had to be
coipletely disconnected from the tungsten filament
otherwise radiation from the grid was sufficient to
start the coated cathode emitting and thus initiate a
thermol runaway. The high pressure geuge was outgassed
by induction heating only.

8.3(c) Perturbations produced by the ionization gouges

Ionization gauges exhibit a pumping action due to
the collection of ions and to the presence of a hot
filament., Hickmott (1960) hos demonstrated the serious
drawbacks of using hot tungsten cathodes in ionization
geuges when attempting to measure hydrogen pressuress
in this work it was. necessary to check that the
substitution of low work function cathodes had completely
alleviated such effects.

The pumping action of the ionization gauges (and
the muss spectrometer) was estimabted by observing the
hydrogen pressure diminution in & closed volume. In
general, the pressure was found initially to fall

logarithmically over about 2 orders of magnitude and
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then fall less steeply cs the geuge approached
saturation with gas. Typical curves illustrating this
for emissions between 10 PA and 10 mA are shown in
figure 8., The initial pumping speeds have been
colculated from the latter curvesi the results are

given in the following table.

INITTIAL
GAUGE EMISSION | PUMPING SPWiD OF HYDROGAN
USED CURRERT =) [ )
in 1 sec in milecules
sec” — torry™
ALPERT 10 ma 0.09 3.0 x 1018
" 1 mi 3.2 x 1002 | 1.0 x 101°
" 100 pA 1.3 x 1072 | 4.0 x 10%7
¥ 10 pA 2.1 x 1002 | 7.0 x 10%°
MASS . 16
SPECTROMITER 10 FA* 2.7 x 1077 9.0 x 10
L
3

refers to trap current.

The results may be compared with those obtained
by Winters, Denison and Bills (1962) for the pumping
rates of hydrogen by a tungsten filament inverted

1 at

ionization gauge. These workers obtained 5 1 sec”
10 m4 emission which demonstretes the great reduction
in chemical pumping of hydrogen by the use of low
work function cothodes. In fect the value given in

the taoble for 10 mA emission is about that expected
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for purely ion pumpingg it is not clear why the
pumping rate does not fall linearly with emission
current,.

There is a third source of pumping not hitherto
mentioned, namely that due to the presence of outgassed
metal parts in the gauge or to film inadvertently
deposited during outgassing. Alpert (1961) has shown
that heating of the molybdenum electrodes of an
ionization gauge to 1870°K increases the initial
pumping speeds for nitrogen by an order of magnitudej
even more drastic effects may be expected if any film

is deposited ~ 1 cm2

of molybdenum film has a pumping
speed of around 104 times that for normal operation at
100 PA emission current.

The pumping raotes discussed above lead to low
estimates of the pressure in the system to which the
gauge 1is connected due to o pressure drop in the

connecting tubulation. The effect can be estimated

from the expression

FAF = F(P, - Pg) = GPg
or AP =G
P, T

where F, G sre the conductance of the tubulation and

the pumping speed of the gauge respectively - both in

units of molecules sec T torr'l; P, and Py are the
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pressures in the system and gauge.
In the gas reservoir, cell type I, and cell

type II the tubulations have conductances of 5 x 1020,

o=l and 3 x 1012 molecules sec™ltorr™t

6 x 1
respectively and thus at 10 mhA emission (G~3 x 1018
molecules sec"ltorr"l) the relative error in pressure
measurement - AP - is about 0.6%, 0.05% and 10%. The
maximum emissigg used in experiments was normally
100 pi and errors even with cell IT should be 1% or

less,

8.3(d) The linearity of the ionizaztion gauges

The low pressure departure of ionization gauges
from linearity is generally thought to be caused by
soft X-rsys, which are emitted from the grid during
electron capture, striking the collector and causing
emission of electrons - this appearing to the
electrometer as an ilon current, Since the X-ray
current is proportional to emission current there
appears a 'pressure' limit which is independent of the
emission current - this is the X-ray limit.

With the high pressure ionization gauge the
probability of the emitted X-rays striking the
collector is very high, Figure 9 is a log plot of

the ion currents at 100 PA emission current of the
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high pressure ionizabion gauge and the inverted
ionization gauge extending to the region of the
X-ray limit of the high pressure gauge. The linear
characteristic extends down to about 3 x lO'Storr,
the X-ray limit is at about 2 x 10~ "torr.

The mechanical design of the inverted ionization
gauge greatly reduces the fraction of the X-rays
which strike the collector and correspondingly reduces
the X~ray limit. For gauges of average dimensions

10 Miore

X-ray limits of between 2 x 10" “torr and 5 x 10~
have been quoted. However, Redhead (196%) has compared
the readings of the inverted gauge with those of an
inverted magnetron gauge (no X-ray limit) and concludes
that the sorption of gas onto the grid profoundly
alters the value of the pressure limit, Carbon
monoxide and oxygen are quoted as increasing the
limit by factors of up to 400 whereas hydrogen and
nitrogen had negligible effects., The X-ray limit
may be thus expected to vary with the condition of
the gridg the following evidence has been obtained
to support such a view,

1) In several experiments the mass
spectrometer was used in an attempt to anslyse the
residuzal gas in the system. However, with gauge

~10

readings of 1 - 7 x 10" “torr (the normal indicated
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pressures after bakeout) no residuals could be
detected by the spectrometer slthough it was shown in
the same experiments that a hydrogen pressure of

11

S x 107 “torr was easily detected.

2) The lowest pressures recorded in the

lltorr) were obtained after the

system (6 - 7 x 10~
gauges had been heated in an atmosphere of pure
hydrogen thus suggesting that a clean grid structure is
a prerequisite to 2 low X-ray limit.

3) The tungsten filament of the ionization
gauge could be used as a desorption-spectrometer in the
menner described by Redhead (1959). Results indicated

O"lltorr or less.

pressures of 'active' gases of 1
%) The proximity of a magnetic field greatly

influenced the recorded ion currents presumably by
altering the mean path of electrons and ions in the
gauges. However, the effect on ion currents near the
background values was very smell as would be expected
for & gauge ot the X-ray limit,.

It is concluded that many, if not 211, of the
recorded background ion currents were due to X-ray
emission and thus the true pressure in the system was

11torr or lower.

perhaps 10~
The high pressure limit of lonization gauges is

caused by space charge effects limiting the electron
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and ion collector efficiencies and by the collection
of secondory electrons thus limiting the average
path length per electron collected.

In the high pressure ionization gzuge the electron
path is kept short and direct and the electron and ion
collector efficiency is high. BSimple consideration
shows that providing these efficiencies remain constant
for both primary snd secondary ions and electrons then
the maximum ion current has the magnitude of the
measured emission current. (This is because each
collision produces one additionsl ion and one additionel
electron). For the guuges of the dimensions used here
(sensitivity about 1 per torr) Schulz and Fhelps were
cble to show that thie theoretical limit of several
torr was approached,

The linearity of these hizh pressure gauges was
checked by lecking gas at & constant rate into a
closed volume. This was performed by holding the
pallzdium thimble at a constant temperature and
observing the pressure build up in GR when the
mercury cut off was closed. Unfortunately an excetly
constant flow rate could not be maintained over the
time required to approach 1 torr., However, the non-
linearity in the rate of build up of pressure could be

shown to be due to a changing flow rate by rapidly
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pumping the system and then repeating the experiment,
whence a new pressure-time slope was obtained similar

to that just before pumping. Figure 10 shows the result
of one such experiment showing linearity into the 10‘1
torr range.

The saturation of inverted ionization gauges occurs
at well below the high pressure limit discussed by
Schulz and Phelps indicating that space charge effects
probably limit the ion collector efficiency by creating
a net drift out of the gricd volume. (Nottingham, 1954;
describes a gauge with the grid ends closed for a |
slightly different reason than that discussed here ).

A second effect is created by the charging of the glass
walls of the gauge envelope; Carter and Leck (1959)
showed that two stable states existed corresponding to
the glass wolls either at”grid or collector potential.
This phenomenon was observed in several experiments in
this workj the change over from one state to the other
occurred obruptly, generally in the 5 x lO"5 to

5 x 10 %torr pressure range, and was accompanied by o
307 change in sensitivity. he wide variation in the
pressures at change over was probably due to various

amounts of conducting couting on the glass walls.
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8.3 (e) 4Yhe sensitivity of the ionization geuges

The only convenient absolute standard with which
a direct ccalibration of ionizaetion gauges can be made
is the lMcleod gauge. However, calibration against the
Mcleod gauge has the disadvantages of a restricted range
and the presence of outgassing and pumping effects. TFor
these reasons a check on direct calibrations was made
using flow methods and absolute conductances., For
simplicity the methods will be considered separately.

Calibration of sensitivity using a lMcleod gauge.

The main uncertainty in making pressure measurenents
with a Mcleod pgauze lies in the failure to attain
readily the equilibrium height of mercury in the
capillary, due to a combination of surface charge and
tension effects. In practice the capillary must have
a bore greater than 1 mm in dismeter for these effects
to be reduced to an acceptable level, thus restricting
the minimum pressure which can be measured to a little
less than 10‘4torr. There is & second disadvantage of
the lcleod gauge which arises because of the pumping
effect of the vapour stream between geuge and cold trep.
However, this effect is at a minimum with hydrogen (and
helium) and should not exceed 5% at 3%00°K (Gaede, 1915,

" .-
Ishu and Hakayama, 1961)., The effect was reduced even
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further by placing a capillary between zcuge cnd trap
in the meanner described by Leck (1964). When the

Picleod gouge was attoched to the ges reservoir it was
necessary to perform a number of degassing cycles to

attain vacua of less than about 7 x 10710

torr;
sensitivities did not appear to differ in these
instunces from those measured with background pressures
as high as 3 x lO'9torr.

Two Mcleod gauges were used in this work) the

critical dimensions and the calibration factors are

siven in the following tible

Meleod | Capillary Diam. | Bulb Vol. |Col. Factor C.
A 1.003 mm 254.5 ml  |3.08 x 107°
B 1.020 mm 305.4 ml  |2.43% x 10°°
E.3
c. hl(mm). hE(mm) = Pressure (torr).

The high pressure ionization gauges covered the
whole range of the lcleod mauge and calibration was
thus streightforward. Figure 11 shows the calibration
curve of the high pressure gauge used in most of this
work; the indicated sensitivity in this instance 1s
around 0.79 per torr T,

% (This is the normally accepted unit for ionization

pauge sensitivity - more correctly the unit is.
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emission current(i)

The inverted gouge mcy be calibrated directly
against the Mcleod gauge over something less thon 1
order of magnitude of pressure change and even in this
range the lMcleod readings were found to be subject to
random errors of £ 15%. On the whole, direct calibration
was unsatisfactory and an alternative proceduve was used
in which the high pressure gauze was cualibrated against
the Mcleod in the range 10 Ttorr to 10 torr and then
used as a secondary standerd to calibrste the inverted
gauge down to 3 X 10"t orr. Normally the sensitivity
of the high pressure gauge was obtained by treating
statistically a large number of readings at a fixed
pressure in the range 1 - 3 x 10ﬁztorr; figure 12 shows
the result of one such treatment giving in this instance
sensitivities of 0.79 and 8.1 per torr for the high
pressure and the inverted ionization gauge respectively.
Other data obtained by this method will be presented at
the end of the section together with the results of the
flow experiments.

Calibration of sensitiwvity by flow methods

The meagnitude of the absolute conductance of a
capillary may be obtained from the physical dimensions

using the expressions derived by Knudsen (1914).
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Standardised conductionces may be used in & variety of
ways to calibrate gauges - figures 13(a) and 13(b)
illustrate two methods which were used in the present
worke.

In 13(a) ges enters chamber 1 (here the gus
reservoir GR) at a fixed flow rate (from the pallazdium
thimble) and leaves %o the pumps via chambers 2 znd 3
(iV and bakeable trap). If the standard conductances
Fy5 and F25 are so designed that Fj, < Fg3 ( <F5P) then

flow rate

_ dN = F12Pl = F23P2 where Pl and P2
(molecules sec

l; t
are the z=bsolute pressures (din torr) in chsmbers 1 and
2, the units of T are molecules sec™TtorrT.

Since any changze in pumping speed has little effect
on P2, by measuring Pl using the riclepd gauge, the value
of P2 in torr is obtsined from

P2 = ﬁig_' Py, and thus the gensitivity
Fosy
of a gauge connected to chamber 2 is determined.

A second method and one readily applicable to the
present vacuuin system is shown in 13%(b). ‘The flow rate
through chambers 1, 2 and 3 is measured using the
manometer on the high pressure side of the palladium

thimble., Since F12 < F25 P < P2 and

1
flow rate 3 = F12P1'
(nolecules sec ™)
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The medssurement of Fl2’ F23 and of the flow rate
will De considered separately.

(a) The flow rate,.

The volume of the system behind the palladium thimble
(see figure 5) was obtained by successive expansions
into and evacuations of the calibrated volume CVZ2,
pressures being mecsured on the mercury manometer M,
A mean of 10 values gave the volume as 7%.7 mnl, To
calculate the number of molecules in this volume with the
thimble at the operating tempersture reguires a
correction for a non-isothermal system. This was
obteined as follows., The pressure of hydrogen was
measured with the thimble at operating temperature and
then the furnace around the thimble was quickly removed
and the whole system cooled to room temnerature, a new
(lower) pressure being recorded. The ratio of the
messured pressures with the thimble hot and cold was
found to have a mesn value of 1.16., The measured
pressures during an experiment can thus be converted to
an equivalent pressure in an isothermal system using this
fzctor,

The flow rate was obtained by observing the
menonteter pressure as & function of time - the full
expression is

flow rate = 3,23 X 1016 x 73.7 x AP

(molecules sec"l) 1.16 At where
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AP is the rate of change of pressure in torr with time

in seconds. To neasure the AP term zccurabely regquired
A%

severzl hours and a continuous adjustment of pelladium
thimble to correct any deviations from pressure-~time
linearity. Pfigure 1% illustrates how effectively the
latter could be performed.

(b) The Standard Conductance and F12

The construction of the capillary leaks 1s outlined
in figure 13c. Various dimensions were used - these are
ziven in the following table together with the

calculated conductances.

Capillary Rodius Length Calculated Conductance
1 1.0lmm | 12.00cm | 1.006 % 107° molecules
o e - l 6 -
2 O.51um 5.00cm 7.0 X 1018 sec_ltorr 1
% 1.50mm 5.00cm 1.0 x 10

For the total conductance between Zus reservoir .nd
reaction vessel (corresponding to chambers 1 and 2
respectively) it is necess.ury to include the contribution
of the remuinder of the tubulation. The latter
tubulation h.ad 2 conductance estimated (see later) to

19 -1, -1 .. s
be 1 to 1.5 x 10 molecules scc ~“torr thug zZiving

1

total conductances of 9.1 to 9.4 x 10 7 molecules

-1 18,

sec torr—l for the '10 copillicry leaks and zbout
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6.95 x 1016 for the leak number 2.

This total conductance was checked experimentally
by observing the logarithmic decay in pressure when
hydrogen in the resction vessel was pumped out via the
capillary leak. The relevant eguation, if P2>>Pl
(attained by removiﬁg furnace from around thimble after

trapping sufficient gas in RV), is

F ' ~ = 194-1
E;ifhié = F12 . VRV 1 . (3.2% % 10 9) where
at
V. 1s the volume of the reaction vessel up to the

19

capillary leak and 3.2%.x 10 is the number of nolecules
at 3009k per litre per torr pressure. In the latter
expression Fi2 includes a term for gauge pumping as the
gauges were operated continuously - in particular

Fig = F12 + G all terms being in units of molecules

sect torr~t. @ was estimated from the rate of pressure
decay before letting gas through D3 to the capillary
leak. The volume of the reaction vessel was obtained

by direct messurement from the dimensions and also by
expanding goas into CVl, which was then re-evacuated

and the procedure repeated. 4 meun of 15 expansions
using the letter method geve 2.18 litres for the reaction
vessel volume at this time. Figure 14 disploys =

typical set of 'log plots' during the pressure decay on

pumping through the leak using the high pressure
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ioniz.tion Iwu-e on lOOPﬁ enission current. The
!
values of FlE’ F12 and G for a number of runs are given

in the table; the leak number 1 was in use.

Run Fig G Fys
7.10.65 | 9.95 x 107 | 2.5 x 10°° | 9.7 x 1017
12.10.65 [1.00 x 1028 | 3.6 ¥ 10%° | 9.60 x 107
16.10.65 {9.85 x 1078 | 3.0 x 101° | 9.55 x 1017
16.10.65 19,95 x 10¥8 1 3.0 x 101° | 9.65 x 10%7
|

' - -
F12’ G, F12 are expressed in molecules sec ltorr 1

(c) The Calibration of F23

The value of F25 was obtained by measuring pressures
Pl and P2 while zus flowed from the reservoir to the
pumps via the reaction vesgsel. Since the pressure in
chamber 3 (see figure 1%(a)) may be iznored we have
flow rate = . ,P = F P
! 12%1 23 2

(molecules sec_l)

P

L
1D
A

P10

I.J
L
®
*
e
Mo
N
i
bz
|_..)
N

The rztio Pl to Pe was obtained as the ion current
rotio of similar inverted zauges in KV and GR - & wmesn

: 8
of 8 values gave 6& when F was 2.0 X lOl molecules
© 12

sec Ttorrt lies Fpy = 1.77 X 1070 molecules sec ttorr ™t

o
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The sensitivity of the lonization zsuzes - & collection

of results.

The following table gives the results obtained in
various calibration experiments. Suffix (a) or (b) in
the method column indicuates which of the experimental
set ups of fizure 13 was used. For the calculations
FlE and F23 were taken as 9.50 x 1017 and 1.77 x 1020
molecules sec Ttorr™t respectively. The sensitivities
of the inverted gauge which bexr an asterisk are those
obtained using the high pressure gauge as a secondary
standard.

A mean value of 8.1 per torr is thus obtained for
the hydrogen sensitivity of the inverted ionization
gauge (neglecting the 9.2 reading). .Lssuming & relative
sensitivity of hydrogen and nitrogen of O.4 the value
quoted by Tdwards Ltd. is 5 per torr and that by
Mullard Ltd. 7.4 per torr for gauges of identical basic
construction. he disagreement with the former is
seriousj that with the latter may be due to the value
of the relative sensitivities of hydrogen and nitrogen
which is taken for comparisoni the mean of the values
for this factor quoted in Leck (1964) is 0.435 which

sives a Mullard figure for hydrogen of 8.05 per torr.
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RANGE _ < g
RUN METHOD Chore) G 7P | P16
28.9.65| Flow(b) | 2.90 x 1074 16 | - | 8.6
5,10.65| Flow(b) | 5.08 x 1072 ®P |0.92] 8.2%
5.10.65| Flow(b) | 1.04 x 1072 #P {0.90| 7.9%
27.10.65| Flow(b) | 1.40 x 10~2| Both | 0.70| 7.5%
27.10.65| Flow(b) | 1.40 x 1072| Both | 0.70| 8.2%
27.10.65| Flow(a) | 1.20 x 1072 |Mcleod - | 8.4
and I.
27.10.65| Mcleod |m/1.40 x 1072| HP |0.76| 8.0%
28,10.65| Mcleod |~ 2 x 1072| HP |0.77| 7.9%
31.10.65| Mcleod 1.50 x 1072 18 | - 9.2
| 31,10.65] Mcleod 3.50 x 102| HP |0.90] 8.1%
3.10.65| Meleod 107! %0 107 EP |0.79] 8.1%

.3

Tressure range (torr) for primsry measurements

G -

S S

Hp* "1G

Gauge used for primary measurements

-~ sensitivities of high pressure and

inverted gauge respectively.
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8.4, The measurement of partial pressures with the

mass-spectroneter

The presence of non-adsorbable impurities in the
zas flow to the rezaction vessel may lead to serious
errors in the measured sticking probebility if o total
pressure gauge is used (e.g. see Hayward, King and
Tompkins, 1965)., For this reason small 180° magnetic
deflection mass spectrometers were constructed. The
design is basically that of Goldstone (1964) dut
modified to incorporate a readily removeable lanthanum
hexaboride-rhenium cathode. Figure 15 illustrates
the general design. A 3000 gauss magnet served both to
deflect the ions and collimate the electron beam. The
magnitude of the latter was stabilised between 1 and
50 PA using the circuit shown in figure 16. The
operating potentiasls with respect to the cathode were
as follows:~ ion source +100V, ion repeller +101V,
electron collector +65V., The scanning potential -

O to 215V - was applied between the ion source and the
analysersy the relationship between mass number and
scanning potentisl was approximately

liass number = 200

scanning potential (V)



ry
a ]

PO Py

22K 22K;$

——0 QUTPUT O~

Y 23440 2N3440

750 :;nﬁ’l VE

—>

1K

0-210v —x

et A A A AAL

I'IGURE 17.° The scanning volte ;e applifier

QO -50 v

hb



107 95
PARTIAL  _| _
:EIéEiSI)JRE DURING OUTGASSING

orr
sy OF
HEXABORIDE CATHODES

a1 I

10 | i { 1 I i !

12 14 16 28
MASS NUMBER
(a)

108 M
PARTIAL DURING ELECTRON
PRESSURE g | BOMBARDMENT OF
(torr) 10 ' TONIZATION GAUGES

10”0 || I ‘ ‘

i i | | I | I
12 14 16 28
MASS NUMBER
(b)

1077~
| 10~ ON ISOLATING
D SUNE REACTION VESSEL
(torr) N ] . POR 18 HOURS

10~ 7 ] 1

4 8 12 16 28
MASS NUMBER

FIGURE 18 Typical results with the mass spectrometer.

(e¢)



%

Initially & wmotor driven wnotentiometer connected across

a high voltasse source served as a scan generator. This

was later replaced by a fully transistorised D.C.

amplifier with zn oversll voltage gain of 100, driven

by a 10 speed motor-potentiometer assembly. The latter

unit has the advantage that scans up to several

thousand times a second are possible by incorporating

an electronic ramp zenerctor to supply the input (now

being developed). Figure 17 shows the general circuitry.
The sensitivity of the mass spectrometer was a

function of the operating conditions and recalibration

ageinst an ionizatlion gauge was performed in each

experiment; in genersl the sensitivity was 0.5 to 24

per Ltorr. The Tkco electrometer was used for ion current

mneasurenent - usinz the lOl%ﬂ.input resistor sbout

5 x 10_16A could be detected under idesal conditions thus

12torr.

allowing pertial pressure measurement down to 5 x 107
Apart from monitoring hydrogen pressures the mass
spectrometer was used to analyse the gas composition under

arious conditions. TFigure 18 displays several of
interesty in (&) and (b) the mass 12 peak is relatively
larger than guoted for pure CU and OH4 respectively by

ADLT Ibde The resolution of the instruments was arouand

%20 for a.1l0% valley.



Q7
10

8
2
6 .
S
oy ¥
CURRENT
(ARBITRARY
UNITS)
2 \
b
1

0 10 20 30 40 50
TIME (3SECONDS)

FIGURE 19. Logarithmic decay in ion current on pumping oul
RV through the 'diffuser' conductance.



98

8.5. The measurement of hydrogen flow rate to the

reactlion vessel.

The conductunce between gas reservolir and the
reaction vesnel was estimated 1n 3 ways.

(z) By following the pressure changes with tiime on
the hich pressure side of the pslladium thimble a flow
rete in absolute units wos obteined (see pege $3). With
the mercury cut off MV in the closed position all the
gis flowed through the diffuser and the rczaction vessel.
Under these conditions (since Pi>>P2)
flow r=te o= (P G)Pl where F is Lhe conductance

(molecules sec

£

between GR and LV, & is the pumpling speed of tThe gauge
(here % x 10%° molecules sec"ltorrnl) and Py 1s the gas
reservolr pressure in torre.

Hence I is obtained,

(b) F ney also be obtuined from the logcrithmic
decay 1in pressure winich occurs on pumping out the
reaction vessel via the diffuser and gas reservoir in
exactly the scne woy @s described on p&gess. since the
me.jor restriction to us flow is in tihe capillaries of
the diffuser only the voluwme of the reaction vessel up
to the diffuvuser need be knownj this was esbimated to be
2.065 litres for the cell uscd in these cxperiments.

Typical decoys are shown in figure 193 a high pressure
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gauze was used in these particular measuremenvs.

(¢) The standard capillary leaks were used in the
following way to measure F. A steady flow rate was set
up from GR to RV with the nercury cut off raised. 3By
alternately having the standard conductance and the
'diffuser' conductance between GR and RV and measuring
the zas vpressures in the two cases we have, since
Py 2> Ps. |
(F + G)P, = (F,, + G)P 12 where P, F., and G

1 12 1 L 2
heve previously been defined, Py (torr) is the gas
reservoir pressure with the diffuser lowered and the
copillary leak raised and Pllg (torr) is that when the
diffuser is raised and the leak lowered.

The volues of F obtained by the various methods are

given in the followingz table.
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Run Method | Gzuge used F(mOlfiuleS"l) Pressure
(sec” “torr ) torr
-7
5.10.55! (a) high 2,71 x 107° |{1.50 x 1077 |
pressure
. 18 —4
27,10.65 (a) inverted 2.79 x 10 4.60 x 10
gauge
X (a) " 2.60 x 1088 {2,590 x 107"
16.10.65|  (b) nich 2.64 x 10° | 107 7range
pressurec
" () ' 2.59 x 1018 lOMqrange
Q _z
" (v) " 2.71 x 1018 10" ’range
9] il
" (b) " 2,55 x 107° | 10™*range
. . . 18 -7 -5
28,9.65 (c¢) inverted 2.59 10 1077, 10
zauge range
5,10.65 |  (¢) high 2.71 x 1018 | 10 %*range
! pressure
11 J " - 18 -4 a1 o
k (c) 2.70 = 10 10" Trange
27.10.65¢  (c) " 2.uie x 1070 | 10 %range
o 7
" ! (c) " 2,45 x 10%© 107 ’ranze
i
!

Mean value

- 2.62 x 1018 molecules sec“ltorr”

1

This particular diffuser waos used for the wajority

of the resulte oregsented in this thesis,

type was similoxly calibrated - F owas 1.78 x 10

molecules sec"l

torr"ln

An earlier

18

It is convenient in this section to consider the

extent of the leakage across the geals of the decker
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valves when the latter zre closed. UWith a pressure

am i} . . . .
of about 10 #tarr in the gas reservoir and with & single
decker vilve closed between G and RV the pressure in
the reaction vessel could be maintained near the
background by pumping via Dl. On closing D1 the pressure
in RV rises repidly indicating an initial build up of
, 11 1 -1 s
gas =6 about 10 molecules sec ~, From this a

15

conductance across the seat of about 10 mnolecules

-1 . -1 - ,
sec torr can be calculated. Yhis low leakage rate

can be ignored in an averaze sexperiment,

8.0. The procedure to obtain an ultra-high vecuunm

The basic requirenents for the attainuent of ultra-
high vacuum (<10 9uorr3 have been described extensively
in the liverature and will not be repeated here.
hovever 1t is useful to describe the various steps
taken with this particular apparatus. The metal films

were generally removed by a - solution of hydrofluoric

1

acid. After washing the cell with distilled water
several times the nickel discs and the eveporation
filament were replaced znd the following sequence
observed
3 JOR 1 . '-l -
(1) The system wag pumped down to about 10 torr
by the rotary pump and the system tested for leaks with

o high frequency tester. If no lecks were debtected the
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diffusion pumps were started and deckers D2, D% and
D4 closed.

(2) 'The main furnace was then lowered and
switched on together with the furnace around the
palladiwn thimble and various heating tapes wrapped
around the cold traps below the table.

(3) After about three hours the lower parts of the
two cold traps below the teble were cooled with ligquid
nitrogen and shortly afterwards the furncces and tapes
were switched off.

(4) When the main furnace temperature hud fallen
to 200°C the furnzce wos removed, the cold traps were
ralsed and the lonizeation gouges were lmuedietely
connected to the control units. The gauges were
initially operated on 10mA emission using the low
tewperature cothodes; this allowed the cithodes to degas
the wressure falling to 10~/ to 107° torr.

(5) The inverted ionization gausges were then oub-
gassed by electron bombarcment or induction heating,
the pressure in general now felling to the lO-9 torr
ranse with the gaupes on low emission,

(6) Next,nickel discs were held in nosition
magnetically over the annuli lewudding to the gauges and
the diffuser. The evaporation filament was slowly raised

to «. dull red hezt and left ot this temperature until
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the pressure which rose initially hod fallen to the

1078

torr renge. The filsment temperature was then
rqoised to just below the evaporation point, remeining
there for up to 20 hours,

(7) Bteps (2) to (6) were then repeated except that
the bukeout was longer (>10 bhours) and that the
temperature of the furnace around the pzlladium thimble
was carefully set during the cooling process to give
the reguired flow rate. The rosebowl cold trap was
usually filled with liquid nitrosen although in the
vast majority of experiments it made no difference to
the background pressure in the cell.

The deposition of the metal filwms

When preparing sintered films the reaction vessel
w:s not cooled «nd large rises in cell temperature
occurred because of heating from the evaporation sourceg
temperatures ranged from 100°¢ for tantalum to aboub
10°C for nickel and palladium. Ixcept for certain
specific experiments, films were deposited until a light
source became invisgible when viewed through the film.
In several experiments, especially those¢ concerned with
the stoichiometry of hydrides the weight of filim was
obtained by bthe weignt loss of the filament, the
filement beinz held in & pair of nickel clips to allow

remnoval.,
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8.7. The contamination of clean metel surfaces in vacuun

A metal surface, initially clean, is contaminated

in 4 pressure of T torr of w«dsorbable gas in time T

U

seconds gilven by the approximate relation.

t(seconds) = 107°
P (torr)

The situation during the deposition process is
complicated since film deposition and contamination occur
simultaneously but providing there is no net migration
of contaminants trapped in the aetal to the final
surface the above equation may be applied.

The principal sources of gas during film depositicn
are the degasising of the vacuum system itself and Zas
evolution from the evaporating metsal, the former is very
low and for reasons discussed elsewhere may usually be
neglected., The outgussing of the metal during
evaporavion is reduced by The lengthy degassing
procedure butbt particularly in the case of nickel and
paliadium it may be very difficult to keep the pressure
during the final stoges of deposition to less than
10"9 torr. Figure 20 shows the relative final
backgrounds anc deposition pressures for various runs
with each of the metals. It is observed that when
deposition is at 780K or 90°K the pressure during

deposition is always close to the backiround value.
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This does not necessarily indicate that unsintered films
are less contaminated but that the sticking coefficient
or the lifetime on the surface of contaminant species is
enhanced 2t the low temperature. 3Both King (1966) =nd
Gomer (1666) have indicated that 59l for carbon
monoxide on tungsten at 780K; in the latter situation
the flux of contaminant molecules from the evaporating
tfilament would be undetected by the gause. King (1966)
has shown that lurzge pressures of gas are produced on
sintering nickel films originally deposited at 780K,
This had previously been observed in this work with
palladium - an anaslysis of the gas evolved in one
particular experiment was 002 - 1 x 10—9 tory,

10

CO - 1.5 x 107/ torr, #.,0~J 1.5 x 1070 torr, CH

2 4

“

- 5 x 1077 torr. In the latter experiment the film

was deposited with & background pressure of 2 x 10—9 torr,
it wss found subseguently that the main source of gas

in this instance was the lonthanum hexaboride - rhenium
cuthode of the ionizsation gouze., 1t is, however,
possible that contuminants wiy be trapped in the film
when deposition is at 780i but may diffuse to the

surfece on sintering; in the latter situaticon the degree

of contumination of unsintered films may be lower than

sintered films.
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9, COMPARISOW OF MBTHODS

9.1. Ixmerimental

Bticking probebilities calculated by the three
nethods have been compared for the adsorption of hydrogen
on palladium ot TSOK. This system wasg chosen because
the initiul value of sticking probzabllity at zero
coverage, S,, Was Very renroducible and was independent
of the degree of sintering of the filmj this was not
found for the other wmetals studied (titaniuw, tantalum,
molybdenum cnd nickel). 111 the palladium films
pentioned in this section were thrown with the walli of
the cell uncooled, ancd were therefore highly sintered.
To avoid extreneous foctors from entering the
comparison of sticking probabilities the same gas inlet
system was used with zll three cells.

In all the experiments described in this section
the ionization gause was effectively zt room temperature
or a4 little obove whereas the reacticon vessel and film
were cooled in liquid nitrogen., It has been shown
elsewhere (Haywsrd, King snd Tompkins, 1965) that the
correct temperature to use in the collision factor 2
[= (2%ka>_}] ig the temperature of the gauge envelope
and not that of the film. This principle has been

followed in the present culculations.
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From the dimensions of the type I cell (& = 6.4 cm,
L= 7.0 cm, v = 1,70 cia) B wes calculuted to be 1l.24.

9 .20 "{eSU.lt

e
0

Using the data given above the following sticking
probabilities were cizlculuted for the adsorption of

] - ‘-\O i
hydrozen on pall:sdium at zero coverage and Yo Ki-

type I cell 8o = 1.02
type II cell s, = 0.99(5)
type 111 cell s = 0.93

sach of these values is the mean of three separate
determinations on cifferent films. The first two
methods are in good agreement, but the sticking
provability given by the third method is significantly
lower, despite the fact that this method should be the
most accurate st high s since essentially it measures
(1~s). One explanation of this discrepency 1is that the
baffle does not completely prevent molecules from
entering the gauge compartment before they have collided
with the film. This is possible since @molecules can be
reflected into the gauge comportment from the vertical
tube that leads to the diffuser. To test this
possibility the baffle cell wus modified'by addition of
4 second mode of gos entry, shown in figure 21 which

mokes 1t impossible for molecules to enter the Zauge
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compurtiment without first colliding with the film
surf.ce. The pressure rises recorded by the ionization
seuge for the two modes of zus entry and with o flow

1 -1 . . ;
“ molecules sec are given in table 1

rate of 7.25 x 10
(tize lowest pressure rises could only be recorded
sceurstely by using a 'boecking-off' potential to
counteract the &-ray current).

~lthough the gus is distributed asynmetrically
when 1t enters the cell via the capillary, the incidence
of second and higher collisions with the film should be
constant over the whole surface bheczuse molecules are
likely to leave the rough surface after coliision
zccording to the cosine luw. Therefore, the same number
of molecules should enter the ionization sSuupe
compurtment in both methods, the only difference being
that, with the baffle, these molecules come from
entirely rsondom directions, whereas in the capillary
method they come wreferentially from the bottom of the
cell and molecular beuming has to be token into wzccount.
Lowever, rouzh calculation shows Thaet B is close to one
for the 1lotter method. Thus, if the baffle method were
working correctly the prescure recorded when the
molecules enter the cell via the capillary would be
aporoximately ecgual to that recorded when they enter via

the diffuser, wihereas the latver is zbout ten times the



FIGURE 22.
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Alternative versions of the type III cell.
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Teble 1

-y

rressure rises recorded durin. adsorption of

. v 0O
hydrogern on pslicdium ot 787K,

lode of | fressure rise Gauge Total number of
entry of (torr) used L, molecules i
Bas sdsorbed x107 1P

C ca. 6 x107+° e | 1.4

c 6.47107 12

/ - B i 2.3

D 610”1t iie 5.1

D 6.0x107 4t MG 3.9

D 7.2x10™H TG 4.7

c 8.0x10712 16 6ol

1

¢ 1.2x107 1 6 €.2

| D i 9.6x107 HE | 7.0

L o 1.0x1071t Mg 2.6

C - entry via capillary, D - entry via diffuser,

T

IG - donization wauge, MS - mzss spectrometer.

(.\_J

former. This discrerzney is ewxploined if 0.116,% of the
mclecules entering the cell vie the diffuser reach the
Julpe slide-arm without colliding with the film. This

problen could be avoided by vesiting the side-arm as

in figure 22a, or by using u somewhat different
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arrangement, ag in figure 22b. These cells would be
sunerior to the cupillory cell because the incowming
molecules would be uniformiy distributed over the
surface of the film =2nd molecular beaming effects would
be eliminated. & cell similar to that shown in figure
22b hus been used by R.Z. Clausing (1961), the only
important difference beinz that his recaction vessel
was cubical instead of the ideal spnericel shape.

To « mood uporoximation sticking proboabilities can
still be calculated for zas entry via the capillery by
using equation (13). The lowest pressure rise recorded
in table 1 is G.4 x 107 torr. This gives & sticking
probebility of 0.99% znd thus confirms the «ccuracy of
the values czlculated for the types I and II cells. Dven
allowing for & factor of two between the recorded ond
idesl pressures becouse of molecular beaming effects etce.,
the sticking probebility cun still be pluced between

close limits, i.e. 0,980 < 5 < 0.997,

10. COMPARISON OF CALCULATED AD LiysRIMNENTAL

Valbss 0F 8

To test the uccuracy of eguction (11) for
cieleulating B, o number of cells were constructed, cach
with two ionization gauges attached to the reaction

vessel. The entronce to one of these was via ¢ small
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hole @s in the type II celld the other had an
unrestricted openiny and the tubulation was of different
dimensions for exch cell. The pressures registered Dy
the two :;jaures were recorded during adsorption of
hydrozen on palladium ab 780K. Since the sticking
probability is effectively one for this system &t low
coverages elmost &ll the molecules that enter the

zauge compartment come direct from the gas inlet and

the ratio of the two pressures is also the ratio of the
molecular beaming coefficients. 4s £ = 1 for the side~
srm with the small orifice, the value for the
unrestricted side-arm is readily obtained. “xperimental
and calculated values of B are commared in table 2.

The agreement between the two is good except for the
first set of results where the larger error probably
arises because the bLend in the tubulation w.s not
sufficiently sharp snd resulted in & luck of precision

in the value of 1.
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Table 2
A _comparison of calculated and experimental values of B
Dimensions of side-.rm holecular besming coefficient §
(cm)
T L Syperinental culculated
1.70 Delk 1.08 l.14
1.70 7.0 1.25 l.24
0.60 5.0 2.19 2.25
0.725 14.5 2.79 2480

Redius of spheric:zl cell = 6.4 ca in oll cuses.

11, CORRECTIONS FOXR DESORPTION

It wis mentioned earlier thaet the sticking
probability cen have fundomentsl significonce only when
it ig defined in terms of the actual r.te of adsorption.
although the latter is egusl to the meosured rate of
uptake of gos when the adsorbed layer is strongly bound,
this is no longer so once the rate of desorption has
become anpreciable, and corirections must then be applied
to the equations used previously in calculating s.

The onset of an apprecicble rate of desorption from
the adsorbed layer can alucys be detected by closing off

the sus supply; if desorption is insignificant the

L
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FIGURE 23. Diagrammatic representation of the pressure changes on opening and closing

A - gas supply opened, B - gas supply closed,
P0 - 'background' pressure in vacuum system, PEQ - equilibrium pressure.
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pressure falls extremely rapidly to its background
value, as shown in fizure 23%a but if significant
desorption is cccurring one of two types of beheviour
may be observed:

(a) The pressure fzlls rapidly at first and then
more slowly until it eventuslly reaches the background
vilue (figure 23b).

(b) The pressure falls rapidly to Peq’ the
equilibrium pressure cbove the adsorbed layer, and then
remains constant (fizure 23%c).

The first type of behuviour is found at low
temperatures when the adsorbed layer is immobile and the
more &ccessible regions of the film have beconme
saturated. The slow decrease in pressure is associated
with a redistribution of adsorbate from the more
accessible to the less accessible urecs of the film
(Hoyward, Teylor and Tompking, 1966). The true value of
the sticking probability can be calculated approximately
from the instuntaneous pressure changes, APl, APz,
which occur on stopping and restarting the 3as supoly.
Ihese pressure changes are measurcble, however, only when
they wre comparable in aaznitude with the totul pressure
P attained during z.s flow.

The second type of behoviour is observed when the

2

~dsorbite is uniforuly distributed over the surface of
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the film and is therefore most comwonly found when the
adsorbed layer is mobile. «t ecuilibrium the rate at
which molecules are adsorbed from the amblent gas is

sPeOAZ, and this is equal to the corresponding rcte of

desorption. ‘hus, when there is a net untake of n,
-1 , . .

@nolecules sec” —, the totcl rate of adsorption from the

embient zas is (n, = sPquZ). If this is used, rather

than n,, in equation (2) we have

. n, + sPquZ
- ?
ZAP
and on rearranging
N,
S = £ ’ (15)
7 (P~
2A(P Peq)

Thus the true sticking probability can be obtained
by substituting (P—Feq) for P in the original equation,
and this applies ecually well for the more complicated
expresgions for s.

The effect of this correction on the plot of
sticking probability agsinst surface coverage for
hydrogen on palladium ab room temperature is shown in
fisure 24. It can be seen that the sharp drop in the
aopparent volue of sticking probability at o coverage of
5 x lOlLF molecules om_2 ceometric area is entirely due

to & rapidly increasing equilibrium pressure above the
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rdsorbed hydrogzen layer -nd that the drop dissopecrs

when the correction 1s apnlied.

REZULTE AnD DISCUGCION

12, ESYDRCGOR ON NMOLYZILLUN

12.1. The uptzke of ois by wmolybderum films

During evapcration of {ilms of wmolybdenum the walls
of the reaction vessel were either uncocoled, in which
case tne temperature rose to =zround lOOoC, or were held
at 78°K by immersing in a bath of liguid nitrozen. The
sintered films 1l.e. those deposited with the subsbtrate
around lOOOC, had & morkedly smaller as upteke than
the unsintered filmis -~ those deposited and maintained at
76°K.  Tsbles (=) and (b) list, bogether with other duta,
the gas uptakes on various films at 500 or 780K when
the equilibrium nressures had reached lO_Btorr. The
total gas uptake has been given in vearious ways in the
literature, Beeck (1945) and Brennan and feyes (1964)
anmongst others have shown Gthoat with films the uptake of
225 in moles is directly proportional to the welght of
film deposited and subseguently revort 'coverage' in
terms of aoles of gas ver unit weight of zdsorbent.

The practice in this work hos been to follow that used
for low area -Zdsorbents and express the uotuke in terms

of molecules per unit area of adsorbent - the lutter
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tern referriny with films to the gzeometric crel
occupied by the film. Yo estimate the roughness of the
filins, i.e. the votio of tie true surfoce crea to the
zeomebtric sreo, it is necsssery to assuwie o value for
the number of adsorption sites »ner unit arec of true
surfzce. Brennan et al. (1S64) teoke o value of 1.315
x 10%° and lnderson ecnd Balker (1961) 1.215 x 10%°

for this factor for tungsten surfaces. Since in this

work the surface coverage is not of prime interest it
1
x 1052

'

wis decided to take .. value 1.50 x
of true surface for zll the metels studied - this
coincides with that normally accepted for 2 nickel
surfaces dith thig value it is seen thot the o8
uptake corresponds to roughness fuctors of about 10 and
25 times resnectively for sintered and unsintvered films
assuming that exch hydrogen molecule occupies two sites.
e ratios of untake atb 7801 and EOO X on the

same film are slso included in table (a). There is good

(\)

a,reement with values of 1.31 (Srenncn et =1, 1964),
1.21 (Wpopnell, 1951), 1.28 (wnderson, 1961) and 1.34
(Hickmott, 18560) for tungsten surfoces. The literature
values ore for evepcercted filwms with the exception of

thet of Hickwotv which is for o tunysten filament. A4

single value of 1.15 was obbtsined for the ratio of
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£ o] p Or L] e S o S o
uptoke at 195°K and A00°K - this asjrees with a value
of 1.20 obtained from rHickmott's dats for o tungsten

filament.

12.2 ‘'Mie sticking probzbility of zero coveraze

The values of sticking probebility near zero
coverzye are included in tables (a) and (o). It is
seen thot the volues for sintered films are centred

1.

around 0,7 and are virtuslly indevendent cof temperature

vetween 780K ond BOOOK. The values for unsintered films
are soumewhat higher -~ A 0,09 ~ this is expected since
it has been shown that there is a yreater uptake and
correspondingly greater roughness with these films thus
enhancing the probability of wultiple collisions. The
sticking probabilities may be compared with those found
by Pasternak and Wiesendanger (19¢1) for hydrozen on a
molyvdenum riboon. These workers found velues of 0,35
independent of temperature between 225OK and 400°K.
V.lues for tunysten wires of 0.3 (iZisinger 1958), 0.1
(dickmott 1960), 0.24 (Dedhead 1962) cnd 0.32 (Rigby
1955) have been obtained at room teumper-ture or below
and are in all coses virtually independent of temperature
in the range studied, Hunt, Damm and Fopp (1961) have
neasured Tthe pumping speed of 2 wmolybdenum film zand

conclude that the sticking probabilities for both
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hydrozen ond deuterium are around 0.5. tHowever, this
work 1s unable %o give cn accurate value within very
larse limits due to inherent defects in the design of

the recction system., . cceonting the vilues obtained
usinz filaments end cssuming the ssme type of phyeical
number of

structure for films encbles :in estimate of The

multiple collisions experienced ot the film surfoce to

be made. For vilues of 0.35 for a plane surface =nd
for & sintered filw it is easily shown that about

0.7

2.8 collisions per reflected wolecule are made wnile for
an unsintered £ilm around 4.7 collisions are required.
To encble the temperabture dependence of sticking
studied in wmore detall several runs

probabllity to be
single film necr

were performed in which values on
- - . . - LA T 1 A 17’101'1" - hrd O":’ Nt
zero coveraje were obtained at both 78 X and 3007K. The

results show that the low temperature value is aboutb

8¢ higher. It is probably unwise to sttempt to
correlate this with an sctivation enerygy since sone

artefact connected with sas temperature muy De

responsible.
Attempts were made to relaste veriaztions in initial

sticking probehility to a variety of exverimental

paramneters including vacus during deposition and

ionization gauge operating conditions. These were in

seneral unsuccessful - the only reason:bly subs

contiated



effect wis a reducticn in the value for ratner Tthin

films (roughness factors arocund 5).

12.5., The sticking probability as o function of

surfsce coverasze.

As pointed out previously great stress was placed
in the wheole c¢f this work on Uhe behaviour of the

reacting system when the ras flow to the adsorbent wss
o By 3

L

interrupted., AL room tempersture it wis found that the

b

by 3

sdsorbed liver weg at ecullibrium ot sll times since
the observed pressure chanzes &t the flow interruptions
were abrupt, a2nd the calcul:ted sticking probabilities
botir prior =and subsecuent to the interruvtion were
equal. The coveraze corresponded to an area many times
thet of the underlying substrate ond there sopears no
doubt that ges is distributed by surface diffusion to
the inner surface. 4 gimilar situcticn is observed

at 1950K for zbout three gquarters of the votal 3es
uptake but sfter this point the slow pressure chiénges

ot closure of the supply indicate non-—-uniformity in the

0
o
l.__l .
0!
cf ¥
i’s

ribution on the filwm, The process by which the
425 which ig concentrsted on the outer more accessible
rejions is redigtributed will be discussed fully ot a
UOI‘ S_L/u. »
A1 (‘)O r - . -~ 1q A - ll—‘- . ' P ‘2
at 787K only sbout & x 10 mecleculesg per cm of

wecmetric surface con be added to the film belfore slow
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redistributions .re in evidence. These tend to
complicate the variation of sticking probebility with
surface coverage and since = full description of the
redistribution is to follow it was decided To report
in this section the results of a run at 78°K in which
there waos no interruption of cps flow. Figures 25, 26
and 27 show typical behaviour at the three temperatures.

It moy e noted frou these curves that at no
temperature is the sticking probubility independent of
surface coverage. The more slowly varying sticking
probabilities at BOOOK and 195OK are expected since the
concentration of molecules on the outer surface is
reduced by surface nigretion. 4s will be seen
subsequently the values of sticking probobility at 780K
displayed on figure 27 relate, after the initial
coverage region, to the kinetics of gas phase diffusion
into the porous structure of the film and are not of
fundamental significance., In contrast those at BOOOK
and 195°K refer to adsorption on the outer surface
followed by a roapid surfuce diffusion and, after
correction for desorption, they xive a true variation of
5 with coverage.

The cbsence of & region of constant sticking

robability is in cdirect contrast to that reported for

flash filament experiments by sisinger, Pasternck end
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Redhead, who 21so observe = much sharper downward trend
once a2 certain critical coverage is reached, Teo atteupt
to clarify this point it waes decided to perform o flow
type sticking probability experiment using & molybdenum
filament as adsorbent. This wos corefully clesned by
nigh temperature hecting in ultre-high vacuum but jreat
cire wes taken to avold deposition of film., The s

was flowed to the adsorbent for short periods and from
the resvlts the curve displayed in figure 286 was
constructed. Gince the existence of un ecuilibriunm
pressure was readily detected on closure of the zas
supply the points refer to o true sticking probability.
To illustrate the dangers of mebthods which ignore
equilibrium pressures the unfilled circles refer to
values which are calculated from the total pressure above
the zdsorbent when desorption is occurring. It can be
seen that the true varistion of sticking probebility
with coverage is similar to thut observed with
evaporated films and even assuuning thet the outgossing
procedure has not given a completely clean surface there
is no doubt concerning the genersl shape, The latter
results enable the sharp cut-off in sticking probability
found in flash filament experiments to be ascribed to an

(undetected) onset of desorption from the :dsorbed layer.
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12.4. The equilibrium propertices of the adsorbed lavers,

Before proceeding with 2 consideretion of the
various redistribution processes which are found to
occur it is convenient to assenmble dats obtained from
studies of the viristion of the eguilibriuws pressure
with surface coverage and temperature,

| A% room tempercabture the kinetic data indicabtes a

Ihily mobile aodsorbted layer ond this is confirmed by

highls
e tinme-independent nature of pressures observed zbove

th
th

(D
(11

adgorbed layer near saturation. The onset of
appreciapble desorption is, os previously indicated,
detected by the failure of the hydrozen pressure in the
reaction vessel to return to background closure of
the gas supply. It has been seen that the sticking
probability remains high even when aporeciable
desorption occurs thus indiceting that adsorption and
desorption are very ropid processes and the atiainment
of equilibriwa thueg virtually instantaneous. ‘The high
sticking probability has the further effect of causing
the recction vessel pressure to be sensibly equal to the

tter.

[
< ;

equilibriuva pressure over & wide

o
i

e of tae
liony isotherms have been constructed ot BOOOK and these
without exception are found to cbey the Temkin ecuation -~
logorthn of pressure linear with the amount cdsorbed.

figure 29 displays several typical wesults. .dherence



125

to the Temkin equation indicates @ heut of adsorption
£f211lingz linecrly with uptake in the range considered.
It may be shown thet if the isotherm 1s expressed as
AN = zn? - N -~ coverase in molecules ner
2 .
ci geomet 1lc Lrea
¥ - ecguilibrium pressure {torr)
&, k - cons ts ot o fixead

temperature.
then the rate of change of the heat of adsorption with
ceveraze M is gziven by oD (2 - gas constant, 1 -~
2bsolute temmerature).

for o cowmparison of the slopes of isotherms for

T

different films to have any significance 1t 1s necessary

to express the covercge in terms of molecules adsorbed

2 : .
ver cm~ of true surfice area - velues of the slope af

computed in this way are given in the following tablel

equilibrium pressure,

calculated from the uptike at 78°K for 10" torr

ROFerERECE  R0UGHNESS  TEEPSRVIULE per molecule
7 .cpont (°K) o' per cm2 true
areu
7.6.53% 9l 300 . 6.76 x 1077}
6.7.65 5.30 905 $.05 x 1On14
28.10,65 12.80 300 ColD x 10_14
15.11.65 15.00 300 5.50 x 10
% obtained using tungsten filament ionization gauges
+



7x108.

L

MOLYBDENUM FILAMENT
~ GEOMETRIC AREA

FIGURE 30. Variation in f:quilibrium pressuré)gg at 300°K on
puzHing throue o

tOoI © per sec,

~~
%
0y
&
4
<,
2 1 cM®
D
@
ﬁ 3
=
H (&)
aq' (o}
OF A ! T T t
‘0_ 20 40 60 80 ‘ 100

TIME (SiCONDS)

26!

a conductance of 1) molecules per



(37

1078

107

o

PRESSURE (TORR)
-3

Qo

&

ol
10 3

302 ‘ — 3'4 5;6
PEMPERATURE™ (0K~1)
FIGURE %31. Isosteres for the hydrogen
molybdenum system.



KILOCALORIES PER MOLE (SEE LEGEND)

13%

N
24,

@

20 : ) 00
. N
® N
18 . 1'1_‘
16 _

COVERAGE (MOLECULES PER CM° GEOMETRIC ARFA x 10‘15)

FIGURE 32. The isosteric heat of adsorption (open
circles, negative sign) and the free
energy »f activation of the transition
complex (filled circles, positive sign)
versus coverage.



139

Table (c¢) The slopes of isotherms for hydrogzen on

5

-7 O,"
molybdenum sround 3007K

To obtazin ¢ volue for the slope of the isothern
for hydrogen on 2z molybdenum filement the following
novel experiment wis performed. The filament was
cleaned as previously indicated and saturated with gos
to an equilibrium pressure of some 2 x lO“8 torr at 300°K.
The gas was then stezdily pumped off through a fixed
known conductance. It is easily shown thaot if the
Tenkin equation is obeyed ond if the rate of pumping is
proportionsl to the reaction vessel pressure then the
reciprocal of pressure incresxses linearly with tine.
The slope of such a plot {(shown in fizure 30) is the
product of a'and the conductonce. For the curve shown

20
molecules per torr per second

~1! 2 .
¥ per molecule per cm~ 1in

the conductance was 10
and a'is thus 6.4 x 10
excellent “5f@emmnt with the film vilues. This is also

"—l 1 . o
s obtuined for

in z2greement with a value of & x 10
hydrogen on ¢ tungsten filament by Hickmott (1980).

The variation of equilibrium pressure with
temperaturé:at a Tixed surface coveraze nas been studied
in the region of room temperature for a single filu.
Figure 31 displays the experimental isosteres and figure
52 the heats of adsorption obtained from the isosteres

by the application of the Clausius-Clapeyron eqguation.
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The isosteric heats are gseen Lo fzll linecorly wvith

anmount adsorbed over the coveraege range ond the slope
N » _ Voo P -1 4 L

of the curve gives uno value of 6,7 x 10 ner molecule

2 . C
per cm” true surfsce In pood agreement with that

obtulned from the slopes of the isotherms. Heubts of
. A0
adsorption for hydrozen on tungsten films at 300K have

been obtained czlorimetricilly by Brennsen and Hayes
(1964), These workers displzy & somewhabt sigmoidsl heat

curve at this temperibture with on initisl velue of

around 42 Xilocals per mole compared with (zssuming a
linear extrapolation) o value of 40 k cols in this work.
It is infteresting to note thot ¢ value for ol of

~14 . e 2 o — hor b
per mclecule ner cm of true surface nxy be

5 x 106
obtained from the curve of Erennan at hnlf coverage,

with correspondingly higher values towards scturation as
the heat curve bends off, Hickmott (1950) his obtained
heots from desorption datc and also from isosteres for
the hydrogen tunzsbten systen, findins vhot the heat faolls

nearly linecrly over = wide covarige ranze., The slope
-1l

of the heat curve of ifickmott zives an a'of 3.7 x 10

wrent

2 , .
per molecule per cm of true surfuce in o7

2 m 1 s . O
discureement with the gslone of his isotherm at 298K,
since the sticking probability casn still be
relicbly obt.iined in the rezion where the eguilibrium

pressure is sazll 1t is possible to perform &
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calculation using absolute reaction rate theory to
obtain the difference in free energy AGar between the
adsorbed state and the surface transition conmplex
preceding desorption. Thus, eguating the rates of
adsorption and desorption per cm2 for an isolated systen.

5
= eV . exp.-/AGg:

where &3 - sticking probability

2w

- eguilibrium pressure

flertz-Enudsen factor

oo
l

2
n - number of molecules per cm~ of true surface
‘n_~ nunber of adsorption sites per cm2 of true
surface.
) . 13
- a frequency factor - taken as 10 per sec.
+ . i .

The values of AG obtained by substituting the
experimental values of S, P and n in the above eguation
. . + -

are given on figure 32 (AG™ has of course = positive
magnitude). If one assumes that &H&- = "AHGDS
i.e. that the activation energy for adsorption is

L . . E
neglizgible then the entropy of .ctivation AS™ may be
calculated from

3+ + +
AG = AH ~ TAS
WE L . . . - .

A5 lies in the region +5 to +8 calories per mole per

degreey this is about the entropy change expected for

2 degrees of vibrstional freedom in the adsorbed state
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becoming two degrees of trenslational freedom 1n the
transition complex. That mobility of the adsorbed layer
over the surface may not contribute appreciably to the
entropy does not necessarily indicate immobility but
merely that the atoms ewxecute meny vibrations at each
site between each hop to a new site.

The differentizal entrovy of adsorption ge can be
obtained from the expression

AH

S, = 8g - 2¥np - ADS
T

where 3y -~ inte;ral molor entropy of the zas at
one atomosphere,
P ~ the equilibrium pressure in ctmospheres.

AH - the isosteric heat of adsorption.
ADS

Values of Se have been calculated from the above
and are found to be around 5 - 6 calories per degree
per mole. Unfortunately the integrzl entropies of
adsorption cannot be determined at room temperature
since both AH and P are reculred as continuous

ADS
functions from zero coversgse. The trectment gilven by
Sweett and Ridecl (1960) to deta for the hydrogen-nickel
system cunnot, therefore, be repeated here. Trapnell

(1951) obtained un S, of 5 calories per degree per mole
|3

for the hydrogen-tungsten system around room temperaturee.
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Isotherms similar in form to that at room
temperature have been obtained ot 195OK and 780K.
Figures 3% =2nd 34 display typical results at the two
temperatures and show adherence to the Temkin equation.
It was difficult, particularly =t 728°K, to obtain a
reasonable measure of equilibrium pressure since slow
drifts went on appcrently ad infinitum. These could be
reduced by cycling the isolated system between 780K and
soile higher temperature prefercbly approaching 200°K.
The effect of the drifts could also be overcome to some
extent by calculating a' velues of individual additions
of gas rather than attempting to construct a complete
isotherm. The following table gives o' values at
195°K and 780K. The vzlues obtained in the run 21.1.65
refer to individual doses of gas and correspond to
increasingly greater equilibrium pressures 2s the bable
is descended. It is to be noted that the values ofc'
30 obtained approach those from isotherms only at the
higher coverazes indicatiﬁg & closer approximation to
equilibrium in this range.

The velocities of desorption vary approximately
exponentially with the heat of desorption and thus with
the heat of 2dsorption if the activation enefgy for
adsorption is negligible, For @n adsorbed layer in

which the hezt of adsorption falls markedly with
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AEFERENCE | TEMPERATUSE | ROUGHNESS per molecule
oK TACTOR @' per om® of
true area
o} =13
7.1.65 1.95°K 11.8 1.96 x 10
15.11.55 195%K Z.,0 1.61 x 10732
6.5.65 289K 5.3 5,36 x 10717
24,65 789K 9.3 o.on x 10712
2%.1.65 789K 12.3 2,06 x 1073
2,62
2.93%
2,69
21.1.65% 78K 12.5 2.30 x 1070
2,58
2.36
2.26
2,00
i
Table (&) Values of & 'at 195°K =nd 78°K

coverage the situation corresponcds to full occupation of

the low energy sites down to those corresponding to the

differential heat of adsorption at the particular

ceverage, and virtuslly no occupation of higher energy

sites. The ecuilibrium with the gus phuse is maintained

mainly by desorption from sites <t the boundary of

occupation.

Absolute rate celculations indicate that to

o)
maintain an equilibrium pressure of 10™° torr with a
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sticking probability of 107+

the heats of adsorption
(and desorption) are aoround 20, 14 and 5 kilocalories
per mole at BOOOK, 1950K and 780K regpectively., If the
heat of adsorption were lineasr with coverage over this
range then the product a' T from the isotherms should be
constant. Inspection of the values in the verious tables
indicetes thot there is good cgreement at 780K and BOOOK
but, surprisingly, not =% 1950K. The trend of a' at
195°K indicates & more steeply sloping heat versus
coverage curve in the region of 14 kilocaolories per mole
than thot found around 20 and 5 kilocalories per mole.
The data of Hickmott (1960) extends apparently linearly
between 30 aond 14 kilocalories but excmination of his
isotherm at 780K indicates that there must be an obrupt
change «t heats less thon 14 kilocwulories otherwise the
extrapolated vzlue of the heat of cdsorption at the
saturation coverage ot 780K would give an impossibly
low rate of desorption. The isosteric heat data of
Trapnell (1951) for the hydrogen tungsten system does
show a smoll inflexion in the r.zion of 15 kilocoloriesy
unfortunately, the results in our work were not extended
to this region zlthough there does appear to be o
departure from linesrity of the hest curve at 18 kilo-
calories per mole (see figure 32).

In terms of the occupation of energy sites the
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Temkin eguation and a lineurly faliing heot of
adsorption corvvespond to zn equal distributbion of sites
in any energy intervel within the range covered. The
results ot 1950K mny thus be couched in terms of a low
density of strtes with heats around 15 kiloc:olories,
but wdnerence to the Temkin equation indicates thot the
density does not vary significantly within two or three
kilocalories of this value. The isotherm does, however,
depart from linecrity ut around ZLO"5 torr and the
changing slope indicates an approach to the density of
states indicated ot 78°K. Iikewise, the departure from
linezrity of the isotherm ot 78°K and 10"7 torr
indicates o decreasing density of states with increasing
heat. However, the latter m:y be due to a failure to
approach equilibrium,

The calorimetric heat data obtained by Brennan and
Hayes (1964) for hydrogen adsorption on tungsten films
at 780K applies to a non-equilibrium state as couplete
immobility of the strongly cdsorbed layer is indicated.
The results cf these workers arc considered in the next
sections which zre mainly concerned with the slow
redistribution processes which occur &t 780K aond also

at 195°K,

. R Oy~
12.5 The slow redistribution processes at 787K

As indiccted in o previous section only about
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8 x lOl4 molecules per cm2 zeometric arex cnn be added

to the film =t 780K vefore the pressure fcils to return
rcpidly to the background value on closure of the gos
supply. Above this coveruge the pressure may take many
seconds or minutes to appro.ch the buckground even though
the sticking probubility is high and on resumption of gas
flow some lO13 molecules per cm2 nust be added to
reattain the pressure existing prior to the interruption.
The pressure time curves observed are displayed in

figure 2% (b). The decny at closure may appear when P is
high to be different in form but this is merely because
the sharp pressure change AP7 is small compared with the
totcl reaction vessel pressure. The behoviour is
interpreted os due to molecules becoming immobilised on
the outer surface of the film which are thus saturated
cfter about & x 1014 molecules per cm2 have been added.
On closure of the supply the pressure f21ls to o pseudo-
equilibrium vzlue which is maintuined by desorption from
the film, The decay of the pseudo-equilibrium pressure
is o direct indicntion of the rc.istribution of gos to
the inner surfoce, thus reducing the outer surface
concentration. The sticking probobility of fundamental
significance can, as seen previously, be colculited only
from the sharp pressure changzges that calculated from the
totsl pressure his no signific:ince when a pseuvdo-

equilibrium pressure is present except to indicate the
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over-:1ll kinctics. Digure 35 shows a typical sticking
probcbility curve ot 780K, the .8 supply was interrupted
for about 20 minutes a2t the points marked A. The upper
dotted line vefers to sticking probobilities calculcated
from the shurp pressure changes on reopening the supply -
these .can, of courre, be obscrved only when the pseudo-
cguilibrium pressure is comporable with or smaller thon
the sharp chonge. The constoncey of the sticking
probability on reopening the supply is cxpected since,

in mony coses, the redisvribution proceeded until
identical peeudo-couilibrium pressuvres existed and
adsorption thus took place on virtually identical surfocos.
¥

Also 1t hos Dbeen seen that ot Toom Temperature the

sticking pnrobzbility does not clter obruptly with
incre«sing desorption and this cppears from the results
to be true also ot 78°K. Trom the slope of the Temkin
igotherms at 780K it can be deduced that the outer
surface concentration of gus increases only slowly during
zos cddition and the sticking probrbilities lying on the
lower cuwrve refer to the overnl kinebtics of passage of
zos to the imner surface of the film, until truc
czbturation is nporoocheda

The kinetics of the redistribution proceszs can be
obteined from the rate of deccy of the pseudo-

cguilibrium pressure in on isolated system., For hydrogen
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on molybdenum films at 780K the recivrocal of pressure
varied linearly with time both nesr the onset of the
slow process, when the pressure decay is fairly rapid,
and also when the film is nearing saturation and the
process mey take upwarcs of twernty minutes to approach
the bsckground. The results, for the same run as
displayed in figure 35, are given in figures 36 and 37.
such a relationship can be obtained from a variety of
models of the redistribution process which all assume
thet the Temkin equation applies to the layer at
saturstion. A simple case, probably spplicable near the
onset of redistribution, assumes that only the most
exposef ptrts of the outer surface are at saturstion
and that on closing off the gas supply there is a net
transport to regions of the outer surface not at
saturation. A second, and similarly derived case,
assumes that the net transport is via a Knudsen type
diffusion and that the whole of the layer at saturation
is in psecudo-eguilibrium with the pressure in the void
of the reaction vessel, (The lacter restriction is
removed in 2 subsequent, more sophisticated derivation).
Thus using symbols previously defined:=-

oN = nP + k - The Temkin Eguation

aN 1 dP
Hence - IE =P IE

e . N : .
For Knudsen diffusion down pores %% = MP (M is the
effective pumping conductance of the unsaturated regions

in molecules per cm2 per sec. pcr torr or since M may be
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cxpected to be constont over o susll coverose Donge
it may be reovlsced by SZ where S is the

sticking probebility measured from the total reaction
vessel vpressure prior to closure of the supply,

Thus, we have, on substituting forC@g
dt
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aBLP = - L {dD)
e \1 J
or 1 -1 = (a3%)t where P° is the pressure
P o] :

at zero tiine.
i.e, the required relationship.

Irom the slopes of the reciprocal pressure sgainst
time curves and the measurements of S & range of values
of & can be obtsined., Remembering that & znd N refer to
molecules per o geometric area it 1s seen that a7l is
proportional to the area of true surface per cm2 of
geometric arec on which the adsorbate is at equilibrium
with the gas phase. If it is asgumed that the Temkin
isotherms obtcined near ‘true saturation have ecuivalent
values then the absolute extent of the adsorbate at

saturation can be determined. Ifigure 38 records the

values (unfilled circles) of o™t against coverage for run

18.1.65 and figure 39 the vercentbage of =zdsorbate at
saturation ascuming the above treatment to be
substantizlly correct. Values of «™t can slso ve
obtained from the nressure time profile on reopening the
supply in the following way (referring to figure 40).

If, on restorting the gos supply, adsorption occurred
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only on the inner surface of the film then the pressure-
time curve would follow the dotted line, The true
pressure-tine curve lies below the latter but the amount

£
zoing to the inner surface should still be| S.Z4.P. dt

Jo
where S is the sticking probabjility calculsated when the
reaction vessel pressure varies only slowly with time
and thus refers only to the overall kinetics of the
redistribution., The product of the cross-hatched aresa
and S.Z. thus refers to the number of molecules entering
the outer surface pex cm2 geometric ares and this number
raises the pseudo-equilibrium pressure by AP, & is then

-1 values so

obtained by applying the Temkin egustion§ o
obtzined are shown (in figure %8) to be in excellent
asrecnent with those obtained from the reciprocal pressure-
time curves,
. -1
The result of extrapolating the a ~/coverasze curve

back to the coverage axis is interesting since it

. , ] P :
indicates that about lOl5 molecules per cm geometric crea
nust be added to the film beforc any part of the surface
igs &t saturation - this is in cccord with the knowledge

- 14 \ . ] 2
thaet zround 7 x 10 molecules must be added per cm~ of
plone surface to achieve soturation., This figure should
I - | eI | 1l - 15 .. s 2 - 1

ve compared with the 3 x 10 molecules per cm geometric

area which must be added before the film 2s s whole is at
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' redistribution down a single pore.
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saturation. .s conplete saturation is approached the
pressure rises steeply with further gas sddition and the
kinetic treatment given ezrlier must be corrected for
this effect. At very high coverages a“l approaches a.
constant value eguivelent to that found for the Temkin
isotherm,
The reciprocal pregéure function can also be
obtained from a more sophisticuted model which treats
the film @s 2 series of pores of uniform cross section.
Again the saturated creas of film are assumed at a2ll times
to be in eguilibriuwu with the gos phise above them but
pressure gradients are allowed for in the porous structure.
The situation is shown diagrammaticelly in figzure 41.
The scturated layer, each element of which is in
equilibrium with the gos phase zbove it, covers the outer
surface and extencs down the pore to the point E, The

equilibrium, <s before, obeys the Temkin equation -

! [ )
all =40 P+ k (1)
. ' -
noting thzt o and N apply to true
surface crez.

Differentially with respect to time

o 00 = ofnp (2)

ot ot

This ecuation applies providing[aMN) is small compared
ot
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with the rates of adsorption ond desorption i.e. the
pseudo~equilibrium is maintained.

From Fick's first law of diffusion the net flow
scross the line AB is given by

(?.I_.Cz) = - D @_’E (3)
ot b
b'e b .

“~ where (aNG\ iz the total
T

X
number of molecules flowing ucross &B per second, 4 1s

the cross-sectioncl ares of the pore and D is the
Giffusion coefficilent, assumed constant,

winilarly for the flux scross the line CD

(GNG = =AD (@_g) (4)
0t +dx 0x x+dx

The total rate of desorption from the saturcted walls
of element ABCD is
-—Qﬂié Ladize where I is the circumference of
ot
the pore, Using equation (2)

rzte of desorption = - L (a%n ?\ 0x (5)
o' a9t /

The ecuivalent of Fick's second law mey be obtained
by consicering mess balonce in the element L3CD, The
rete of chenge of the number of gus phase molecules due
to changes in pressure may be neglected since it is very

smell compared witihi the rote of flow wnd the rate of
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desorption from the wells, Therefore

Bl B =3P S N (B dx (6)
-—o-' e
0% X+dx ot * o

or, substituting equetion (%) =znd (4) and

rearranzing

3P\ = L (a{)m P (
2 o AL

0x

~J
|

i solution of this eguation, applicable to the

present problem, is

) >
P=_TLT (a5 - bx - x7) (8)
(t 4+ ¢c)

20 AD
wihere 3, b ond ¢ are coustants walch cre determined
by the particulcr boundery conditions imposed on the
moGel.
The vressure thot is measured is P the value at

O,

P = La2 1 (S)

l.eo o linear rel:iticnship
between the reciprocel prescure and time.
Returning to (8), the fellowing relotionships are

cgerived for a =nd h.



166

() At x = % ('eis the length of scturated pore)

T.90
t £ D
therefore a° - bHh-g2 -0
or 2= = 4 A 1) (10)

The diffusion coefficient D way be expresced in terums of
r by considering the flow down o pore under steudy state
conditions., The saturated column of adsorbed gos mey
be considered inert under these conditions providec the
boundexwv% wmoves only slowly with time. The recuired
equation for flow down a tube of length‘eand r.aius r

is, providiﬁg<& >>r,
rite of flow in molecules per gsecond =

Z(PO— P (11)

1)
where PO and Pl are the pressures at the ends of

ST

the tube,

In our problem P, is —:ssumed zero Thus
- 1

2 3
=D ™\ = &rn v’ WP (12)
3% B ,F ©
J
2nd since there is 2 constanlt wessure grodient in
the tube
-{ap) = (13)
0x
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and

T 7 (14)
renembering that end corrections

\NfCe

have been ignored. This zllows (&) to be written as

P = 5 (8% ~ by - x7) (15)
sa ey (t + ¢)

and the slope of reciprocal nressure (at x = Q) apainst

time. becones
1
8arcy (16)

If each individusl pore is considered to hive an

-

area £ of external surface _ssociated with it then b
may be related to ¥ 2s follows. During & redistribution
the net améunt of gus desorbed from o passes down the
single pore. If the pressure is uniform over the area I

and egual to PO then

(net flux <ovn pore) ¥ = Q= - Gl = - 1§ dﬂn F
45

T U 70 (17)

dat X at
Differerntistine (15) with respect to x gives
\
g—g) == _3b . 1
2

i X
x = O Sar-y (t+c)
and using this eguation together with (17) the flux down

the pore 4t x = 0 is

it

- ai) = mbr (18)
t
K t o (t+c)
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Thus usinz (17) and (18

5 An P b

T dt (t =+ ¢)
and. hence
-_E
P wbr = K(t + c¢) (X - integration constant)

(19)
To satisfy the originsl equotions E = mbr and the nature
of the congtant b is demonstr:ited., The relotionship
between pressure and time in terms of the physicel
dimensions of the model is thus

P = 3 Eﬁ(%-rggr) - g% f e %] (20)

= D
8 dry (t + ¢)

The model is capable of further development by, for
exauple, treatment azs 2 system of short capillaries or as
2 gsystem of pores of vurious dimensions., It will suffice
here, however, to huve indicated how the experimentslly
observed kinetics miy arise.

The form of the kinetics of the slow processes
indicates a gas phuase process by which the interior
surfoce is covered. slthough the interpretation is
contirary to that given here, the celorimetric hezat data
for hydrogen on tungsten films of Brennan and Hoyes (1964)

ha se

i

is in agreement with thot expected for a gus
process, These workers found an =lmost constant heat

: . 0-- \ ,
of adsorption at 90K over the whole coverage range. ‘The
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magnitude of thig heet is 21lmost equal to the integral
velue ot EOOOK, where the layer is hipghly mobile,
suggesting thit a fresh increment of clean gurface is
covered by each addition of gos. In the next section
results ore presented which demcnstrote the existence of
of 2 weakly bound adsorbed stite thus confirming the
results of ickmott end others, The state, lhowever, 1s
not sufficiently stable to be capeble of transporting gas
to the inner surface of the film by =« surfeace nigration
process since desorption is observed wfter only 7 x 10

- 2 s . ;
molecules per cm”™ geowmetric crec of zos is adsorbed at

12,6 The slow redistribution ot 13535

Molybdenuva films at 1950K vehave in a similor way
to thoace at 5000K up Lo about three guarters of the total
uptake i.e, the 2dsorbed leyer is higlhidly mobile and gus
freely redistiributes to the inner surface. However, above
this covercze the adsorbed laver zpparently lases this
nobility and slow redistributions of ges are observed in
the same monner ag described =t 780K. The form of the
kinetics is found to be identical to that ot 780K viz.
the reciprocal vressure falls linearly with time after
closure of the 3as supply, @nd the process is thus

probably one of 3as phase diffusiocn. Tigure 42 displays

such curves for =z single run - the slopes varying by a
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3 . ; . .
foector of 10, as seen in the followiny table, This run

ig elso used in firure 26, (run reference 1.,7.55)
% Slope of Pl ine | Coverzge in %
i torr™t sec™t molecules/cm2 Z@OI o
;

Z 5.1 x 107 54,6 x 107
| w.s % 107 55.6
8.2 x 10° L ez
2.1 x 10° 65,5 |
- | E
9.3 x 107 . 66.6 !
1.3 x 10° | 67,6
7.1 x 10" 59.2
5,15 x 107 7040 |
5.00 x 107 72,0

T-ble (e) The slopes of the reciprocal pressure Lgoainst

tiine curves.

The coveraze rinjse over which the redistribution
occurs is, of course, nuch more »estricted thiun at 780K
but the behrviour zgenerally -ppe.rs similcr with the
excepvion thot the curves do scew to deviate fronm
linesrity ne.r zero time. This deviition is, for plots
et the lower pressures, more opparent than resl since it

is prob.bly ussocisted with the response tine of the
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'

pressure display system to the sherp pressure drop
preceding the slow redistribution., The sticking
probability calculated from the sharp opressure changes
on opening ond closing the zas supply follow 2 similar
pattern to thogse observed ot 780K Liaving @ constant
region ond »n indicition or o~ Twll os true soturation is
approcched, Iigure 26 disploys such voelues of sticking
probability sgainst coverage, again for run (7.1.965).
It may De noted thet the wuupnitude of the sticking
probability in the constont region is lower thoen that
found at 78°K. This is in genercal agreement with other
results which, os will be seen, show that at non-zero
coversges the sticking probability for o given surface
condition 2lw:ys increases towoids 780K.

12,7 Desorvtion spectro of hydrogen on molybdenum films

In order to attempt to substantiate the proposed
mechanism for the slow redistribution processes a series
of experiments were conducted to obtain the pressure
temperature relotionship during worming of a partially
saturated film, iese 'desorption spectra' were normally
obtained by admitting a known qusatity of hydrozen to a
film mointoined at 780K and then worming the film slowly
towards some desired temperature and wmonitoring both the
temperature (by thermocouples attached to the re.ction

vessel walls) ond the pressure in the reaction vessel.
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The process was normzally repected with further doses of
gos until the film wos saturated.

As with flogh dezorption experiments using filament
adsorbents the system may be isolated or numped during

the desorpbtion. The luatter is norm:lly preferred as the

resolution is enhinced ..nd furthermore withh filaments
readsorption can be minimised by o sufficiently fast
pumping systen. With high =rec evaporited metal films
&n enormous pumping specd would be reguired to reduce
rexdsorption significontly and this together with an
experiment:lly restricted moximum rate of bteuper-ture
rise precludes any investigation of » non-equilibrium
systems, The situction with films thus corresponas
during « desorption spectrum to nesr eqguilibrium between
the 325 phise and the reglons of the film most sccessible
to the gos phasey if the temperature is sufficiently
high =nd the adsorbed l.yer hizhly wobile then the
equilibrium .y extend to the whole surfoce. 4s will De
seen subsecuently, the high net rate of pumping reguired
to resolve . specetrum wos, in the c..se of unsaturoted
films, supplied by the film itself in which case 1t was
immaterial whether the renction vessel was open to the
pumps or not, Hewr scbursitlon very lirge pregsure
chongen occurred 2nd the system had to be pumped to zive

cdeguate resolution ond even then the pressure could not
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FIGURE 45. Desorption spectra between 78 and 500°K for a
single molyvdenum film. Numbers refer to
desorptions at successively higher coverages. -
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pe meintained much below 10—6 torr during the desorption,
Two rates of wirm up were used -~ one corresponding
to the natural rote of worm up of the unlazged renction
vessel after removsl of the liguld nitrozen both -nd a
slower worm up with the reacticn vessel lagged with
wsbestos string., oven with the litter method it was
very difficult to mointain o uniform tempersture over
the whole of the recction vessel wall but by menipulstion
of the lopging the variation could be reduced to cbout
15°K. The L2gging geve one zrent advanteage - the
temperature of the re.ction veszel did not start to
increase for about fifteen wminutes - fter rewmoval of the
nitrozen bath znd this zllowed cmple Time for the
electronics to 'settle down'., Tigures 43 and 44 display
temper:ture time profiles %t the two rates of warm up.
Figures 45 and 46 show several desorption snectrz ot
increasingly higher total upbtzkes of gas. Table (F) is
constructed from desorption d:te obtained in the
following way. A quantity of gos, An, wes added to &
£ilm held ot 78°K :nd then the film wis wermed to 300°K
whence eguilibration over the whole film surface
occurred (see figures 37 ~nd %28 for spectrc). The
total uptnke .t this vnoint, nm, 1is related to the outer

surface concentration vic the roughness factor R and the

outer surf:oce concentration, n, after recooliny the film
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o . . . N
to 787K ond cdding a further quontity An is thus

nT + An,

iz
any f An n Humober of
total Hg ; Hg increment H2 concn. in! desorption
cdsorbed ! ot 780K outer laver - spectrum
(molecules g(molecules (molecules (see Migures g
> o o ] |
per cm”) per cm”) per cm- ) 27 =nd 38)
4.57 x 107% | 4.57 % 10%" | 5.57 x 10 W0 desorption
9,21 TR 5.21 g ' :
13,44 .25 5.55 g "
18.62 5a18 G .00 1
2545 L4 .335 7416 2
27 .85 4,58 732 3
52007 L!-.E@ 7.72 A
45,57 (13,50 - 5

Table (f£) The onset of desorption

: 14 2 s
Below n = 6,8 x 1077 mclecules wer cm™ of geouwetric

Jres no desorption is observed on riising the temperature
of the film., +this his been substanticted iun experiients
using 2bout 10 filme - no desorption is detected before

1014

C - 2
2pproximutely 6.5 x molecules: per cm™ have been

%
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ndded to o clean film. It will be veumembered that the
onset of the slow redistributions, the kinetics of which

heve been previously discussed, cccurred -t about 7.5

14 2 .
x 10 molecules per cm” geomebtric ares; the
discrepnncy in the coverages 2t which the two phenomenc

are first observed .rises beccuse of differences in the
amounts of weakly held hydrogen which cin be detected
by the two methods.

In desorptions 1 to 4 the film wis pumped for wmost
of the time but periodic isolstion from the pumps hed no
detectzble effect - due, ¢s previously indicated, to the
high pumping rote of the film swomping thot of the
exhoust port. In desorption 5 the film was approaching
saturation and, in this p.rticulsr cose, the systenm
wiis 1solated,

Pressure pesks or shoulders can be observed in
fizures 45 .nd 46 ot 130, 170 znd 220°K, The drop in
pressure between 17OOK and 200°K observed in fizure 45
ig cttributed to the onset of wobiliity in this rezion.
This results in weakly held hydrozen, present ab 780K
in the outer concentrated l:oyer of the film, mizrzting

by surfoce diffusion to strongly cdsorbing sites on the

he gns phase

inner surfice of the film thus reducing t

+

pressure above the .odsorbed layer. This hydrogen would

in the ubsence of such migration, hove desorbed at
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temperctures greater than l?OOK. Thus, on this basis,
the pressure maximum observed ot 17OOK does not
indicate the existence of u senurate adsorbed phase
because the pressure time profile does not reflect
the variation of population density with bond energy
a2t this point.

The onset of mobility around 1/0 K was
demonstroted in the following experiment (reference
5.%.65). Desorption dota were obbtained ..s befare
except that the coolinz bati waes replaced around the
recction vessel 2t various sta the desorption
procedure After ecch tempersture cycle the sticking
probebility wos mewsured at 78 A, 2nd in some coses
room tempercture measurewents were also mecde. Fiure
4% displaoys the sticking vnrobability curve constructed
from the daota, the letters 4 to & refer to the highest
temnerature recched during the desorption (sece key).
The sticking probebility at 780K always iucreases after
warming of the film to temperatures greoter than
170 X due to @ redistribution of hydrozen to the inner
surfcece of the film, The number of molecules which
hove to be added after a desorption to return the
sticking probsbility vo its value Jjust prior to the
previous closure of the supply is 2 measure of the

extent of the redistribution process. However, the
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redigtribution is vortly via the phose ¢nd partly
by the surfice., The contribution of the former Aﬁg

cen ve czlculated approximately from the pressure time
profile of the desorption if it is assumed that the
sticking probability remains constent. (It is hoped
that the use of the term sticking probebility in the
above does not generate ny ambiguity; that referred to
is calculated from the totel recction vessel pressure)
The contribution of surface diffusion Ans is obtoined

T
T
i

by subtrecting ANG frowm the tot:=l wmount N re-
distributed. I is colculated s Giie number regouired
to resttoin the value of aticking oprobability existing
ot 780K prior to the nrevious wirm up. The figures in
table () zre celculated in this way for the szme run
28 displayed in figure 39, Ixomination of the values
in the table indiceates that at 170K only # smell
amount of redistribution occurs by surfece nmigration
wheress at 200°K this process ig nezrly complete,
Lowever, zn examinatlon of desorption no 3 in
fizure 45 dindicates thut eguilibration is not entirely
complete even &t temneratures somewhat in excess of
200°Y since althoush the coverase is below that
required for suaburction ot 300°K degorption is still
occurring ot R)OO" If ecuilibhration were commlete

0 . .
at 2007K only tie low enersy sites would be covered
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I

totel number

of aydrogen

AR
,’.\L]G

number of

molecules

1
AN,

[l

number of

melecules

Hishest tewmp.
reached

during a

mnolecules redistributed {redistributed desorption
i

adsorbed vin the zas by surifcce Ok

(molecules phese (iffusion

D
per cm™ _uoi. ) (molecules (imoleculas
o
per cm? zeosn) per ci zeom)
!

12,18 x 10™* 1 o.ox2 x 10 2.7 x 10 150
2% 0l 0.12 6.0 300
31,92 0.29 el 200
57625 0«2 0.9 170
59,03 097 540 190
42,25 0.65 5.0 500
50,04 0.C4 2,0 1950
54.82 P 2.3 2,0 150
Tshle (g) The relotive contributions of 2.8 phase

n

diffusion and suri:ce migration in

redistribution,

zbove this tempn

until the filwm rezched the
cesorption no 4

- (o] R .
cbout 2407K a2s the pressure is

erslbture zad

saturation

LDDelrs

saturation temperature.

to be xch

rising

steeply.

desorptionwould not occur

In
ieved wbove

In
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(ARBITRARY UNITS)

PRESSURE

100

PIGURE 48,

Jd )
150 200 -vw

TEMP. (°K )

Desorption gpectra for two films.

a) cell lagged, rdsorbed layer equilibrated;
b) cell unlagged, adsorbed layer not equili-
brated. Both desorptions were carried out
with continuous pumping.
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desorption no 5, fizure 46 the film is anear saburstion
at 780K and is apperently in pseudo--eguilibrium
vetween 140°K cnd l?OOK, above which the adsorbea layer
commences to rearrcnze, Ag the system is isolated in
this desorption the lest port of the pressure

-

temperature profile should correspond to an isostere if
eguilibration i1s complete. This is not so below about
EBOOK, but <«bove this temperzture isosteres were
successfully constructed and gave neats of srouna 17 k
cale per mole between ESOOK and 27OOK.

The resrrangement of the adsorbed layer around
l?OOh was further investigated. Pijure 43 shows the
desorption spectrs of two films which had been
elffectively siturated with ges wt 780K. rart of the
differerice in the two srtectra is due to the fact thet
in (a) an ottempt was made to ecuilibrute the adsorbed
layer by cyclinz the temperature between 780K and
220°K whereas in (b) the file wos seturcted at 300°K
and the remeinder of the hydrogen wdded with the film
meintoined ot 780K. The snnrp pressurc decrease &
l?OOK in (b) is ~zain abtbributed to @ resrrengenent
within the -dsorbed layer co thot wore hydrogen is
accommodated on the surfazce,

However, fizure 48 (and to some extent figures

#5 and 46) is somewhat mislesding because the rate of
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temperature rise is continuously decrecsing znd the
number of molecules pumped in any particular
temperature interval is not propoxtional to the zrea
under the pressure time curve. If the number of
wmolecules desorbed per cm2 per °F% is plotted (instezd
of the instantuneous pressure) then the shope of the
curves is considerebly cltered - figure 49 is such a
treatment of Ifigure 43, This is esveciaclly true at
the highest temperatures where the rate of temperature
rise tends to zero and since the systen is belng
pumped the pressure must @lso tend To zero irrespective
of the populuation distribution of the various binding

energies,

1248, The nunmber of low temperature states of sdsorption

In flash desorpbtion studies it has been common
proctice to identify euch shoulder or maximum in the
pressure time mrofile during desorpbion with a separate
state of adsorption. Rzch state of adsorption is
supposed to reflect a discrete populetion density within
a renge of binding energies and for its existence to
be substanticted the effects discussed in the previous
section must be elimincted, In purticular it has been
secen thit a rearrunzement of the ..dsorbed liyer around
l?OOK to 190°K causes a roll in pressure which is not

a reflection of & £21ling populaetion distribution with
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binding energy and should not therefore be considered
as o separate adsorbed sgtate without »dditional
evidence,
The present investigation of the “ydrogen

molybdenum system indicates, at most, two weakly bound
states of sdsorption in the low temperature rezion: one
desorbinz below zbout 150°K ond another around 22OOK,
slthough the latter is doubtful since it was not
observed in 2ll runs, Two studies of the adsorption

of hydrogen on molybdenum filements or ribbons have
been made znd unfortunately neither provides information
on binding states desorbing below 200° Ko Pusternak

and wWiesendoner (1960) find evidence for two states

of zdsorption when desorbing from EESOK. However,
these workers used tungsten filasment sruges and since
the system contained no mesns of identification of
chemical species it is possible thot corbon monoxide

is responsible for one of the observed stutes

(Hickmott 1960; Moore and Unterwald 1964). IHowever,
velid comporiscon cen probubly be made with the hydrogen
tungsten system which hos been more extensively studied.
Hickmott (1960) found for this system two states of

3 . .\ . . . o
~asorntion) one designsted a desorbing below 195K

=

L

snd o second designoted decorbing above this
& &£

temperature. Lore recently Rices, ledina on
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(1965) have obtcined desorption svectra for hydrogen
adsorbed on « tunzsten sheet that show six pressure
peaks designate&.xl,xp, Oy y Gp,y Bl, and £, in order
of increasing temperature of desorption, the‘g peaks
being identified with Hickmott's o phese. liowever, the
differentiation of the .dsorption states into o and
phases muy be artificial due to the foct that the
desorption was carried out in two stages - 780K t0o
300°K =nd 300°K to 600°K. Io such differenbiction wa
found in this region by Hickmott (1860) or Moore :nd
Unterwald (1965) who desorbed in = sinzle fl:ish.

In neither the work of Riccs nor dickmott was an
attempt m.de to equilivrate the adsorbed layer at 780K
by cycling the temperature during adsorption, although
Ricca saturated the surface at 500°K before cooling to
780K in some experiments. It is relevant, therefore,
to compare Tthe desorption spectra. obtained by these
workers with curve (b) in figures 48 and 49 ratuer
than with curve (a). This suggests thet the
differentistion of Tthe™ cnd B phise of Hickmott and
che >{2 and o nhoses of Ricca is due o = rearrenge-—
nent of the adsorved liyer in the region of 170°K
which enables yas to migrate to the more strongly

wdsorbing sites which are crected. However, the



194

equilibrium data from this work and also in thet of
FHickmott does indicate a change in the slope of the
hect curve below about 15 kilocalories: per mole and
there is thus probably good evidence for one low
temperature state of hydrogen on molypdenum or tungsten,
this state may be identified with the &K phase of
Hcknott and the Xi phase of Ricca et @l. The field
emission results of idootscert, von ileijen and Sachtler
(1962) indicate the existence of nmany adsorptilon
complexes in the nydrogen-platimum and hydrogen-~tungsten
systems, This 1s not necessarily azzinst the
conclusions drawn here but merely indicates that the
neats of adsorption of the complexes are not sharply
defined but overlap each other and vary with coverage
such that they cannot be resolved during = desorption.
The nature of the low temperature state in the
hydrogen molybdenum or hydrogen tungsten system 1s still
natter of conjecture. <Thile stote is responsible for
the slow redistribution vrocess at 780K after closure
of the gas supply and 1s first observed sfter cbout
0.5 x lOl4 molecules ner cm2 ceometric area lwave been
adsorbed on the film maintained at 78°K. Hdowever, 1if
the film were firet saturated with gos at EOOOK it was
found that the weakly held state could be detected

, 0 .
after much smzller «cdditions of gas at P8 K. This
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benaviour suggests that the weikly held layer can
exist only above ¢ layer of the strongly held 8 state.
There is little doubt that the 3 phase is an atomic
leyer ond one possibility is that the Gphase is
molecular andheld over single vacancies in the atomic
leyers This would be in line with the observations
of Hickmott (1660) that the concentration of the
phase was proportvionsl to the ambient pressure of
hydrogen sugsesting moleculecr zdsorption and that the
majority of the ophase was formed after the [ phase
was nearly complete sugzesting a layer of don top of
the B phase. It ¢lso explains why the low Gempersature
state 1s reduced if the surface is first equilibrated
at 5000K as observed in this work ond also in thav

of Hicca et al., C(ne further point worthy of
consideration is the reasgon for the desorption when
surface wizration is negligible, The immobility at
78OK occurs over the whole coverase ranse and can be
explained by an activation energy of wigration of the
adsorbed species. At 1950K nere is the interesting
situation of immobility setting in at high coverage.
Whether or not the imwobility is in a second layer of
gas over a still mobile strongly held state is not
clear from the results, 1t is hoped with a series of
experiments using isotopic mixtures to resolve the

situation.
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12 Y DROGEN ON NICKLL

1%.1 The uptake

As with the other metals, films of nickel were
denosited on ¢ substrate held either st 78OK or near
room btemperature., The uptake for the unsintered filas
indicztes 2 roughness factor zround 10 to 15 i.e.
around that of 'sintered' molybdenum films., The
sintered films were relatively smooth with roughness
factors of 1 to 2, ‘

For films sctursted =t 300°K (i.e. PEQf\ilO"Storr)
there was an zdditional uptake at 78°K of 30 to 50,
This contrasts with the results of Brenncn and Hayes
(1964) which indicate egual uptokes at 50°K ana 273°K,
There 1s no indication given in the latter paper as to
how the result was obtalneda. If the uptikes were
measured with the filuw ot o constant temperature then
the ‘'low' uptake at 90°K is expected sinee 1t has been
shown thot there is clwiys an zdditional uptake at low
tenperatures if the adsorbed layer is eguilibrated

by warming to say 200°K.

1%.2 The sticking probability

The initial sticking prebability for unsintered
films is zround 0.6 and that for sintered films cround

0.%8. Again, there is no discernible temperature
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dependence of thne initiul sticking probebility in the
range 780K to BOOOK for sintered filmg and no

pressurce aependence within the range experimentally
obtainable, Unfortunately, with nickel, no

experiment was performed in which gzs was added to a
single film held ot both 780K and BOOOK in the initial
coverage region.

The shspes of the sticking probzsbility <gainst
coverage curve at 780K for both unsintered and sintered
films of nickel were similar to those for molybdenum
films held =%t 78°K except that, with the unsintered
nickel films, the slow process 1is not apprecicble

14 molecules

until &« coverage of about 15 - 20 x 10
per cm2 of geometric ares is reached. With the

sintered nickel the slow process is evident at 6 - 8

pie lOlLL molecules per cm2 il.e. 0t a similor point to
molybdenum at 780K. Figures 50 and 51 disnlaey typical
curves for runs in which interruptions of gas flow

were mace during edsorption ot 780K.

At BOOOk runs were performed only with fillms
deposited around room temperaturce snd, with the low
internal srea, mobility of the udsorbed layer cannot
be predicted solely from the sticking probability curve.

However, when equilibrium pressuras become measurable



400

1. . . 10™6
O
£
s G
-7
VY
0 M &
o
2] )
Hi
= =
H =
4 8 7
3 40— . 1078 o
910 e
: g
D 3 =1
& i
3 T
o .
=
10704 - 1679
i
# '
\_Olk. K] 7 me,.Mw : ¥ T ¥ : \_OIAO
0 2 4 (S 8 10 12

g V8
COVERAGE (MOL=CULES PER CM? GECHMETRIC AREA) ¥ 10

FIGURE 52. S versus coverage at wooow.



201

a surface eguilibrium, Isotherms constructed from
the equilibrium pressure date .sre coain Temkin in

form, with slopes at 300°K sround 2 x 1 per
?

o) A
molecule per cm”~ of true surface arca, This is lower

14 in the

than found for molybdenum ot BOOOK (6 = 107
same units) znd is in line with the less steeply
falling heats of odsorption for the hydrogen nickel
system at 300°K obt:ined by Brennan and Heyes (1964),
Rideal and Bweett (1960) and others. The heat curves
of Rideal 2nd <lso of Wehbe and Kemball (1953%) have

& slope in the 15 kilocelorie rezion eguivalent to

an a‘ value (sce pageldd) o little higher than that
obteined from the isotherms. ¥Figure 52 displays o

. - v , ‘9 s 2O e
typical sticking probability curve at 300°L together

with cn isotherm as saturation is approached.

oA

1%,3 _ The slow process at 78°K

The similcrity of the sticking probsbility curves
at 780K of hydrogen on nickel :nd molybdenum has been
seen in the previous section. ith the unsintered
films (figure 50) of nickel the sticking probability

olues obtzined from the sharp pressure changes on
restarting the gas supply lie around C.42 over s very
wide coverage range; this is almost the seme as that
obtained for sintered films of molybdenum held at 78°K

(0.40). The onset of the slow process, as Getected



o

"

BN

o
O

IS

REGIPROCAL PRESSURL (TORR™T).

0

2,72 x 1012

N

0

FIGURE 53(a).

A .

20

Reciprocal pressurc versus timg at 78°K - unsintered film.
(Coverages in molecules per Ol

40 ) 60 .80
TIME (3ECONDS)

geometric area are indicated.)

100

20¢



3.48 x 401%///91/,9

3.86 x 1017

-
»
Q.

RECTPROCAL PRESSURE (TORR™ 1)
(@]
®

v 3 L [
0 ' 40 8) 120
| | TIME (SECOIDS)
FIGURE 53(b). TReciprc :al prec urs ve ws time al 78%°K - unsintered £il:.

"160 200

(e}



x 408
¥
—~
< -
8
o
g 4,89 x 1017
=
0
0
gg
2
i
< .
o :
o v | % |
[ah -
81 - 1
3 . 5.55 x 1017
0 .
L ¥ ¥ ¥ ]
) 80 160 240 320. 400
| TIME (SiCCNDS)
FIGURE 54(a). Reciprocal pressure versus time at 78°K - unsintered film.

gor



RECIPROCAL PRESSURE (TORR™)

— 3

6.4 x 1070

_—

50 100
TIME (SECONDS)

1

]

50

- 200 250

FIGURE 54(1)) Reciprocal pressure versus time gt 78°K - unsintered film.

gor



2.5

hV)
A

7.05 x 1017

:

CIPROCAL PRESSURE (TORR™1)
-

RE
X\

L] |1 .
0. : 100 200 300 _ 400
A . : TIME (3ECONDS)
FIGURE 55. Reciprocal pressure versus time at 78°K ~ unsintered film.

hov



12

x 109

)

oo

RECTPHOGAL PRESSURE ( TORR™

FIGURE 56.

o A e it e AP M8 0 4 £ S 8 At o7 2 e m At i SR A2 e e me A S
20 40 60 80
TI:E  (3£CONDS) .

RHeciprocal pressure versus sime atb 78°K ~ sintered film.

100

G0t



10 4

X 10& o

ORR™T)
‘ (e9)

0))

I

RECTPROCAL PRESGURE (T

) 20 40 60 80 100
PIME (SECONDS)

FIGURE 57. ‘Reciprbcal pressure versus time at 78%K - sintered film. .

90T



207

from the pressure time curves after closure of the gas
14

~

2
supply, occurs around 7 x 10 molecules per cm

geometric area for the sintered films but not until

14

2 . ;
at least 15 x 10 molecules per cm~ for those

unsintered., However, the recovery time of the sticking
probability during isolation of the system occurs ot
about 10 x 1014 molecules in the c=ase of unsintered
nickel films (see fizure 50) indicating the presence

of a slow redistribution at this point.,.

The kinetics of the slow redistributions is
similer in form to that obsecrved for wolybdenum i.e,
the reciprocal pressure riges linearly with time after
closure of the gas suponly. Fizures 5%, 54 and 55
displey a series of curves for an unsintered film
(ref. 25.7.65) and figures 56 and 57 for o sintered
film (ref. 24.6.64), the gos addition in each case
being with the film held ot 780“. The slopes of the
reciprocal pressure agsinst time curves vary, for both
types of film, over the same range as found for moly-
bdenun i.e, 108 to 105 torr”l per second. The number
of observations for sintered films is necessarily
restricted by the low proportion of internal surface.
The treatment applied to the molybdenum results to give

"l . | )
8 values (see pasel6Q)is not repeated here - the



e T T O o,
——— . . . 1
4 ~.
10“1 o \ \'
2 -~ 140°K
> . - ) .
o A 4 |
3 ]‘a %‘
a4} 0 . '
Ay 5 a ¥ ?'/ ' A B
©1077 1 :
~
5
o’ ——
& PIME
10 "1 DESORPTION SPECTRUM AT C.
1072 o ' .
) ] . ] R ] [ ) ] LA
0 4 5 10 15

COVERAGE (MOLECULES PER CM2 GiOMETRIC AREA)

FIGURE 58, S versus coverage at 78%% - sintered film.
The fllm was warmed to- 720 %k at A, B and C.

308



209

general fectures being entircely similcr to melybdenum
at 78°K.

The rearrangements in the adsorbed layer observed
in the desorption expriments with molybdenuvm zre seen
with nickel. This is exemplified by the results
displayed in fizure 58. At a coverage of 21.5 x .'I_Oll1L
molecules per cm2 of geometric area the film is
effectively scturated at 780K i.e. the gis reservoir

and recction vessel pressures are nearly egual, On

. 0, . Oy-
waerning to around 2007K and recooling to 787K there
o)

[

is an additionel uptake of 1014 molecules per cm
(the film had been previcusly wermed cnd recooled at
the indicated stzges)., The desorption spectrum

. _ 14
accompanying the werm uvp ¢t 21.5 x 107" molecules per
cmg is shown 1n the inget indicating that the re-
zrrangement occurs with nickel 2t about 14-0°% in contrast
to l?OOK with molybdenum, The @obility of the adsorbed
leyer at BOOOK ig indicited by the lack of slow
redistributions «fter closure of zis supply; this
agrees with the results of Wortuean, Gomer and Lundy
(1957) who observed mobility of the zdsorbed layer of
hydrogen on nickel :bove about 240°K in the ficld
emission microscope. The activetion energy for surface
diffusion has 2een calculoted incorrectly by Comer,

from the .rrhenius plot shown in his figure 19 and
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should be 14 kiloculories. This is now in wmarked
disagreement with the value of 3.9 kilocalories
obtained by Gomer from - direct observation of the
rate of diffusion of hydrozen on nickel sssuming x
random welk process, from the lotter value it cen be
shown thut the hydrogzen atoms would amisrote 2 distonce
o 0o . - e
of 10A in 100 gecs at 130°K ond & disbence of 10004
ot 200%K in o similor time intervel. This would
indicate thoet the rearrsnzements observed ot lBOOK
a2re relatively short range vrocesses il.e. cround 10
hops rerulred per zdotom to genmerote on appreciable

numnver of extra sites in the adsorbed layer.

14 HZYDA0EEN ON 9Ty i ITUM

14.1. The unt-ke

48 with the other metals studied, filwms of
titonium were thrown either onto an uncooled cell well
(in which»case the teuperature of deposition was
around 7000) or onvo the zell wall held ot 780K. The
roughness factors of the filias could not be estimated
directly from the uptoke of hydrozen molecules as
abgsorption into the bulk wmetal occurred throughout
the vemperiture renjie investi ated but could be

c:lculated for sintered films indirectly from experiments
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involving gas additions to a single film held st both
78OK and BOOOK (see loter). The results of the latter
experimente sugzest = roughness of zbout 5 for the
sintered filus,

AT 1950K and BOOOK the absorption process occurs
rapidly (5 > 10_5) to ¢ hydéride composition between
Tii end TiH,, in agreement with Wedler et sl (1966)

who found comnositions of Tii to TiH2 snd Dellisn Porta

1.5
et al (1966) whosc finol composition was around TiHo,9'
At 78OK the messurable cbsorption wog grectly reduced
cnd the determination of stoichiometry woes complicated
by the presence of an evoporator filament &% & sonewhat
higher temperature thin the film. Lssuming that the
eveporator filament behaves in o similer wey to o film
held &t BOOOK it may be shown Tthat for zero @bsorption
on the film ot 780K the recorded pressures will
indicete & sticking coefficient (czlculated for the
film) of =bout 10-5. Thugs measurements in this region
must be viewed with suspicions It was found in fact

in several runs that there was an apparent flattening
out of B in the 10"5 range thus supnorting the
proposed behcviour, The uptikes up to this point for
sintered films indicote stoichiometries of "i‘iHO.O5 to
TiEO.O7 cnd this is teken to be the limit of

maQ

. . o \ .
messuruble absorption at 787K, These velues sgree with

T
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Jella Porta who finds absorption ot 780K to TiHO.O&'
Unsintered films appecr to cbsorb to @ higher hydrogen
composition, e.g. run reference 3.3.65, absorbed to
about ‘ljiﬂo.2 vefore © fell to 1072, This is not solely
a surface effect as = roughness factor of about %5
would be recuired to accomuodate the extra gis,y assuming
a concentration in the bulk ¢s for = sintered film.
It will be seen subsequently that if attempts zre made
to sinter films thrown zt 78OK the resulting surface
does not even epproximate to thot of a film deposited
near room tempercbture. The large differcnce in S
values at BOOOK for films thrown at high temperature
(~70°C) and those thrown at 98K =nd subseguently

. . 0 . . . A
sintered to 507C cennot be expleined in teras of

enhencesent by multiple collisions (see tuble on paze R20).

14,2, Toe sticking probszbility at zero covercze

+

Initial values of sticking probabillity were
somewhot less revbroducible in this system thon for
others studied und there was evidence of & variotion
with teaneraturc in the range 780K to BOOOK. This
vaeriation was observed by adding snsll doses of gas to
sintered films held successively at 300 znd 780K. The
resulis sre sumnerised in the following teble tozether

with initiel & valuszs on o pumber of other sintered films.
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Reference 80780K SOBOOOK 50780K/SOBOOOK
24.5,.64 0.28 0.18 1.55

28.9.64 0430 0.26 1.30

22.6.64 0.36 - - %
17.6.64 0.26 - -~ é
16.12,54 0.35 - - %
16.6.64 - .20 - '

1.3.6% 0,35 ~ -

E: S
W filament gauge

#or unsintered films the initial sticking
probability is higher (0,51), this may 2:ain be due to
sn enhancement by multiple collisions with the rouzher
film, structure (but see later). Clausing (1961) rcports
velues of 0,25 and 9 x 10"2 for hydrogen on unsintered
azne sintered titonium filus at 780K thus wgreeing in
cegrec of enhancement of sticking probability. Holland
et &l (1965), howtver, report values of 0.25 and 1072
for the two types of film - the very low value of the
latter is ulmost certainly on artefoct introduced by
nerforming experiments in 2 reaction vessel conteining
underlying films from previous runs,

The temperature depcendence of initial sticking

probability has becn observed by Holland et 21 (1965)
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who for sintered films find a ratio of 2.% between
2 O
8078 and So)OO K However, the sticking probability
fa. ls much more rapidly with coverage for the titanium
system tThan for others studied and thus =z smsller

degree of precoverage (i.e. during film deposition) is

[A%]

reguired to produce given deviation in the initial
value measured, In support of this 1t may be noted

that large qguantities of hydrogen ore evolved during
4 5

o]

¥

outgassing of many metols., Also in this work it was
found that flushing the system with hydrogen prior
to film deposition gave rise to very low values of

S (< 107 although the finel stage of film deposition

10

was in a vacuum of zround 5 x 107 torr (for example

in run ref. 14.12.64), The extent of precoversge
necessary to explain the variation of So may be obtsined

by extrapolating the sticking probability curves of

. | N o 78K _
runs 24.9.64 and 28.9.64 bsck to where 3 eguels

o)
o)
SOEOO K. & and 2 x lOlL1L

Values of precoverage of 5 x lOl
molecules per cm2 geometric area respectively zre
indicated, The mobility of hydrogen throughout the
titanium lattice certainly indicabtes thet this gas is not
trepped in the film during evaporation of sintered films
and ey migrate to the surface during or subsequent to

10

deposition. Tor & portiel pressure of 5 x 10~ torr of

~

hydrogen above the film and a SO of 0.% only around 1000

secs are requried to give the eveluated magnitude of
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precoverzgze b

14.% The sticking oprobabillity ss o function of

coverage

The zdsorntion resion

S8 mentioned in the previous section the sticking
probebility of hydrogen on titenium falls more rapidly
with coverage thon in the other systems studied. 1t
- Or - O'“:’ - . K - " - SR S . al
007K and 1957 o decreuse of aboubt two orders of
mexnitude in 3 is observed cfter an od&dition of 10 to

1n 2 . . ]
15 x 10 moleccules per cm geometric area l.e. alter
- 14 2 - . Oy,
2 - 3 x 107" molecules per cm” of true zrea; at 78K
- . v - 14
a similsr £211 occurs after the zddition of 5 - 7 x 10
2 . o o , -
molecules per cm™ geometric ares of film., The onset of
e o an . O~ N -
a slow redistribution ct 787K occurs nesr the point of
saturation of the outer surface 1f complete ilmmobility

\

is assumed -~ for titanium - hydrogen this 1s at around
e l ‘Q“ - 2 = - r b}
3 x 1077 molccules per cm” (B4, 5.0, 2.5 and 2.7

14

x 10 in 4 separ-te cxperiments on sintered films) in

14 2 -
" nolecules ner cm for molybienunm

contrast to 7V x 10
cnd nickel films, IFizure 59 excwmplifics typicezl initial
. L . - s e , O
reglons of adsorption using sintered films ot 87K and

O’r

3007K,
Cmsms - - N X O . a Oy
[lobility of +the zdsorbed laoyer at 195K and 3007K

is demonstrated by the lack of time depencdence of
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sticking probability before and after long
interruptions in gas flow to the film ond also by
behaviour obsecrved during experiments in which
increments of ges cre cdmitted with the filam held
alternately et 300 and 78°K. Figure 60 1llustrates
the results of such an experiment. IU is observed that
the two sticking vprobsbilitics decresse in the sane
wey and that the onset of 2 very shsrp drop in 5 is
not observed at 780K until a totsal of 10 =x 1014
molecules per cm2 heve been cdded., This is = much
hizher coveraze thon thoet for the sharp decreise in S
when a8 1s added to a film hceld throughout at 780K
and thus supports the concept of mobility at 300K,

It is possible to reconstruct the sticking probability
curve &t 780K of fipgure 60 in terms of true surface
coverage ~ the result is a similer fall in 5 with
coverage to thot observed in runs solcly at the low
temperature.

Unsintered filwms ot 780K show z more gradual decline
in S with coverage but the slow redistribution is
observed at ncurly Ghe szme coveragze (G.g. run %.8.65
- at 5.0 x lO14 molecules per cm2 geometric arca).

This demonstretes lack of appreciable mobility at 780K.

The absorption region

At 300 end 195°K 7 is indenendent of uptake over a
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wide rangce; Gypical results are displayed in figure 51.
Lo characterise the curves of S against uptake the
following are definedj S, -~ the S in the uptake
independent regicn, 91 and 62 - tine uptakes defining
the bounderies of the constant 3 region snd 65 ~ the
total uptske (211 in molecules per cm2 zeometric area),
The results for ¢ number of films are given in the

tible below. IHxcept where otherwise stated the

temperature is BOOOK. Pl A
n {2 a )
fun Ul Oy 05
20.2.63F
11.2.65% | 2 x 1032
- ez b oo 7 15
20.9»U) r.5 x 10
[y 4
16.6.64 | Looox 1082 | 17 x 101® | 2n x 101°
24,9.64 1.5 x lOl)
28.9.64 | 1,5 x 10%?
. - 16 16
2917065 - 7._7 10 1z » 10
3.8.065% 8.0 x 10%° | 12 x 101°
14.12,60%] 1.2 x 1022 | 13.0 » 1046 | 18 x 10%©
| - —
tun SC | 01/65 62/Gz Hydride
: e
20.2,63% | 4,0 x 1077 |
11.2.637 | 5.0 x 1072
26.9.65 | 4.0 x 1077 N
16.6.64 | 3.4 x 1077 1 5.9 = 1077 0.71
2U0..9.64 4.0 % 1077
—A
2849464 | 4.0 x 107~
29.7.65 3.5 x 1077 718 4
X -2 L
5-8065 l¢6 X lO Tllll‘g
14,12.64% | 1.3 x 1070 | 6.6 x 1072 0.72 T8y 5
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y . L o o)
Table - Data for various runs ot 300 and 195K

+ : .
- W filament geauges

% _ rile thrown at 78K ond sintered to 50°C sfter

5 D
molccules cm ~.

[

addition of 2.5 x 10

g ~ Sintered film, goes zdded to film at 1950K.

The results &t 1950K “nd BOOOK differ in the
megnitude of SC and also in thot Tthere is o dependence
of v on flow rate in the finol stages of the absorpbion
at the lower temperature. Thus at EOOOK the sticking
probebility wes found to be independent of flow rates

Oll to 1 = lO15 molecules per second

in the ranze 2 x 1
per cm® geometric area up to 2t least 90% Of the final
uptske whereasg ot 1950K such independence was found only
to 50% of the final uptake, AL the latter temperature

there was also evidence of o smell recovery of sticking

probabllity after a period of ges supply interruption

at uptokes higher than 505,

3

\

One sttractive proposal is th:ut in the regions

¢

wvhere 3 is constant and independent of flow rate there
exists a virtuslly constant surface condition during
tne ebsorption. This is substantiasted by the results
displayed in figure 60 in which gas is zdded to ¢ film
neld alternately ot 300 and 780K. Inspection reveals

thet, after cech addition of ges =t 700°K within the
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range of uptake where 5 is constent, the results at
Orr : - . e s
737K follow ¢ ziven petbttern both in the initial

mzgnitude of the sticking probability end, at a fixed
Flow rate, in the varistion of 5 with additional
uptzke.,

T is well known {rom isosteric heat date and
from calorimctric measurements that the heat of
adsorption fzalls with increcse of uptake. The results
of Wedler and Strothenk (1966) confirm thet such =
situstion exists for hydrogen adsorpbion on titanium

at both 780K end 5OOOK up to uptalkes of about lO15

37

molecules per cm2 geometric area. AL 5OOOK the lutter
workers find & heat constont ot about 27 kilocalories
per mole for the absorption region between TiHO.OB agd
TiHl_g thus giving 2 hest curve remarkably simil:zr in
form to the sticking probability curve presented here.
The initicl adsorption is zccompenied by fzlls in both
hesat of adsorption and sticking probability. The
surfece state is, however, favoured thermodynamically
only while its free cnergy is velow thit of the
sdsorbed state. It is proposed that in the upteke
region where S is both constaat z2nd independent of flow
rate the situstion is as follows., From the point at
which absorption becomes the favoured processg, &

constant surfece will be maintained until the absorption
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Ep - dissociation energy of hydrogen molecules
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energies for H? molecules.



heat fzlls, in which cuse the surface coverage will
increase such thaet the cdsorption end absorption free
energlies are maintained equsl. Unfortunotely, the heat
curves of Wedler displey large variations in the
compositions abt which the absorption hest falls and

this prevents 2o close correlation between the latter

4

behaviour and the composition at which S decresses.

The proposed energetics of the system are
displayed in figures 62 (a) and (b). Figure (a) shows
the intersection of the two heat curves at GC - for
upntakes higher than 80 absorption occurs via surface
sites of lower energy bthan those in the bulk metal.

The rate of vaecation of the latter sites is known from
the independence of 8 on flow rate and from the absence
of slow redistribution processes to be rapid compared
with the uptcke rates used. he heat curve for
adsorption is known to fall steeply nesr 60 since on
adding gus at 780K to & film which had previously
absorbed &t BOOOK there is sn immedizte sherp fall in
5 oond an accompanying slow redistribution. The titanium
system 1s thus unususl in having e low density of
energy sites between sbout 27 kilocslories per mole
(cccepting Wedler's vezlue for the heat of sbsorption)
and 5 kiloc:lories per mole (where desorption at 780K

] ) T b O
becomes approc1able). The results of Wedler ot 77K



(Strothenk Ph.D thesis 1965) do not indicate a
scarcity of energy sites in this interval - about

14 o 2 c A ; 1
molecules per cm” being cdsorbed. It is

2 x 10
suggested thit the dosewlse addition of gas in The
crlorinetric measuvrements enables appreciable
zbsorption to occur, thus raducing the senslitivity

of the hect to changes in density of surface states.
Figure 62 (b) gives the suggcsted reaction path.

Lt 780K he obsorption process is thought to be
diffusion controlled, 5 decreesing with uptake and
becoming flow razte dependent., This behaviour suggests
thoet the bulk site to bulk site activation cenergy is
rate controlling (sec figure 62 (b)) since if the
latter were not the cuse 8 would, 3t 780K, be expected
to vary with flow rote but to be rclotively independent
of total uptake. This is further discussed in 14.5

1444 The final stases of asbsorption

At BOOOK end 1950K 3 hus becn shown to decresse
sfter sbhout 70% of the finel uptske hss been reached.
On zpprosching saturcotion at thesc teupcratures pseudo-
equilibrium pressurcs ore observed wnich slowly decay
but with titanium sticking probebilities can still be
measured even when pressures as high as lO"4torr sre
present. This bcheviour is unique among the results

o]

presented here - in all other systems 8 remains high
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on approaching ssturation ond the shzrp pressure
chonges necessary for calculations become 'lost!' in
the totuol recction vesgssel prosgssure.
Typical results st 300°K (e.g. run ref.
16,6.64) shows an equilibrium =ressure of 10~ sorr
at cbout 964 of the tot:l uptake (the latter defined
as bhnat for lO"5torr). Construction of on isotherm is
Gifficult beczusce of slow drifts - the rough
indication is thst the Temkin is obeyed with a slope
around ten times thoet for z non-sbsorbing metal.
For example run 16.6.64 yielded.a(molecules"l cm®
geometric ares) = 5 x 10"16 for an 'isotherm!
extending between 1077 and. lO—Storr. In the same
run it was possible to measure S up to 100%
scturction (ss defined above) - the value obtained
(AJlO—B) is by far the lowest for cny system studied,
The finesl stages of absorption at 780K are

discussed in the next section.

. . . - . - . o
14.5 The kinetics of redistribution at 787K

On sintered films of titonium o slow

redistribution of zeés from the outer surface is first

14

observed at ¢ coverage of 2 = % x 10 molecules per

2 . . .
cm” of geometric ares i.e. at some 30 - 404 of the
coverage &t which the phcnomenon becomes observable

on films of molybdcenum and nickel. Tor the adsorbate
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which is in pseudo-equilibrium with the gaos phase

the heat of adsorpbtion must be cround 5 kilocalories
per mole thus stressing the Tapid fz11 in heat in the
initial uptzke. The low hect when only one site in
three is occupied by = hydrogen adatom could indicate
tihat repulsions between sdotoms are much stronger with
titznium i.e. that on induced neterogeneity exists.
However, it seems more likely that the surface itself
1s heterogeneous in a kinetic sense having regions of
high sticking probability balenced by regions of very
low sticking probability. Thus, on this model, the
slow redistribution process is first observed when
the 'active' rezions on the most exposed parts of the
film surface epproach satursation.

The enheoncement of the coveraze on the exposed
'sctive' regions avbove thit experimentally measured
(per unit zeometric arven éf £ilm) mey be obtzined as
follows.,

The coverage (n) per cm2 of 'exposed! wctive
region at btime tn is given by

t

P n

n = %) SP At RN € B
O

where 5 is the true sticking probability of the

active rezions and P is the pressure. 4t any time ©
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. . . . . . o o
the experimentally determined sticking probability o
is related to the rste of sdsorption n, per unit

seometric area of filw by the expression

I
gt = A e (2)

YA
P being the zmbient pressure

Substituting for P in egquation (1) gives

N 453

vl
|.B

e

jol)

Ci.

™|

il ) - ' . .
low the experimentsl coverage n at tn is simply
N . 2 . s L N
nﬁ’tn molecules per cm” geometric area (assuming Ny
£

has been held constant) snd thus -

n

-Il = _1; J (é‘) .aoaﬂvouooaﬂ(4‘)
1 -": 1
n n S

0

To a good approximation(§)1m§rbe assumed constant
S

in the initiel stazes of an experiment. Therefore

. . . ~b .
1f S is sssuwed to be unity and 5 is taken as 0.3

then the enhincement n is around 3.%. Thus the slow
1
. . . : = 15
redistribution is at zround 10 molecules per

2 . . . . .
cm~ of zctive region i.e. when there is apnreximstely
one adotom per surface site.
. . e . O
The kinetics of redistribution .t 78 K at
2

14

coverages less than 7 x 10 molecules per cm

czeometric creu follow & similar pattern to thot
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observed on films of molybdenum and nickel viz
reciprocal »ressure vrries linearly with time after
closure of the gae supply. Figure 6% displeys four
N . . 14
such curves in the coverage renge 4.5 to 7.2 x 10
- 2 s 4 1 - N, - . = m
molecules per cm™ geometric arcs (run 17.6.64). The
slopes of the curves are aporoximately the same =s.
observed initiclly with films of molybdenum and nickel
. & 7 -1
i.e. 107 to 10° torr per second,
. 14
At coverages higher then 7 x 10 A nolecules per
2

cm”~ the reciprocal pressure - btime relationship
becomes non~linear as exemplified by curve 4 on

figure 63 and the kinetics are represented by the

. o) 2 _
expre551on'gn P = k t2 where P°, P sre the
P

prescures 2t zero time (i.e. at gas supply closure)
and time t respectively. Figure o4 displsys seversl
such curves (also for run 17.6.64) including the results
shown previously s reciprocel pressure versus time on
curve 4 Tizure 63, The constant k decreases from
about C.5 to 0.% in the coveraze range investigoted
and 1s relsatively independent of the flow rate to the
film prior to supply closure, 4s mentloned earlier,
isotherms for o true gis -~ surface equilibrium cennot
be constructed for the hydrogen-titenium system
because of the effects of absorption. However, if

Temkin type behaviour is assumed then the kinetics of



.
the 't¢' diffusion mey be represented by the
1

expression (N° ~ N) = k‘t2 where No, N are the
concentration in the Temkin layer ¢t zero time =nd time
t respectively and k' is o constont which includes k
end the Temkin constent. This form of the kinetics
suggests 2 raindom wolk aiffusion process ond it was
hoped thaet @ simple physicel model could be devised

to fit the experimental resultis,

One difficulty is thut, when The surface is net
uniformly covered, there i1s a gis phase diffusion
competing with the 't%' process,., Lowever, trensport
via the gas phase decrecses more rapidly with falling
pressure and will only influence the second process
during the initial stages of pressure decay. A second,
and more serious, difficulty crises from the form of
the experimental kinetics. During the latter stagzes
of a vpressure decay (i.e. wherrér&’is linecr with t%)
an estimcte of the rate of transport of gas may be
made 1if z reasonible velue of the Yemkin constant is
esoumed (say v 10713 per mclecule per cmg). This
rate is not negligible compsred with the flow rete to
the cell ond a concentration gradient must be expected
to exist within the svstem ct the time of closure of
the gas supply. Thus the true time zero of the
diffusion process (i.e. when the concentration gradient

is zero zlong the digstance axis) should be prior to
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—p
| TIME
- FIGURE 65. Desorption spectrum on warming a
: ﬁ?lm previously saturated at 780K,

! on vessel unlagged, liquid
nitrogen bath removed at zero time.)
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the time of closure of the gos supply - such a
correction is found to be unnecesssry to 'fit' the
experimentol results to @ straight line,

Studles in the field emission microscope have
shown a zgenersl imaoblility of hvdrogen adatons ot 780K
on & ronge of metals and 1t will be asszumed that such
a situstion exists on titanium i.e. that the T
nrocess 18 in facet bulk phase diffusion. This
correlates with the observation of uptekes &t 780K
which cre too large to be solely on the surface and also
with the wvery repid diffusion processes ovserved atb
high temperatures (1950K, 300°K). The tempersture at
which the diffusion becoumes rapid compered with the
time scale of the experiment has been estimated from
the 'desorption spectra' of films which had been
previously socturated ot 780K. Figure 65 displays one
such spectrum - the rapid fzll in pressure betueen
110 snd 125°K is most probably due to the onset of a
rapid bulk phase diffusion which cannot, therefore,
have an activation energy exceedlng about 7 kilo-
culories per mole,

Any simple process in wiiich the amount diffused
after time t is »roportionel to t% may be expected to
involve & constant concentrition at or just within the

L]

surfece (see "Mothematics of Diffusion' by J. Crank,
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pages 35 - 36) and slso a constent concentrution
within the solid 2t zero time., The latter condition
hos been mentioned asbove znd doec not appear to be
fulfilled. It is still interesting, however, to
consider how the first condition (constsat
concentrztion of diffusing species near the surfuce)
is or could be maintoined., It has been wentioned
previously (section 14.7%) that the bulk site to bulk
site cctivation enerzy ig probably rate controlling
since the measured sticking probubility is a function

- 0of both the flow r2te to the film snd the total

0

uptake., If the activation enerzy for passege of

T
o

from surface to a subsurfzace layer is lower than for
bulk diffusion then the subsurfuce mey be maintained
nearly full while gas lost by diffusion can be
replaced from the surface.

14,6 Phoce egullibrie in the hydrozen-titenium system

o mention hzs been mide in previous sections of
the various phase equilibris which exist in the
hydrogen~tit.niuvm system since these were not essential
to the general arguments put forward. IHowever, rates
of diffusicn of hydrozen through the verious phases
hove been measured snd some considerabions sre
pertinent to a more general discussion.

It is well estoblished [see for exzmple M. Hansen,
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Constitution of Binary Alloys, (MdGraw-Hill Book
Compeny, Inc., New York, 1958)] that the hydrogen-—
titanium system exhibits three distinct phases - a ,
anmf&. The o phase is essentially o solid, solution
of hydrogen in the hexagonszl close packed metoal lattice;
i1t is not known whether the preferred sites have tetra-
hedral or octechedral symmetry. Below about 600°K the
¥ phase develops in equilibrium with the o phase at
overall compositions greater than about 5 atomic %
hydrogen at 300°K and at prozressively lower compositions
as the temperature is decrezsed. The X phase has a
face centred cubic structure with a minimum hydrogen
compogition of around T1H0.7 at BOOOK. FProgressive
filling of vacsncies in the ¥ phase gives a final
composition of around T1H1.98‘ At temperatures higher
than 600°K a body centred B phsse may exist either alone
or in equilibrium with & or the‘K phase.

Rates of diffusion of hydrogen have been
measured in z2ll three phases by a variety of techniqgues.
Stelinski, Coogan and Gutowsky (1961) have used proton
magnetic resonance techniques on a powder sample held
between 780K and 400°K and obtain activation energles
for diffusion in the ¥ phase of 9.4 + 0.5 kilocalories
per gm"atom at composition.iﬁﬁl.6o7 and 10.4 + 0.5
kilocalories per gn atom at TlHl.95' An analysis of

their results indicates the possibility of a linear
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increase in the sctivation energy with hydrogen
composition. Using & similar experimental technique
Spalthoff (18962) obtained an activation energy for
diffusion of hydrogen of about € kilocalories per gnm
atom 1n the X phase at composgition TlHl.98 within the
temperature range 420 to 57OOK. Coogan and Gutowsky
(1962) have further treated the diffusion of hydrogen
in the X;phase in terms of s simple electrostatic model
and conclude thet migration is between tetrahedral
vacancies in the lattice, with an octahedral site as
the 'saddéle point' along the (curved) diffusion path.
(It is interesting to note that the concept of &
partially positively ionized hydrogen atom within the
lattice slthough used by Coogan and others is not
universally accepted - Gibb (1962) considers a hydride
model to be more asppropriste and accounts for the
rapid hydrogen diffusion within the lattice by
proposing a quasi-tautomeric structure of the transition
state),

Rates of diffusion of hydrogen in & and B pheses
have been obtasined using transport technigues.
Wesilewski and Kehl (1954) found at ‘'high temperatures'
values of 12.4 and 5.44 kiloczlories per gm atom for
& end B phases respectively using samples of relatively

low hydrogen composition.
o) 3t
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It was proposed in zn earlier scction that the
region of near constant sticking probability et
5000K and 1950K was due to s constant surface condition
- 1t now remains to reconcile this with the concept
of a steady conversion of ato ¥ phase with increasing
hydrogen composition. There is one feature of the

phase diagram which readily correlates with details of

9]

the 5 versus uptaeke curve - namely the point of
onset of a decresse in 3 and thet of the finsl
disappearance of & phase. Both are observed at a
composition around TiHO.7 at 300°K (see the table of

62 vaelues in section 14,3 and the phase disgram of
Wedler and Strothenk (1966) reproduced here for
convenient reference). This is some evidence thet the
'normal' phzse diagram applies to film absorbents since
the falling scbsorption heat with composition in the
pure ¥ phase region will be reflected, on the basis

of the proposals in 14,3, in an increase in adsorbate
concentration and thus in a lowering of S. In the two
phase region one possibility is that the }ﬁphase
nuclestes readily near the surface and further uptake
occurs via diffusion through this layer. Reference to
values of Gf in section 14,3, however, shows that the
rezlon of constant £ 1s reached ¢t uptakes equivalent
to a4 few ‘'monolayers' of gas - the lattice distension

over such a large area may be insufficient to create
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nucleation, (It is worthwhile noting that the
nucleation of = second phase within a2 phase of smaller
lattice. constants is inhibited by the distension
pvroduced - this concept hss been utilized by Everett
and Nordon (1960) and Scholtus and Keith Hall (1963)

to explain hysteresis in the a~B transformstion of

the hydrogen-palladium system. This influence will be
lower near a surface and for the smell crystallites

of which the film is composed.) If ¥ phase exists
near the surface in the manner described then there

is still difficulty in explaining why the concentration
in the adsorbed layer is not a function of the duration
of gas flow interruptions since the two phases would
not be in thermodynamic eduilibrium nor (judging from
measured activation energies) near & steady (i.e. time
independent) state.

A second and stronger proposal is that the A and
¥ phases «re near true equilibrium both during and
subseguent to gas uptake., This is expected by virtue
of the low activstion energies for diffusion giving
high mobility a2t BOOOK and 1950K. (4in activation energy
of 10 kilocslories per gm atom gives sround lO6 hops
per atom per second &t BOOOK and about lO2 nops per
‘second &t 195°K., ) Thus we have the situation in which
each phase 1s in eqguilibrium with essentially similar

surfece phases i.e. the adsorbate composition is fixed
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while o and ¥ phases co~exist.

At 78°K it has been shown (section 14+5) that under
the conditions of high surface cleanliness the sorption
is probably diffusion controlled. Unfortunately
transport methods have not been refined to eliminate
surfece contamination «t low temperatures and there is
the possibility that the surface to subsurface stage is
modified by zdsorbed ‘foreign' specles such that it
becomes rate controlling; This view is in line with the
results of Silberg and Bachman (19583) for the hydrogen-
palladium system which showed that passage of hydrogen
through the membrane was a2 sensitive function of
surfsce orea but wes relatively independent of membrane
thickness.

Presumably in the low temperature region the «
and }{phases 8611l coexist but since mobility of
hydrogen atoms is greatly reduced there may not be even
an approach to equilibrium. Thus the activation
energies in the individusl pheses are critical in
determining both the sorption rite during sas uptake
ant also the redistribution process observed after
closure of the gas supply. It is hoped that a compre-
hensive model of diffusion inteo =z two phase system can
be devised to eliminate the various anomslies in the
form of the redistribution kinetics which have

previously been discussed in section 14.5
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15, HYDROGHN O 2 .07ALUM

15.1 The uptake

A1l films of tontelum were deposited with the
: o . .
substrate at around 100°C i.e, they were somewhat
sintered. The weight of the deposits vsried widely

due to 'premature' burning out of the filament during

n

evapor.tion. woseversl attempts were mude to estimste
film welzht from the weight loss of the filoment) these
failed because of the extreme brittleness of the
tantalum filsment 2fter filwm deposition.

ifydrogen wos absorbed into tentelum films et 78,
90 and 5OOOK. The low temperature behoviour wes similer
to titenium in that the apparent sticking probability
wss very low (AJlO"5) during the latter stages of
sbsorption. At room temperature the system wes unigue
in that absorption (&s evidenced by slow but
continuous drifts in the pnseudo~equilibriu: pressure

zbove the film) was apprecizble only &t welatively nigh

o A~0 ~ P
oressures (»107° torr). TFilms reguired Ffrom 2-10 x
16 . ) 2 A e vy b
10 molecules per cm™ geometric area to oporoach
seturation. (‘the letter term refers to o 'pseudo-

equilibriun' nressure of about lO“ﬁ torry the rezson
for this choice will become apparent in later sections).
The only dota av.ileble for hydrogen odsorption/

absorption on tantalum filwms is due to Beeck (1950)
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who used czlorimetric technigues to secsure the hects
of adsorption cnd sbscrotion., DBeeck, in presenting
e At to a1 Fion of 860 - 10%°
his dato, refers to absorption of 850 x 107~ for

. P . - - O~
sttainment of eguilibriuvwm pressure of 1.% torr at 3007K
but unfortunately fuoils to ive the weight of the film.
(Beeck's dutn connot refer to 100 wng of film in this

instance #s this is eguivalent to s hydride composition
of TaH5). Murther reference will be rede to the above
work when dealing with absorption at room temperature.
The weights of film denosited in our experiments were
probably in the renge 10 to 30 mz., This would

indicate & stoichiometry snproaching that of the bulk

hydrice Tai.

15,2 The sticking wrobability at zero coverage

Run 5o Trilm (°K)
224,600 0.7 300 T
27 Ol O 90
204,64 O.42 %00

7+10.54 O, 4L 300
Con? 90
5e0.Hl Q8 L 78

)

The table includes the values of initisl sticking

probsbility (SO) for seversl experiments at 78, 90 and

300°K. In run (7.10.64) ~bout 3.5 x 1013 molecules per



2 . . o4 O -
cm~ eometric ures were adsorbed ot 007K before
cooling to the lower temperature. As with other
nietals SO was indeoendent of flow rate within the

- Coaa oo . 11 . . 12
ronge studied 1.e. about 2 x 10 to 5 x 10

2

molecules per cm~ per second, In view of the high
melting point of tantolum (3000°K) the filnm surfice

is expected to be very rough -nd & thus enhanced by
'multiple collisions'. for molybdenuin 1t wes assumed
thut the sticking probsbilities were 0,35 and 0,7 over
pline =nd rough surfuoces respectivelvse If the szne
probebility of o wmultiple colligion is issumed for
tentalum then the sticking probsbility over a2 plane
surface is sbout 0.12 - 0.13. If & is the probability
thet a molecule, having collided with Gthe rough film
surfece and been reflected, will collide with it again
rother than resich the void of the rezction vesszel then

it is rewdily shown thot

o .
Sp = X where ST znd Sy are the
1- 0 + CLST

sticking probebilities over plone and film surfoces.

~

This exwression was used to calculute the cbove data.

15.% The sticking probobility ws o function of

cover.ie

15.%5.,1., The 'zdsorption' region.

“t 300°K the sticking »robebility fulls with



-6

1 10
o)
~N\
0 775 :
b 1074 =10 78
H Bee also ' .
H Figures 70, 71 ) g
i and the text. 75
& 2
My o
Lb -t
5 2
5 1072 4665
T
2|
Y ) 3 L 5 6,
PER CM x 1012

UPTAKE (MOLECULES
FIGURE 66. S versus uptake at 009K,

GEOMETRIC AREA)

Shy



246

. . . e -2 s s
increasing coverage until ot SV3 x 10 ecuilibrium

\ -10
pressures become measurable (>10 1

torr). This
contrests with films of molybdenum, nickel and
pallcdiuva ot BOOOK on which S fulls to arcund 0.32, 0.26
end C.8 respectively at a similor eguilibrium pressure.
Fizure 66 displays a typicsl curve ot BOOOK. It nay

be noted that, <s with the other metals mentioned above,
there ig o flottening off of the true sticking
probability (i.e. thot colculated from the sharp
changes in pressure at interruptions of gas flow) at
coverazes where eguilibrium pressures are resdily
observed. In the ccse of tantslum, S 1s comparatively
low in this region and the phenomenon is most readily
observed. Thus, in one experiment at 3%00°K (3.6.54)

it wes possible by using & high flow rote (4 x lO13
moleculesmer sec,) to mesasure a true sticking

-

—!
probability at equilibrium pressures of about 10 torr.

. . 16
The value obtained &t & coverage of 1.5 x 10 °
} 2 . -2
molecules per cm™ geomebric ares wes apround 1 x 10
thus dewmonstrating near constancy of 3 over & wide
range (see figure 6&) and also a virtual independence
of 3 on flow rate to the film,
- O 4n s - .

At Y8, 907K the sticking probability curves in

the initisl region sre similar to those of Mo, Ni and

Ti., The velues obtained from AP, (figure 23) lie
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cround 0,26 up Lo coverages of about 4 x lOl5 molecules

D
per cm~ zeometric area. TFigure 67 illustrates the

variction of S with coveragse during the initial stage
of adsorption =t 780K.

In several experiments the films were wermed to
BOOOK after gas additions at 78 or 9OOK and on
recoocling to the low temperature the initizl sticking
probability was oground C.34 end indenendent of
coverage up to at least 18 x lO15 molecules per c;m2
zeometric area (see for xanple the results displayed
in fizure 75).

olow redistributions are observed on closing off
the gos supply at coverages grecter then about 9 x
Z!.OJ‘LL molecules per cm2 geometric ares, As with other
metels, the onset of redistribution may be observed
with greater sensitivity from the recovery of S during
gas flow interruptions,.

15.%.2. The 'cdsorption' rezion.

At BOOOK the observed pseudo-eguilibrium pressures
ere relatively independent of time e.g. the drift is
around 107°% per second at 1078 torry ot higher
pressures the drift is more marked - around 17 per
second at pressures greater than 10_5 torr. ot & flow
13

rate of 2 x 10 molecules per om2 and & tempersture

Opr s } s
of 3007K the pseudo-eguilibrium pressure beconmes



- ~Oa 5 =
PSAUDO~-E UILIBRIUM -
) . PRESSURE AT A

o
N
3
o’“

\ . FLOW RATZ OF N

. | PER CM® PER SECOND s

BILIIY §
/

S VERSUS
UPTAKE

\ " USINGAP,

\~ (SEE FIGURE

\ 23.)

-
o
|
Y

\
¥

’
¢

STICKING PROBA

N
af

.
-
LTS
L
2
@ T
@
. e, ? a
TRV e, :
SR,
-2 ,
O T e e e e e et e et e e

0 5 10 15
' UPTAIE (MOLECULES PIR CM2 GiCHETRIC AREA)

FIGURE 68. Adsorption and at orption at 30C k.,

2 x 1012 MOLLCULES ™ 8- e”

e v doh a3

20
x 10

AN
o
I
' W
P3EUDO-EJUILIBRIUM PRESSURE (TORR)

-4

15



250

1 .
8
{ g i a
" P ]
107 18 b
i A 3
-7 A :
107<! . :
i i
S :
o b : ;
T I : :
HY E 3 g f
i v ; 4
I ¢ : F { i
(4] i i ] p
- i i | :
10~ i i i
{—q & [3 . 3
i H 1
M b :
=R | |
2 ,
(&) § ;
=
. LW
g ; |
Ex 4 :
w .

3
L
P

N PO RS ol i oy T a3 i B

§
300°K . 90°K | i

> FLOW RATE | \
. 9

6 x 1012 MOLECULES \

107 | |
PER CM® PER SECOND \

E 1 if ¥ E] 3 8 . j |
0 2 4 6 &, 10 12 1%
UPTAKE (MNOLECULES PER CM“GEOMETRIC AREA) x 10

FIGURE 69. Absorption at 90°K,

eBRP RO AR NIIOR




251

nearly constant at about 2 x 1077 torr - all Zas
entering the reaction vessel 1s now being zbsorbed,
Fipgure 68 illugtrates one attempt to saturate a film
et 300°K,

The results of Beeck (1950) zre very pertinent
to this section siuce, from nis dotz, it i1s possible
to deduce the onset of the =bsorption process at
5OOOK. Jeeck observes a heat of sdsorpbtion falling
from zbout 39 kilocalories per mole tc 14 kilocalories
per mole after which point the hest curve chenges
slope as cbsorption proceeds, This agrees with the
data reported here in that absorption is apprecisble
only in the rezion where measurable equilibrium
prescsures exist i.e. where the heat is sbout 10

kilocslories or below at 300°K.

\ o . o
At 78 znd SO K the absorption occurs with s low
apperent sticking prcbabilitys figure 59 shows a

typical curve at 9OOK. As at room temperature the
sticking probability colculsted from the sherp
pressure changes is almost independent of both uptake
cnd the flow rate to the film. The latter was varied
by a factor of 40 in one experiment (22.4.64), 5 was
essentially constant up to at least 80% of the total
uptake, In controst the sticking probabilities

calculated from the totocl recction vessel pressure are
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not independent of flow réte. Ior the lzst mentioned
0.69
experiment ¢n approximote relstionship was Py = (CP2>

(Pl ~ 348 Peservolr pressure, Pg rezction

vessel pressure, C - constant) at coverages

a
5 16
between 4 and 5 x 10

2 .
molecules per cm~ geometric
cree for o voristion in Pl of 30 times.

15.4 Redistribution processes,

4t %00°K the Temkin eguation is not obeyed even
approximately except in the linited renge 1077 to 1077
torr the decrecsing slope of tihe isotherm is zt lesst
in part due to removal of surfoce gas by ebsorption.
Lvtempts were made to correct for the effects of
cbsorption hut ulthough the isotherm appro-sched the
Temkin form there wis still some curvature. The szie
data ss displsyed in figure 70 w:is replotted as
logerithn uptake versus logarithm pressure (figure 71).
A straight line wos obtoined without recourse to any
disposable parameter - the indicsted relotionship being
N (molecules Der cm2 ner geometric sres) = 1016'55.
P O.1 (P, the equilibrium pressure in torr). This has
the empiricsl form of a ¥reundlich isotherm$ to
demonstraote adiherence to the non-empirical form
reguires measurenents over o renge of temperatures
end is thus not possible from the results presented

here. Unfortunately, the deceys in equilibrium pressure
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Oy, . ..
at 3007K were too slow to be conveniently studied over
lerge pressure ringe, such results es were obbained
sugzest kinetics of the form logsrithm of pressure
linear with the scucre root of time i.e, =g found for
da 2 . e e N . r Q-
titanium (and tentslum) =t 78 K,

. Oy - , . . . i -
AL 787K end QOOL slow redistributions are detected
14

-~

at coveragnes in excess of about & x 10 wolecules per

cm2 geometric zre: from the recovery of S during $os
flaw interruptions. The pressure decays «fter gz

supply closure cre too repid to be cuentitebtively
observaed until sround l.4 x lO15 wolecules per Cm2

nave been added i.e. s for molybdenum filas ot 780K.
With ftitenium . at 780K it was demonstrated that the
reciprocsl pressure versus time reletionshipn held over

& small coverage ronge. This is =zlso observed with
tantalum at both 780K and 9OOK; three such curves are
displeyed in figure Y2 for coverayes between 1.3 and
2.8 % lO15 molecules per Cm2 zeometric area. The
srodients of the curves are virtually identicgl to those
observed at similar coversges on films c¢f molybdenum at
780K. If iv is supposed that the Temkin equetion does
not hold at 78°K then the kinetics of « Ze.S plicse
diffusion night be expected to have : radically different
form. However, Hayward, King snd Tomkins (1967) hsve

shown, using a similcr orzument to thot used here for
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molybdenwm, that, for a Freundlich type isotherm, the
1-n

ges phase diffusion obevs the expression P n =
K(t+to) where n is releted to the coverage N and the

1
pressure P by the expression ¥ = CP n (C, a constant).
it BOOOK n is sround 10 and aszuming that the non-
empirical forms of the Freundlich egquations extend

©1% snd 78, 9OOK then n is around 38 at the

between 500
low temper:itures., Thus the kinetics of redistribution
will still be virtually 'reciprocal' in form}

A% higher coverages at the low temperatures the
pressure decay after closure of the g s supply follows

O

nressure linear with the

£

the relationship logerithm
square root of time, Unfortunately the KNICK pico-
cmneters were used for some me surements at this time
and there wss a non-linesrity introduced on changing
the current range thus ziving a sharp breck in the
experimental curves. Figure 73 displays several
results at 780K and figure 74 a single result at 780K
(vsing the BKCO vibr.ting reed electrometer) which was
lineur over four orders of magnitude chznge in pressure.
The srodients of the curves and the gas uptokes are
included in the followingz tebles (run 28.5.64).

The grodient is thus similur in megnitude to that

observed with titanium at 780K.
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Gradient Uptake
1 .
(Bec? per 2.7 chinge (molecules per cn®

in P) 1;E0lle JTEI)
0.45 70.9 x 10™%
O.Q-O 75‘4‘
0038 77'0
Ce274 836.4
0.21 45

At 9OOK tiie kinetics are similar in form but
with gr=diernts & few times lerger then .ot 780K.
Unfortunately, no comparisons were made at the two
temperatures using a single film.

The discussion given in section 14.5 applies here

since szain no t, porameter is regquired to improve
the linearity of the 't%' curves, In formulating the
kinetics ae 'number diffused proportional to sguire
root of tiwe!' there is the toclt sssumption thet the
Temkin egu:tlion nolds ot the low tenpevature, This,
prrbicularly with tzntslum, involves tiie not
unreasonable assumption that the shape of the heat

curve 1s different in form 2t hizgh and low temperatures,

15 Desorption spectra

o

o

besorption spectra were obtsined with tantolum

by repidly werming films which had been previously
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particlly saturated at 78° or 9OOK; the temperature -
time profile used was siniler to thet displayed in
figure 43, The results are very simil:sr to titanium-
hydrogen spectra viz a rapid fall in pressure =
temperatures above 110 -~ 120°K. Fipure 74 displays
three such spectra starting at 780K and & single
spectrum for an initicl tempercture of 9OOK. The +time
axis of the latter has Dbeen displaced to meke the
temperatures coincident at ebout 110%K - there is
excellent cgreement in the temperstures @t which the
pressure rapidly decreases. The regults ut 780K are
for & single film to which gos was edded ot both low
and high temperatures. Figure 75 illustrutes the
'history' of the film prior and subsequent to the
various desorptions. The number of molecules desorbed
can be approximstely celculated in the manner
previously described in section 12.,7. 4bout % x 1015,

12 15 . 2 o ames
< molecules per cm™~ geometric area

5 x 10 and 1 x 10
are desorbed in spectra A, B and C respe tively thus
indicating th.t only o small frection of the
redistribution is via the gas phase., The numbers of
molecules desorbed are cpproximetely pronortional to
the zmount of the preceeding upteke for which 5<0.31
i.e. when the gos phese is in pseudo-equilibrium with
the surface., This indicates that the -~mount desorbed

is proportional to the total surface at ‘'virtual!

saturation.
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15.5 TPhase eguilibria in the hydrogen-tantalum

system.

It has been seen thot the phase eguilibria in the
hydrogen-titanium system are reasonably well under-
stoodsy unfertunately the same cannolt be said of the
hydrogen-tantalum system. Walte, wallace and Cralg
(1956) reported a tentative phase diagram for this
system based on thelr own Zray and resistance
measurenents and on the hest capscity data of Kelly
(1940). The heat capacity measurements were extended
by Saba, Wallace, Sendmo and Crailg (1961) but their
other ZAray data hes not been published in detail.
Stalinski (1954) obtained iray data which conflicted
with the proposals of Weite et al and it has been
pointed out by Pedersen, Krogdahl and Stokkeland (1965)
thot Stalinski's results sre consistent with & and
B 'phoses' differing only in the degree of distortion
of o single cubic phase. It appesrs thot the inter-
pretation of Zray dsota might not be unique, which could
be the reason for the large scatter in the reported
values of the composition ranges &t 5000K of the two
phases (the o phase has been cleimed to exist up to
TaHO.lE’ TaHO.g, TaHO.57 and TaHO.5 in various
investigetions, likewise B phuase has been reported at

compositions greater than TaH, 5, TaH, g and TaHO.6)'
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Kates of diffusion of aydrogen in the high
temperature & ‘'phise’ have been measured on powdered
samples using proton megnetic resonance by Pedersen et
al who obtained an cctivgtion encrzy of diffusion of
1.6 £ 0.4 kiloczlories per gm atom between 200 and
100°K, The same workers obtain a valuefor & 82 phase
of 6.3 £ 0.6 kilocalories per gm atom which, as with
the ¢ phase, is apparently independent of composition.
In contrest Pedersen et al find for the B phase at
TaHO'l ? an activation energy of 3.7 = 0.5 kilocalories
per gm atom and an approximately linear decrecse with
composition to 2.6 z 0.3 kilocalories at TaHO.66'
Spalthoff (1961) and Torrey (1958) find activation
energics for diffusion of hydrogen of zbout 2.5 kilo-
calories per gm atom below 24OOK, Torrey finds s value
5.8 kilocalories above 240°K,

liork presented in this thesis hos indicated that
the sorption of hydrogen into tantzlum at 78, 9OOK
wes probably diffusion controlled at lesst during the
redistribution process. This would indicate sn
activation energy for bulk diffusion of not less than
about 5 kilocalories per gm atom i.e. considerably
higher than most P.M.R measurements. Without further
informetion it is not possible to decide whether the
‘hydride' structure is basically different when ges

uptake is at 2 low tempersture (as in the sticking



probability experiments) to when there is prior

formation at a high temperature.

16, HYDROGEN ON PLLADIUM

16,1 Stoichiometry and phase equilibria

The stoichiometry =and the phase structure of the
hydrogen-palladium system have been studied extensively
by a wide variety of technigues. There is general
agreement that two phases may exist at room tenmperature
and below; the range of stability of these (o and B)
phases has not been so clearly cheracterised. The &
phese has been commonly regarded as a solid solution of
hydrogen in the face-centred cubic pallasdium lattice with
a maximum composition of about PdHO.04 at BOOOK. (see
for example the neutron diffraction results of Worsham,
Wilkinson and Shull, 1957). There is evidence, however,
from resistance messurements (Lindssy and Pement, 1962)
that & relstively long range order of hydrogen nay
exist in this nhase. Above an overall composition of
PdHO.O5 the P phase nucleates within the o phese -
the minimum composition of the former is around PdHO.5.
The structure of the PR phase has been recently determined
by Worsham et al using neutron diffraction techniques,
they conclude that in PdHO‘5 cach face centred palladium

atom is surrounded by four hydrogen atoms. The B phase
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can take up additional hydrogen to on approximate
composition PdHO.7 (but see later). TFormerly it wes
proposed that the zero paramagnetic susceptibility of
the hydride PdHO.6 was due to electrons from the
hydrogen entering and filling the d band of the metal.
Michel and Gallisot (1945) have shown conclusively
that the effect is due solely to distension of the
lattice. This, =2nd other evidence, has caused Gibb
(1962) to suggest that the weight of evidence favours

a hydride model of the B phase. Gibb accounts for the
high mobility of hydrogen within the lattice by
proposing a quasi-teutomeric structure of the transition
state for diffusion between lottice sites.

It has been previously mentioned that, generally,
the limiting composition is found to be around PdHO.7
irrespective of whether electrolysis or direct methods
of formstion srec used. This is in good agreement with
results obtained here during sticking probability
measurements on sintéred and unsintered films. The
weights and overall compositions of various films are
recorded in the following table - the latter stages of
sorption are invariably at 78 or 90°K,

In contrast Suhrmann, vWedler and Schumicki (1959)

obtained a maximum composition of PdHl 5 at 78, 90

v}

and 195°K using ultra~high vacuum evanorated films

a

and Castellan, Hoarc and Schuldiner (1958) obtained
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RUN PILM WiIGHT HYDRIDE *
(mg) COMPOSITION

22,1 .64 47 Pally gg
%08.1.64 0 Pak, ,
5.8.65 31 Pdlig ue
12.8.65 36 PdHy 50
27.5.65 29 PaH, oo
*10.11.,65 5% ot - Pdpes

* unsintered films, * for S(\)lO~5 at 78°K or 90°K,

PdHO.98 using an agueous colloidal suspension of the
metals One possibility is thet the metzls so
produced had.a high concentration of defects which
allowed additional uptske., The films of Suhrmann ct
were deposited at 9OOK and annealed at 5750K; it has

been shown in this thesis that the surface structure

(and presumably the bulk also) of films deposited in

weay is entirely dissimilar to that obtained by
deposition above BOOOK.
Hysteresis has been observed in the @, B trans-

formation e.g. Lembert and Gates (1925) obtained a

al

this

typical 'loop' in their sorption/desorption isotherms.

Gill spie and Galstaun (1936) claimed to have
eliminated hysteresis by heat treating the sample to

O r by * >
around 630 K between each addition or removal of

hydrogen but their conclusions have been guestioned by
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Lverett and Hordon (1960) who consider that there is

no reversible trensition between the two phases. 'The
latter workers propose that the nuclecstion of the 3 phase
can be arrested by lattice stress due to an abrupt
increase in lattice parameter on forming  phase. The
effect of the stress is expected to diminish with
crystellite size thus offering an explanation of the
datas of HNace and iston (1957) which indicated = low
hysteresis effect in = sample of nallidium black. The
view of Everett end llordon is in controst to that of
tace and Aston who consider that, during desorption,

0 phase near the surface reverts to « phase thus
explaining the sbrupt drop in eguilibrium (i.e. time
independent) pressure. There will be further
discussion of the hysteresis effect in a following

section,

16.2., The sticking probability of zero coverage

The accurate measurement of sticking probabilities
of hydrogen on palladium films near zero coversge has
been extensively considered in previous sections. The
results were presented for sintered films at’780K and
it was concluded that 0.99< s < 0.,998. Results for
unsintered films gave virtually identical values to the
above - this is expected since the enharicement effect

decreases to zero as the sticking probability approaches
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unity. Unfortunately, data of a similar accuracy was
not obtained at BOOOK as only 'normal' flow methods
were used. An anslysis of results, however,
indicates that values near unity are also obtained at
room temperature,

It is of great interest to consider why the
sticking probability approaches but does not guite
attain a value of unity. The sintered films are
undoubtedly relstively smooth in view of the low
melting point of palladium (c.a. 1825°K)and the
magnitude of s should nearly correspond to that for a
smooth surface exposing a similar set of crystal planes.
No sticking probability data has been previously
reported for the hydrogen-palladium system$ the
discussion must therefore be confined to the results
of the present work and to those obtained with certain
other systems which also exhibit a velue of s near
unity. Before considering the theoretical inter-
pretations of the results it is necescsary to discuss
one experimental artefact which could explain the
departure of s from unity at zero coverage- - namely
'precoveraze' of the film prior to gas admissioh. 1t
will be shown (in more detail) in the next section that
s. falls continuously with gas uptake and since s was

very high the preccoution wzs taken of only allowing
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hydrogen into the gos reservoir just prior to its
release to the film. The only possible source of
appreciable hydrogen is thus the evaporation filament]
this was made negligible by prolonged outgassing of
the filament (run no 10 figure 20) such that there was
virtually no pressure change after evaporation wes
completed - s was still less than unityl

The high initisl sticking probability for the
hydrogen-palladiuin system indicates thet the energy
accommodation and the adsorption are virtually
independent of the crystel planes exposed to the gas.
This is further substuntieted by the similar values
recorded for sintered and unsintered films. Apart
from deposition of metal atoms or condensation
phenomens (i.e. a2dsorption of atom or molecule on to
its own lattice) the only reliable recorded values of
s near unity are due to Bell and Gomer (1966) and
King (1966) both for the carbon monoxide-tungsten
system. Gomer and Bell considered that the gas
temperature was zn important foctor in determining the
magnitude of s. In contrast King finds no veriation in
s (from unity) with gas temperature within the range
78°K - 300%K for carbon monoxide adsorption on tungsten
films at 780K. Thus in the latter systém energy
accommodation is probebly complete irrespective of the

kinetic energy of the incident molecule,



There are three major possible reasasons as to why
s® is not unity in the hydrogen-palladium system.

1) The non adsorbed molecules night be reflected at
some particular crystsel plane or defect which occupies
about 0.5% of the exposed surface. This would not
appear to explain the similarity in values of s using
sintered and unsintered films unless by chance the
latter exposed a similer proportion of reflecting
surface. There may, however, have beesn & slight
tendency towards LOUWER s® values with unsintered films
- this, if substantiated, would suggest a crystal plsne
effecta

The 'non adsorbed' molecules might desorb from the
surface after 2) only partial accommodation to the
surface temperature or %) after full accommodation
but while still in some precursor state. The former
would almost certainly meke s® a function of g8
temperature while the latter would depend upon the
temperature of the zdsorbate. No evidence is available
for either 2) or 3) on palladium but other evidence
(e.. King, 1966, Shade, 1964) suggests that 2) is
unlikely. The situastion with regards to 3) could be
resolved by using the '(1-5S)' methods of measuring
the sticking probsbility to determine whether s© is

a funetion of surfzce temperature.
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16.3 The sticking probability as & function of uptake,

16.%.1 ~dsorption and sbsorption ot 78°K,

As with the other systems studied the sticking
probability of hydrogen on pallsdium at 780K falls
continuously during the initisl uptake -~ figures 76
and 77 display typical variations for sintered and
unsintered films respectively. The onset of a
redistribution process is detected =zt a coverage of
4 - 5 x lOlL‘k molecules per cm2 seometric area by the
recovery of s during interruptions in gas flow to the
film} slow pressure decayvs after closure of the gas
supply are observable at coverages greater than about
7eD X lOl4 molecules per cmg. The kinetics of the
redistribution processes are fully discussed in a
subsequent section.

Sticking probabilities calculated from the
'shorp' pressure changes (i.e. APy, AP, in figure 23(b))
are invariably independent of flow rate at all stasges
of the sorption{ this is NOT the case when the total
hydrogen pressure is used at uptakes greater thsn about
2 % 1015 molecules per cmg. (5ee also the results for
titanium and tantalum. ) Thus the absorption curves
(s versus uptake) 2re relutively meaningless unless
constructed from deta referring to a fixed flow rate

to the film. The effect of flow rate on the measured
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pressure sbove the film is conveniently displayed as a
log log function of the pressures P2 and Pl in the
reaction vessel ond gas reservoir. A linear relation-
ship is obtained at a fixed uptake but the slope is a
sensitive fupction of composition (see later). Such

a family of curves enable, by interpolation, sorption
curves to be constructed for a fix;;Ay;take - figures
78, 79, 80 displey results for sintered films at
various flow rates and figure 81 a single curve for

an unsintered film. The results for sintered films

are most interesting in that they possess well defined
minima which increase in depth at the higher flow rates.
Bignificantly, each minimum is at an overall
composition within the range PdHO.O4 to PdHO.O6 i.e, at
the maximum velue for pure o phase (see section 16.1).
It is suggested that the sorption curves to the base of
the minima involve only the o phase and the remainder
a mixture of o and B and ultimately pure B phase, Some
evidence for this 1s as follows:-

1) The depth of the minimum increases with flow
rate only in so far as shorter times are required for
the sorption i.e., the magnitude of the sticking
probability at the minimum is not predicteble from the
known pressure dependencies. Thus in one experiment

using & sintered film the initial uptake took place
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over a long period due to frequent interruptions of
the gas supply and the use of low flow rates. There
was subsequently little or no evidence for a minimum
even though the flow rate used was almost identical
to that in the sorption displayed in figure 80,

2) If a time dependent nucleation phenomenon exists
then it should increase in rapidity with decrease of
crystallite size since the distension effects
inhibiting the growth of B phase will be diminished
(see Everett and Nordon, 1960, and Scholtus and Keith
Hall, 1963). Thus the sorption curves for unsintercd
films (e.g. see figure 81) show no evidence for s
minimum at any voint of the uptake.

Activation energies for diffusion of hydrogen
wlithin the lattice have been reported from the rate
of passage of gas through metal membranes and from the
rate of uptake of gas into palladium wires. The
results are only of interest if the surfeces are
contaminant free since otherwise the rate determining
step msy not be characteristic of the hydrogen
palladium reaction. Thus Silberg and Bachman (1958)
found that the diffusion through = membraone was
dependent of surface area but independent of the
thickness of the membrane thus suggesting a rate

determining step at or near the metal gas interface.
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Katz and Gulbransen (1960) have measured the
activation energy for hydrogen diffusion through a
palladium tube and have found a value of 5.6 kilo~-
calories per gm atom in the temperature range 500 to
7500K. The latter value is presumably for the o phase
palladium hydride Jewett and Makricdes (1965) have
observed that at BOOOK the diffusion coefficient for
the B phase hydride is & factor of 10 higher than that
for the Xphase. On this basis the activation energy
for the B phase must be around 4.2 kilocalories at this
temperature, iLccepting these values for a bulk phase
diffusion process there is therefore the situation at
78°K in which diffusion control exists only in the &
phase - this agrees with the :xeneral features of the
sorption curves for sintered films viz a strong
dependence of s on uptake only at compositions less
than PdHO.OS (or where the saturation uptake is
approached). This is particularly well exemplified

in figures /8 and 7S.
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16.%.2. The FMlow rate dependence of the recction

vessel pressure at 780K

15

During the initiul uptakes (<2 x 10 “molecules
per cm2 zeometric area) the calculated sticking
probabilities cre independent of the flow rate to the
film i1.e. ct 2 fixed uptake the recction vessel pressure
is directly proportionsl to the flow rate. At higher
uptakes this proportionality disappesrs - S is 'pressure
dependent'. This hns been previously noted in both
tantolum and titenium systems at 78°K but the elucidation
of = definite relationship wis difficult in these cases
because 'S' fell rapidly with increasing uptake. With
the hydrogen-pallodium system at 780K, S varies relative-
ly slowly for compositions grecter than about Pd HO.OS
and the relztionship between reactlon vessel pressure
ond flow rate is rcadily investigated. Results indicate
thet there is invariably o linear relationship betwecen
the logerithms of flow r.ote and cell pressure.
Expressing the flow rate (i.e. the rote of gas uptake)
in terms of the reazction vessel pressure P2 ond the
gos reservoir pressurePl we have

flow rzte = F(Pl - P2) where F is the conductance
of the tubulation between vessel and reservair. The

cxperimentally obtained relotionship between Pl and P2
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may be expressed as
log Pl = n log P2 + n log C (n, C are constants).,

Thus since Pl>> P2

flow rate = FP, = F(CPg)n. Values of n have been

1
caleulated from two separate experiments both using
sintercd films - the results are displayed in figure 82
as a function of hydride composition. Figure 83
demonstrates the lincority of the relationship between
Pl and P2 - this particular data was obtaincd necor the
minimum of the sorption curve displayed in figure 78.
The valucs of dngry approximztely linearly with
composition n felling to around O.4 ncar the saturation
uptake. It has becn cstablished by Katz and Gulbrensen
(1960) thot at high tempercturcs (>500°K) the
perneebility of pelladium to hydrogen is proportional
to the square root of pressurc. This has been taken

as c¢vidence that bulk diffusion is rate controlling
since the 'P%' relationship is then readily derived 1f
Sievert's Rule is assumed. The results of Bilberg

end Bachman (1958), howcver, indicate thet such o
situation does not exist since permeability was
completely insensitive to membraone thickness., Likewise,
in coreful experiments on the degassing of nitrogen
from niebium ond tontalum wires at high temperaturcs

(1400°K) Griffiths (1967) hcs shown conclusively thot
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the desorntion of ges from the surfoce of the metal

and not diffusion within the metal was rote controlling.
This is, as previously mentioned, =lso in accord with
general feotures of the variotion of S with uptake ot

compositions greater than cbout PdIiO 05°

16.%3.% Slow redistribution processes at 780K

On sintered films ot uptakes betwecon 0.7 and 1.8
X 1015 molecules nor cm2 geometric arez the roeciprocal
of pressure varies linearly with time after closurc
of the gous supply. igure 84 displays three such
vorietions together with an exomple when the relotionship
ig becoming non-linear (in this perticulor casc =t 1.83
X lO15 molecules per cmg). Assuming adherence to the
Temkin equation (see 21lso section 15.4) the above
reletionship indicotes thet some parts of the surface
become soturatcd with respect To the ambilent gos pressurc
and, on closing the gos supply, therc is a net transport
to regions not ot situration. 1is shown previously the
redistribution mey be o process of diffusion down pores
or mercly & tronsport of gos between the exposed znd less
cxposed ports of the outer surfacc, the two processas
overlapping ncor the onsct of the slow pressurc GEClyse.
Both modes of redistribution hove been trezted in the
sections on the hydrogcn-molybdenunm system. It is

interesting to utilize the equation for transport between
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regions of the outer surface to estimate the extent

of the saturcted region ~t the point when slow pressure
decays are just observed., The slope of the reciprocal
pressure versus time curve ig gilven opproximotely by
51087 wherc 4 is the froction of the total surfoce

at saturction, a' is the slopce of the Temkin Isotherm
i.e. a'[N(molccules per cm® true surface)l = An g,;

S ie the sticking probobility ziving (from SZP) T

the nct rate of tronsport of molecules nnd Z is the
Hertz-Knudsen Collision Factore Unfortunately of
cannot be measured ot 78°K because of absorption and
the difficulty in c¢stimoting the roughness foctor of
the filme As a (very) rough cstimcte it mey be
assumed thnt a' is proportional to ('].‘OK)—l bctween

300 ond 780K and thot the roughncess factor of the film
is cround 2.5. From results 2t 300°K (sce later), o
is thus cstimoted-at 78°K to be 10713 per molcecule

peT cm2 true surface for 2.7 change in 'equilibrium!
pressure, Substituting the highcecst value of the
grodient of the reciprocal pressure versus time curves
(2 x 108 torr~t per second) gives the relationship A—l.
S = 0,7 thus indic:ting (since S v 0,19) that A ~v 0,25
ileee thot one guerter of the totol surfice is at
saturation ¢t this poiﬁt.

At uptokes higher than sbout 2.0 x lO15 moleculcs



2.5

FIGURE 85.

4.51

.

289

-

RUN - 7.7.65

m £ n IN THIS REGION. P
(See text.)

¢
§
§ . J
J Yoo A
I ]

Pty o Py o Fdio.4

HYDRIDE |
1~ versus hydride composition

at 789K,



per cm2 geometric area the kinetics of the pressure
decays ofter closure of the gas supply do not follow
any prc¢viously discussced relationship but instead are
adequately described by the relationship

-ngn(pressure) =‘8n(time + 2 constont, £°).

Values, of m vory from unity (i.c. p-l

lincor with time )
at the low uptokes to 0.4 near saturation. Thus m
varies over almost cxactly the some ronge of

mognitude as the parameter n discussed in section
16.%.2. but, as is demonstrated in figurc 85, m“ldoes
not decrease lincorly with increasing hydrogen uptake
(sce figure 82). The poromoter t° is usually in the
ronge 3 - 7 seconds except ncar sotur-tion where it
rapidly increcses to sbout one minute, No recsonable
model hns yet been devized to explain the kinctics of
rcecdistribution ~nd the veriastions in n and m with
hydride composition olthough in the reglons where n

~nd m ore approximntely equal 1t can be shown thit the
kinctics «re¢ consistent with on activation energy in the
rate controlling step which is 2 constont froction of
th-t for desorption from the surfacc,

15.%.4. Adsorption ob BOOOK

The vroriction of sticking probobility with

AR s s o
covercge ot 3007K h-s been displayed previously in
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Tigurc 243 the figurc is repectoed herc for cosy
references  The gener:l forms of S versus coverage
curves at BOOOK h~ve been described in sccetion 15.%.1e.
for the whole range of metnls including palladium.

The isothorms -t 300°K are Temkin in form with
gradicnts ocround lO"14 per molecule per cm2 geometric
arca (see also svction 16.%.3.). Figure 86 displays
a typiczl isotherm showing lincority over at le:st three
orders of mrgnitude. There is no evidence of
apprecinble cbgorption ot EOOnK up to the highest

4torr) showing that,

equilibrium pressures recched (107
unlike tantolum, the heot of nbsorption must be
appreeinbly below —bout 16 kilocslories per mole. The
rcsults of Suhrmann, Wedler ond Schumicki (1959) show
thot ropid "bsorption occums 2t low pressure into
p2lizdium films held ot 1950K thus setbting = lowcr
limit to the hent of =bsorption =2t =round 12 kilo-
calorics. These limits ~r¢ confirmed by observotions
of ~bsorption % temperoturcs gre-ter thon ~boub

400°K when high pressures (3100 torr) nre uscde
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APPENDIX

—

Calculation of A

Figure 87 shows a section through the side—arm
of the ionization gauge. The situation is somewhat
idealized in that the bend in the tubulation is shown
as a sharp right angle, and the gas is considered to
originate from a point source, whereas the diffuser
sphere is about 1 c¢m in diameter.

The mean distance*% that molecules travel along
the gauge tubulation before colliding with the walls
is l/nsglgdn, where n is the total number of molecules
involved. This equation can equally well be given in
terms of solid angles since the number of molecules
emanating from the source per unit solid angle is

constant. Thus

s L (o
4L g fasr, . @ae
-0 t

O .
whereI}- is the solid angle subtended at O by the

cross-section of the tubulation at AB.

For R > r andf&< L, to a good approximationilis
equal toTIr%(R+€)2 and d0= - 2nr2d8/(R+{ba.

The maximum distance that molecules can penetrate
before colliding with the wall is L, Thus the inte-

gration of equation (16) can be carried out in two parts:
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L
4 = 2nr2d£ + L \ a.n,
A No o (R+£)5 )

rd

- an

where,ﬂl}s the solid angle subtended at O by the cross-
section of the tubulation at CD. On integrating, and

substituting-ﬂ-c;:nrg/R2 andJEL= nrg/(R+L)2 we obtain

= RL
R+L

o
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