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ABSTRACT 

The 'Wagener' flow technique is developed to give 

accurate measurements of the sticking probability of 

hydrogen on evaporated metal films. 

Initial values are invariably high (>0.1) and are 

independent of flow rate and temperature. On sintered 

films the following initial sticking probabilities are 

obtained: molybdenum (o.75), nickel (0.38), 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 90°K the adsorbed layer builds up on the 

'outer' surface of the film and comes into pseudo—

equilibrium with the gas phase. The kinetics of the 

resulting slow pressure decays on interrupting gas flow 

are characterized, and a Eas phase process is proposed 

for the redistribution at low uptakes. At higher uptakes 

a similar model is applicable to molybdenum and nickel, 

the other metals absorb hydrogen and the redistribution 

is different in form. The rate determining step in 

absorption may be at or near the surface (palladium) or 

within the bulk (titanium and tantalum). 

2,t 195 and 300°K the adsorbed layer is highly mobile 

and is near to an equilibrium distribution even during 



gas flow. Titanium absorbs hydrogen in this temperature 

range with an almost constant sticking probability 

until the tlydride composition Till is approached whereas 

tantalum does so at 300oK only when there is a relatively 

high pseudo-equilibrium pressure (10-3  torr) above the 

film. Palladium does not absorb hydrogen appreciably 

at 300°K within the pressure range studied. 

Isotherms are constructed for the saturated layers 

and are found to approximate to the Temkin form. 

`Desorption spectra' are used to examine the 

energetics and population density of the adsorbed state. 

It is concluded that many of the adsorbed 'phases' which 

have been reported are merely due to surface rearrange-

ments of the adsorbate and are not reflections of 

changes in population density with binding energy. 
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MTaiDUCTI6N 

The velocities of idsorption of ',3.ases onto clean 

metal surfaces are found to approach the maximum 

possible rate i.e. an atom or molecule ad sorbs at 

nearly every collision beteen gas and surface. For 

this reason the kinetics of such processes are most 

elegantly discussed in terms of the sticking probability 

- defined loosely for the purpose of this introduction 

s the ratio of the rate of :.dsorption and 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 time. 

Thus, for a gas at a pressure P in contact with the 

surface, the rate of adsorption is 321D molecules 

per cm2 per second where S is the sticking probability 

and Z the Hertz-Knudsen collision factor - (27TmkT) 1-. 

The first reasonable model of the adsorption 

process was produced by Langmuir in 1918 who introduced 

the concept of sites for adsorption existing in the 

vicinity of each surface metal atom. 	On this basis 

Langmuir derived kinetically the form of the isotherm 

bearing his name by assuming that a necessary condition 

6 
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for adsorption was collision with a vacant site. 

However, lianL3muir later suested that in the case of 

oxygen adsorption on tunbsten it was possible for 

adsorption to occur on top of the primary chemisorbed 

layer thus discarding the necessity of vacant surface 

sites. Experimental evidence in support of this concept 

was obtained by Taylor J.nd Lanufflair in 1935 in a study 

of the adsorption of caesiu on tuni;sten. They found 

that the sticking probability was unity until nearly 

a complete monolayer of caesium atoms had been 

deposited thus concluding that the caesium condensed 

with unit efficiency and then migrated around in a 

precursor state until a vacant site was reached whence 

transfer to the strongly held layer occurred. It may 

be noted at this stage that, in contrast to much work 

on adsorption at this time, the results of LanEmuir 

for this system are still considered essentially 

correct; in fact it is relatively recently that 

similar results have been obtained for strontium and 

barium on tungsten (loore and Allison, '1955) and for 

barium and magnesium on tungsten (angerman and 

Morozovskii, 1961). 

Further evidence for a precursor state during the 

adsorption of oxygen on tungsten was presented by 
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orrison and .Loberts (19159) who found that the sticking 

probability did not fall as rapidly with increasing 

coverage as expected if adsorption occurred only by 

s molecules colliding with vacant sites. however, 

the evidence cited by hocrison and R.oberts is 

convincing only if the initial value of sticking 

probability is unity (as indeed they reported), other-

wise the less steep fall with increasing coverage may 

be attributed to an activation energy of adsorption 

decreasing with increasing coverae. Nore recent work 

on the oxygen--tungsten system has not substantiated the 

unity sticking probability at zero coverage and it must.  

be  concluded that the work of Eorrison and iZoberts is 

not a convincing demonstration of the existence of a 

precursor to chemisorption of oxygen on tungsten. 

The first reasonably reliable data suggesting the 

existence of a pl'ecursor to chemisorption of diatomic 

molecules was obtained by .Becker_ and Hartmann (1953) 

in a study of the nitrogen-tungsten system. These 

workers found a constant sticking probability up to a 

certain critical coverage dependent on the temperature 

and a rapid decrease beyond this point. ,gain since 

is -  less than unity (0.55 at 300o  K) the constant 

value may be due to a fortuitiously decreasing 
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activation energy with increasing coverage 	However, 

the initial 	decreases with increasing adsorbent 

temperature and this eliminates the possibility of 

simple activated process, but makes attractive the 

concept of a precursor state whose concentration 

decreases with increasing temperature. 	A similar 

negative temperature coefficient of S has been 

observed by Ehrlich (1961) for the same system at 

lower temperatures but where comparable (500°K to 

400°K) Ehrlich's values of initial 3 are lower 

0.15 at 300°K, and furthermore are strongly dependent 

on coverage at all temperatures above about 115°K. To 

add further confusion Kisliuk (1951) and Saini, Nasini 

and -.{ticca (1959) find initial values of S of 0.3 and 

0.03 respectively which are temperature independent in 

the range 100°K (200°K in the case of Saini et al) to 

500°K. The situation is as yet unresolved but the work 

of Hayward, King and Tompkins (1967) suggests for 

adsorption of nitrogen on both molybdenum and tungsten 

that B is independent of coverage only at temperatures 

below about 150°K and that there is a small negative 

temperature coefficient of S up to the highest 

temperatures used (about 350°K). 

The situation with carbon monoxide on tungsten is 
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similarly unresolved. Jledhead (1961) finds an initial 

S of 0.3 independent of temperature in the range 300°K 

to 600°K and likewise Nasini, 2icca and Saini (1961) 

find a constant value between 90°K and 500°K. Initial 

values of 0.36, 0.13, 0.62 and 0.3 have been found 

around 300°K by Necker (1958), Bisinger (1957), Lichlier 

(1958) and Ehrlich (1961) respectively. Howevers both 

King (1966) and Gorier (1966) have obtained values of 

unity at 78°K and 90°K by sensitive techniques 

measuring essentially (1 - 3) thus casting doubt on 

the earlier results. 

For the hydroen tungsten system no significant 

variation of 3 with temperature has been recorded in 

studies up to 700°K and in fact calculations from 

atomisation data indicate an essentially constant value 

up to at least 2500°K (Brennan and Fletcher, 1959) . 

Initial values of 0.1, 0.5, 0.32 and. 0.24 have been 

obtained around 300°K by -H:ickmott (1960), .iidsinser 

(1958), L-d_by (1965) and .:Adhead (1962) respectively 

and 0.35 by Pasternak and d._esendanger (1961) for 

hydrogen on molybdenum. 

It thus appears that the negative temperature 

coefficient of S may be confined to the nitrogen 

tungsten system. However, the existence of a precursor 
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is suggested in the other systems by the independence 

of S on coverage. Fortunately, by a modification of 

technique, the flash filament experiments used to 

obtain much of the ref,orted data can be used to supply 

infortion about the binding energies of the adsorbed 

species and thus about precursor states - tentatively 

identifying these with the most weakly held adsorbed 

states present. This so-called 'flash desorption' 

technique was developed mainly by Ehrlich (1961) and 

used subsequently by Rickmott, -aSby, Ihasini and others 

to detect weakl.y bound species. ;3uch species have been 

found for nitrogen, carbon monoxide and hydrogen on 

tun sten at low temperatures. For hydrogen adsorption 

it appears, from isotopic exchange and other data, that 

the most strongly bound states are atomic ; Eickmott 

(1960) concludes that at 78°K the h,ost weakly held 

hydrogen arises from a molecular type layer and thus 

identifies this with the precursor to them sorption of 

the hydrogen as atoms. 

'part from experimental evidence the existence of 

p ecursor may be established from the very nature of 

the gas-surfacereaction since, as pointed out by 

Lennard Jones, the potential energy of e. molecule 

acproachinE the surface must show two minima - a rather 

shallow one at a distance comparable with the hard sphere 
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diameter of the 	and a more pronounced one closer 

to the surface corresponding to the strongly held 

adsorbed state. Thus, if the outer shallow minimum 

corresponds to the precursor state , then the lifetime 

of molecules and. the process of trapuing of molecules 

in physically adsorbed layers is inti-::.Ately connected 

with the kinetics of chemisorption. 

factors influencinr; the manitude of S.  

The values of initial sticking probability no not 

L )pe...~r to vary sinificantly for the different ;as-metal 

combinations previously considered. This has led 

Ehrlich (1956) and 1 ter -i-yward end Trapnell (1964) 

to consider t t the surface is essentially patch-like 

in Jdsorptive efficiency 	egions where S is 

essentially unity balanced by others where S is very low. 

;:strong evidence to suport such 	theory wLs obtained 

by :LT:hrlich who found that different but entirely 

reproducible v.uues of 	could be obtained using 

different samples of tun ;seen wire. Ehrlich considered 

that the 'active ptches were isolated atoms of high 

adsorptive efficiency perhaps situated at defects or 

dislocations in the surface structure. Hodever, this 

c. n be discounted since the density of such sites is 

probably too low to explain values of 	-round 0.3 and 



13 

furthermore if such a density of sites existed then 

the whole of the surface could be reached by a 

precursor of only moderate stability and 3 might be 

expected to J!,-:.q•in const:hat. en alternative sugestiori 

has been put forward by Hayward and. Trapnell namely that 

the active patches are certain crystal planes. This 

does acopear to be 	 more 10,4cal conclusion although 

it conflicts with _asine (1950) who claims to expose 

only the 511 lane of tui-aeJsten and finds the sticking 

probability less than unity and similar to that for 

other metals. There is some reasonable doubt, however, 

that a sin8lo Slane is exposed in the latter work. 

The reason for a hiah efficiency of adsorption on 

certain planes is probbly associated with the process 

of energy tn-.n[Jfer between 	and solid durinh the 

initial interaction with the surface. Unfortunately, 

in stronL,ly interacting' systems the efficiency of energy 

transfer is difficult to measure e7Derimenta.11y and 

comparison must be rade with results obtained for the 

rare L ses. However, since we envi_sa6e a weakly held 

precursor to chemisorp ion of the 'active 6ases' such 

comparison .Jiay be helpful. 

.1:nery  transfer 

The classical model for trap-bin,?; considers the 

atoms or molecules in the surface force field both 
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and subsequent to collision with the lattice. nn atom 

or molecule must give up some of its kinetic energy 

perpendicular to the surface in order to be captured 

i.e. remain within the ran ,e char: cteristic of the 

surface forces; failing tnis a molecule will rebound 

from the surface with little or no diminution of energy. 

The situation at imoact is fundamentally different from 

that durin vibrational energy transfer in was phase 

collisions since the energy of compression )roduced in 

the lattice at the point of impact may be probogated 

through the lattice as a phonon thus making energy 

transfer more efficient. aifter tra,p.tJing the atom or 

molecule may lose further energy to the lattice and come 

to thermal eeuilibrium. At some stage , either brior or 

subsequent to equilib.z,tion, the adsorbed entity may 

receive sufficient energy from the lattice to cause 

desorption. 	treatDents of simple classical models 

have, for exumple, been carried out by Ehrlich and 

hcearrol (1965) for a one dimensional lattice and by 

Goodman (196P) for both one and three dimensional 

lattices. In early work all collisions were head on 

with surface atoms in a lattice initially at rest, 

Goodman (1966), in his latest work, considers the 

removal of such restrictions. some treatments, for 
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example, NCCarrol (1963) and Goodman (1966) have 

included the effect of surface or lattice impurities 

on the Lattice relaxation. In :seneral the results of 

the simple cLiesicel treatments are interesting 

elthouGh not directly apolioble to any reaction system. 

The lattice is found to relax e sily 	an efficiency 

of energy transfer which increases as the mass ratio of 

s and surface atoms or molecules 	roaches unity. 

This trend has been observed experimentally by Roberts 

(1939) and Thomas and Brown (1950) for a range of inert 

Uses on platinum and tungsten. There is a second 

prediction from the model which h 	yet not been 

experimentally verified. 	the mass of the 3 atom or 

molecule decreases the critical energy for capture 

decre-ses and one might expect reflexion of the lightest 

molecules even when there is an appreciable interaction 

with the surfece. In early atomic beam studies reflexion 

phenomena were r, ell documented for helium as well as for 

atomic hydrogen (Frisch end tern 1933) but not for 

systems where there was 	Terol. surface interaction. 

e shall return to more modern etomic beam experiments 

pit 	late 	 debosition on tumlksten 

has been studied by 'Zin..;erman and horozovskii (1961) 

who found_ unit sticking probability showingthat, if 
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import.lmt at all, reflexions must be limited to the 

very lightest atoms or to cases where the interaction 

is nealiible. 

Quantum mechanical treatments of energy transfer 

have been carried out mainly for collisions involving 

the production of a sinjje phonon, the lattice being 

considered as a set of Debye oscillators. Various 

interaction potentials have been aplied but in no case 

can the exco:Imodation coefficients be calculated a 

priori since a6reement with experimental values is 

obtained only e.fter judicious adjastraent of several 

`constants' in the final formulae. Me equations 

derived by Devonshire (1937) ere the most general and 

include those of Jackson and Hott (1952) and Jackson 

and Howarth (193:5) 
	

speeiel cses, is a consequence 

of limiting the treatment to sin/ le phonon excitation 

the maximum allowed energy transfer is limited to 

keu, where 61)  is the Debye temperature of the lattice. 

Thus only wemkly interacting Systems zee within the 

range of comparison and no account can be given of the 

highly efficient energy transfer between for example 

metal atom and its own lattice where as many as ten 

phonons may be excited yet collision. Furthermore, 

both the classical and the Quantal theories do not 
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consider the acoomodtion of internal energy but 

are, with the eception of that of reur (1963), 

strictly applicable only to tom-1..-.,ttice collisions. 

3o far the consideration of enelzy transfer has 

been uainly confined to the initial ' -ot of tr„Ipping 

of the : s atom or molecule and not to subsequent 

eouilibration wits: the lattice which uust occur for 

any permanent adsorption. The simple 	eatzlent of 

1- cCarrol (19 3) indic:t 	th,at the decay 

to the eluilibriva state is rapid - for atoms collidins 

with thejr own lattice only around Ll,. of the initial 

energy is retained in the surface link after tao 

vibrations; f o different .c..ss r.atios the efficiency 

of ener,Ey ttransfer may be less but even in the worst 

cases 	few hundred vibrations should be sufficient 

for euilibrtion. The r. .pidity of this approach to 

eeuilibrium makes its experimental verification very 

difficult but Thrlich (1964) 
	

able to show in the 

field ion micro, co-  th t tun, en atoilLs at 3000 

impin king on 	tunj;sten tip 	201 1. nade less than one 

hundred surface hops before ircu.obilistion. linfortun- tely 

there is no simil' work for more varied. 	tes. 

view of condensation in which t 	initial -ct of 

- is not important has 	e but 1 orw•srd by 
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Kisliuk (1956) and sears and Cahn (1960). They consider 

that the limitin.s factor in adsorption is a slow energy 

transfer in the adsorbed layer which is thus at some 

temperature intermediate between that of gas and 

surface. However, recent work by ,Shade (1964) does not 

reveal any significant effect of gas temperature on the 

condensation of cadmium on polystyrene as might be 

expected if the .r: :a 	of the energy transfer did not 

occur at a single step. Likewise the experiments of 

Josephy (1933) showed that mercury vapour was specularly 

reflected from cleaved rocksalt held at essentially the 

same temperature 	the vapour indicating that despite 

the non—requireent of energy accommodation there was 

negligible interaction. 

It is now necessary to turn from the various 

theories of energy accommodation and considerations of 

broad trends in energy accommodation to more detailed 

consideration of the magnitudes of accomodation 

coefficients which h,_ve been experimentally determined 

and the effect of adsorbed layers and emperature on 

these values. The result of a unit sticking probability 

thus unit energy accommodation for atoms depositing 

on their own lattice appears universal except /perhaps 

for argon (Loner 1959) where the sticking probability 
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is found to be 0.6 for gas and surface temperatures of 

500°K and 4.2°K respectively. McCarrol (1963), however, 

attributes this low veJue to the scattering of the 

lattice waves by the —any defects frozen into the 

lattice structure which thus reduce the eificiency of 

energy propagation away from the point of impact. 

More important in considering the relationship 

between sticking probability and energy transfer 

efficiency ,..2e those systems where 	efficiency is 

less than unity, thus allowing the effects of 

temperature and adsorbed layers to be discerned. huch 

of the early experimental work must be discarded because 

of unknown surface composition; the work of doberts 

(1939) is an exception and is entirely comparable with 

modern work. Most measurements hve been performed 

with the r,re gases since ?.dsorption effects are thereby 

minimised; results for substantially clean platinum 

surfaces indicate an energy accommodation varying from 

near unity for xenon to around 10-2 for helium with 

slight negative temperature coefficient for a ;liven 

difference of 	and surface temperature (Thomas and 

Olmer, 1943). The situation appears more complex in 

recent work of Thomas and filvernail (1966) and aoach 

and Thomas (1966) who found, using the temperature 
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jump method, a minimum in the values of the accommodation 

coefficient of neon at about 250°K. 

For the active uses the accommodation coefficient 

cannot be measured by the classical techniques until 

the adsorbed layer is effectively saturated. This 

precludes the determination of a temperature coefficient 

of the accommodation coefficient since the surface 

coverage itself varies with temperature. Thus, Wachman 

(1966) found for nitro,Len on tungsten in the temperature 

range 300°K to 500°K a decrease in accommodation 

coefficient from 0.7 to 0.4 'J.nd this is simply explained 

by a falling surface coverage with increase of temperature 

and thus a decrease in the number of surface species of 

similar mass to that of the impinging gas. 

In a similar study of hydrogen and deuterium on 

tungsten Wachman (1957) found accommodation coefficients 

of 0.16 and 0.21 respectively and a value of 0.04 for 

LL elium accommodation on a hydrogen covered tungsten 

surface. 

The methods of Thomas, ,iachman J.nd others are 

gradually being replaced by sophisticated molecular 

beam type work in which gas molecular speed and flux 

density distributions,:a.re measured directly using an 

essentially plane surface. Thus both a diffuse and a 
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specular reflection of beams of hydrogen, helium and 

deuterium on platinum (Datz, Moore and Taylor 1962) 

have been observed, and also for the last two gases on 

silver (Smith and. Salzberg 1966) and for hydrogen and 

argon on tungsten and nickel (Smith and Fite 1962). It 

is surprising that these systems show specular reflection 

to such a degree since the de Broglie wavelength of the 

incoming molecules is of the same order as the lattice 

spacing and scattering of the incident beam might be 

expected (except at very small angles of incidence) as 

the surfaces arc undoubtedly atomically rough. If these 

results are correct they give considerable insight into 

the process of trapping since the observation of a 

specularly reflected beam indicates a negligible life-

time on the surface. There is much evidence in the 

above work that the transition from diffuse to specular 

reflection with increasing temperature depends critically 

on the degree of surface contamination. In particular 

Datz et al found a large decrease in the transition 

temperature when the platinum surface was exposed to 

oxygen, a fourfold change in oxygen concentration having 

the equivalent effect to a 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 profound influence. It is reasonable to connect 

the diffuse behaviour at low temperatures (around 300°K) 

with the adsorption of some impurity since it 

definitely proved by Datz that the adsorption of the 

hydrogen or deuterium on the platinum was not the cause 

and Smith and Fite were able to show that various 

treatments of a nickel surface had Trecisely the same 

effect on the behaviour of argon and hydrogen beams 

suggesting that there was a surface effect independent 

of the nature of the impinging gas. The LED work of 

Tucker (1962) and Germer and Ec',:?.ae (1961) on oxygen 

adsorption on platinum and nickel respectively shows 

that the surface structures have unit cells several times 

bigger than that of the clean surface thus suggesting 

that the enhancement of diffuse reflection could be due 

to a roughening of the surface structure during oxygen 

adsorption from the 'background' gas. In support of the 

general idea of 	specular reflection at a really clean 

surface Hinchen and Shepherd (1966) have observed such 

reflection 	400°K in the argon-platinum system and. 

Smith and 6altsburg (1966) have obtained specularity 

for hydrogen, deuterium and argon on a clean silver 

surface at 300°K. 

:mother import nt effect has been observedduring 
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the beam scattering ex-oeriments — that of accommodation 

of the gas velocity normal to the surface but not in the. 

plane of the surface. Thus, for gas impinging aS a beam 

onto a surface at a higher temperature it is found that 

the speculirly reflected ray is shifted towards the 

norm_..1 and vice versa for 	temperature higher than 

that of the surface. It thus appears that the angle of 

approach of 
	

to the surface is a parameter to be 

considered since it was not possible to explain the 

observed effect by a combination of diffuse and specular 

scattering. 

Energy accommodation and the sticking coefficient. 

atoms or molecules which adsorb into strongly held 

layers will necessarily be fully accommodated to the 

surface; the more enlightening aspect is whether all the 

impinging gas is at least partially accommodated or if 

part is immediately reflected on impact. For the active 

gases the ma,cnitudes of the sticking probability at zero 

coverage and the accommodation coefficient near 

saturation are remarkably similar thus making attractive 

the concept of the proportion of active patches 

deterpAning the magnitudes of both sticking probability 

and accommodation coefficient. This picture of either 

full or zero .accomodr:,tion of the incominfr, 15 is in 

direct contrast to that of -1:;,:isliuk (1956) who 
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considered that there was 	slow' exchane of energy in 

the precursor stte and that the majority of aolecules 

not adsorbed came from this layer prior to complete 

equilibration. Kiliuk in a later publication (1958) 

did, however, include the case of reflection on impact 

but retained the concept of an essentially homogeneous 

surface. 

The negligible temperature dependence of both the 

abcordmodation coefficient and the sticking probability 

is readily explained on the basis of a patched surface 

if the unit efficiencies ar 	aintained irrespective of 

temperature. 'Fiore difficult to explain is the observation 

of increasing accommodation coefficients with increasing 

coverage which are not parallelled by increases in S. 

This behaviour probably indicates that the inactive 

7- tc ,-s become covered with gas by surface diffusion 

from the active regions nnd, by virtue of the dsorbed 

Tayer, show an increase in energy accomodation 

efficiency whilst retaining a low adsorptive efficiency 

for :aolecules direct from the g s phase. 

If ,z,dsorption tern restricted to the'active 

patches' then the sticking probability might be e iectod 

to fell rapidly at coverages corresponding to 

s2.tur2tion of the ,ctive rezions. This haS been 

observed in the case of. oxyen adsorption on tungsten 
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by Becker (1953) but the result may be ascribed to 

experimental artefacts introduced by interaction of 

the gas end the pressure gauge used rather than to the 

reason previously discussed. There does appear to be 

some correspondence in some systems between the value 

of the initial sticking probability and the fractional 

covera-5 = at which S starts to. fall (ILyward and Trapnell, 

1964); the total covera;e gcner.elly extends to that 

expected from the known density of surface sites. if 

the ne...;ative temperature coefficient of sticking 

probability for the nitrosen-tungsten system (2nrlich, 

1951) is accepted then this may be ascribed to a 

decrease in the moan distance diffused by the precursor 

from the active regions as the temperature is raised. 

Likewise, a. decrease in S with increasing coverage may 

be attributed to the increosing probability of 

desorption as the precursor has to diffuse greater 

distances to reach vacant sites in the 'inactive' 

regions. 

Sticking probability measurements on metal films.  

It hs been judicious so far to almost completely 

neglect most of the work performed using evaporated 

metal films although the latter have been widely used 

in rate measurements. This has been necessary because 
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the values of S obtained for e rough porous surface 

such as that of an evaporated film are not directly 

comparable with those obtained using smooth surface 

adsorbents such as filaments. Experimentally the 

sticking probability is measured as the ratio of the 

rate of adsorption and the rate of collision, both terms 

being expressed in units of atoms or molecules per unit 

area of adsorbent per unit time. For a smooth adsorbent 

surface the collision rate is unambiguously defined but 

for a porous structure this is not so since a molecule 

nay make a number of collisions before being either 

adsorbed or reflected back into the void of the reaction 

vessel where it may be registered by the gauge. Thus, 

only the rite of approach to the surface may be 

determined and sticking probabilities calculated from 

this are higher than would be observed for a chemically 

identical smooth adsorbent surface. There are, however, 

two extremes at which agreement should be obtained. 

Thus when the true sticking probability is unity, the 

same value should be obtained for a rough surface. 

second circumstance when the ambiguity disappears is 

when the sticking probability is so low that on average  

the atom or molecule penetrates the whole surfce 

structure many times before being adsorbed. In this 

situation the gas pressure is approximately constant 
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throughout the porous structure and corresponds to that 

measured in the void of the reaction vessel in ,=.1 constant 

temperature system. Substitution of this pressure in 

the Hertz-Knudsen equation yields a collision rate per 

unit of true surface area and providing the rate of 

adsorption is also expressed in the same units then 

sticking probability equivalent to that for a plane 

surface is obtained. Normally the 'true' sticking is 

neither unity nor sufficiently low for the above treat-

ment to apply and can only be obtained by estimating from 

some model of the porous surface the enhancement of the 

collision rate over and above that of the rate of approach 

of the as atoms or molecules to unit geometric area of 

the adsorbent. 

There is a second ambi.;uity, not hitherto 

specifically :mentioned, rolatinE; to the term rate of 

adsorption. This rate is clearly understood only when 

adsorption occurs directly from tha sas phase into a 

strong chemisorbed state where the atoms or molecules 

arc permanently retained. It bas been demonstrated, 

however, that adsorption in many cases occurs via 

precursor state from which desorption may be appreciable. 

The rate of adsorption as normally measured refers only 

to atoms or molecules entering.  the cher1iisorbed state and 
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strictly this should be noted in the definition of 

sticking probability. There is a similar, but more 

widespread confusion when, due to a falling heat of 

adsorption, there is appreciable desorption from the 

chemisorbed state 	evidenced by the appearance of 

equilibrium pressures of gas above the adsorbent. If 

the total rate of collision is obtained from, for example, 

an ambient pressure of gas above the film then the 

corresponding rate of adsorption  must include terms for 

the rate of supply of 'now' :gas and the rate of adsorption 

of gas previously d.esorbed from the chemisorbed layer if 

the sticking probability is to have physical significance. 

In many rate measurements, particularly in flash 

filament studies, the latter term has been ignored and 

the rapid fall in the calculated sticking probability 

,12 the layer approaches saturation is merely due to an 

increasing equilibrium pressure. The value obtained in 

this way still describes the overall kinetics of 

adsorption via the expression S.Z.P. but has no 

significance as reards the average number of collisions 

made before an atom or molecule can enter the chemi-

sorbed state. 

_although evaporated films may be seen to have 

certain disadvantages for rate measurements they have 
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the great advantage of versatility in that practically 

any metal may be used. Furthermore, many metals e.g. 

nickel, p'::11adium,reaCily sinter to approximately smooth 

surfaces and should give data directly comparable with 

that for a wire or sheet. also the rough porous films 

have a fairly sharp division between an outer surface 

which is directly accessible 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 gain 

insight into the phenomenon of surface migration and 

also to obtain the kinetics of various redistribution 

processes. 

There is a second and much more serious reason why 

values for evaporated films have not been discussed at 

length in this introduction namely, that with few 

exceptions, the manitudes of S measured are subject to 

lar6e errors due to bad apparatus 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 necessary conditions for a successful design of 

experiment. 



EXPER=NT,,L SYSTEM 	IIVE BEEN USED  

TO hEASUE STICKING PROBABILITIES  

Classically the amount of gas adsorbed on a solid 

is measured by ascertaining the pressure diminution in 

the system during adsorption. In. 1)rinciple the kinetics 

of the adsorption step may be followed by measuring the 

pressure as a function of time; in practice this has 

been difficult to do. With clean metal surfaces the 

rate of adsorption is of the same magnitude as the 

collision rate from the gas phase and gas pressures 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 eauation this number of collisions 

will be made in about 10-6 P-1 seconds, where P is the 

ambient pressure in torr above the metal surface. Thus, 

pressures less than 10-8 torr must be used. 

In general, pressure detectors of this sensitivity 

have become available only recently in the form of 

inverted ionization gauges or various types of partial 

pressure devices. However, there is ample evidence that 

pressures as low as 10
-8 

torr were achieved in the 1920 s 

and in fact Lansmuir and co-workers did have, in one 

30 
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particular system (Cs/\J), a means of measuring pressures 

of caesium vapour of 10-15 torr. Langmuir, by measuring 

the ion current produced by ionization of the caesium 

atoms at a hot tungsten wire was able to estimate the 

sticking probability of caesium atoms on tungsten with 

an accuracy as good as that of modern techniques. 

However, the method used by Langmuir was limited to 

readily ionizable metal atoms. This limitation was 

removed by .Ppker who used an electron beam to ionize the 

gas in the system whence it became possible to measure 

'pressures' of electronegative Eases as well. With the 

development of the inverted ionization gauge by Alpert 

the measurement of pressures of 10-10  torr became routine. 

Various methods of estimating sticking probabilities have 

been developed using this gauge. 

As mentioned earlier the measurement of sticking 

probability depends on the separate or simultaneous 

measurement 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 equation relating the pressure P at a 

surface to the rate of collision per unit area:- 

N(No. of collisions per cm2  per sec.) = 	P 	1 = ZP 
(2i akT)2 
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This expression, however, presupposes a state of 

complete molecular chaos since the concentration of 

gas is Riven in terms of pressure and the collision 

frequency has boon der: ued using the mean velocity of a 

completely random distribution of molecul_r velocities 

throushout the 	. As will be seen subsequently, 

molecular chaos cannot be assumed oven approximately 

when the sticking probability is high and the area of 

adsorbent large. 

The rate of adsorption has been obtained by a 

variety of methods. The rate of adsorption of a metal 

on its own lattice may be obtained by direct weighing of 

the deposit. In this way Rapp et al. wore able to 

measure the rate of adsorption of zinc 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 used by von GoeIT and co—

workers to measure S during the condensation of gold on 

its own lattice. Here, however, a radioactive tracer 

(Au 197) was used to measure the adsorbed and reflected 

amounts by bringing each deposit separately near a 

scintillation counter. 
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The preceding methods have been applied to systems 

in which many monolayers may be deposited from the vapour 

phase at near unit efficiency thus making 'macroscopic' 

techniques feasible. Direct measurement of rate of 

adsorption in systems in which one or a few monolayers 

are adsorbed is experimentally much more difficult and 

only recently have vacuum microbalances been developed 

of sufficient sensitivity to detect several per cent of 

a monolayer of a gas of moderate molecular weight (say 50). 

A direct method for systems involving low molecular.weight 

gases has, however, been developed using ellipsiometry. 

Archer and Gobelli (1965) have obtained an estimated 

accuracy of 2% of a monolayer for the adsorption of 

oxygen on silicon and in conjunction with collisLon rates 

obtained via the Hertz-Knudsen equation have obtained 

detailed sticking probability--coverage curves. 

However, of far more importance to the present work, 

are the more indirect methods of estimating the kinetics 

of adsorption. The two major techniques in this field 

are the fLIsh filament method and the flow method as 

developed by gener (1950). The former has been widely 

used by Becker and Hartman (1953), Ehrlich (1961 etc.), 

Redhead (1961) and others mainly to study gas adsorption 

on tungsten filaments. The experiment, briefly, consists 

of cleaning the adsorbent by high temperature heating in 
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ultra high vacuum conditions until virtually no gas is 

evolved on 'flashing'. Then, with the filament held at 

a high temperature, a steady flow of gas is set up by 

suitable adjustment of the inlet and outlet conductances 

of the reaction vessel. On cooling the filament, gas is 

adsorbed from the ambient 	and the steady state pressure 

is thus disturbed. 	From the resulting pressure-time 

Profile the sticking probability can be found as a function 

of coverage. By rapidly heating the filament and 

examining the resulting pressure-time profile a check can 

be made on the total amount adsorbed up to any particular 

point. 

The flow technique 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 

generated. 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 a flow method of the latter type only a sufficient 

description will be given at this stage to enable some 

comparisons to be made. 	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 



Ricca (1960), Elsworth and Holland (1963), Bergsnov-

Hansen, Endow and Pasternak (1963, 1966) and. others. 

In the basic method the rate of flow of gas 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 across a capillary of known conductance provided 

that the sole pumping agency is the adsorbent and that 

the rate of increase of gas molecules above the 

adsorbent is small compared with the rate of adsorption. 

The rate of collision has normally been obtained from 

the 'pressure' of gas above the adsorbent by utilizing 

the Hertz-Knudsen equation. 

The method has the great advantage of versatility 

in that practically any material that 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 areas of surface 

normall7 involved restricts the degree of contamination. 

during an experiment whereas in flash filament 
2 

experiments the small area used (-olcm-) demands the 

ultimate in vacuum conditions. Since the film is 

usually evaporated onto the walls of the reaction 

vessel temperature control is easy. This contrasts 

35 
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with flash filament work in which the filament is 

adsorbing the ambient 	during cooling to a desired 

temperature thus making useful measurements near zero 

coverage impossible. There is a further advantage of 

the flow method namely that 	constant pressure m y be 

maintained above the surface during adsorption. This 

simplifies treatment of diffusion phenomena by 

maintaining a constant surface condition if a pseudo-

equilibrium exists between surf:„ce and &',.s phase (Della 

Port; and 2icca, 1960). The flash filament studies 

should give S values of more fundamental significance 

than those obtained with a rough porous film and 

furthermore should be capable of good reproducibility 

as effectively the same surface is,  generated for each 

experiment. 	s mentioned earlier, the demarcation of 

the surface of a film into an inner and an outer 

component is not necessarily 	disadvantage since it 

allows a sensitive method of studying both surface and 

„ 	phase diffusion phenomena. 

Fl sh filament studies have been extended, mainly 

by Ehrlich, to obtain information on the population of 

various energy states on the surface. This is performed 

by presorbing gas to some desired extent and then 

raisin the temperature of the filament at known rate 

while examining the resultant pressure-time profile of 
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the desorbed gas. 	In )rinciple such desorption may 

occur from equilibrated or non-equilibrated surface 

states dependinss upon the rate of heating; in prJ.ctico 

the former may be performed using films (e.g. Hayward, 

Taylor and Tompkins,1966), whilst the latter may not 

be possible to perform even with filaments. 

3. THE FLOW TECHNIQUE FOR MEASURING 

STICKING PROB:tBILITIES 

Sticking probabilities of gases on evaporated metal 

films are usually obtained by establishing a known 

constant rate of flow of gas to the film and measuring 

the pressure P above the film surface. The rate of 

adsorption is equated to the rate of flow of gas (nA  

molecules sec -1) and the apparent rate of collision of 

molecules with the surface (n
c molecules sec -1

) is  

calculated from the Hertz-Knudsen equation, 

n = 	AP 1 
	(1) 

(2nmkT) 

where A is the geometric area occupied by the film, m is 

the mass of a molecule, k is the Boltzmann constant and 

T is the absolute temperature. 

Hence, 

s = nA 	= 11
A 
	

(2) 
n
o 
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FIGURE 1. Schematic representation of apparatus commonly used to measure 
sticking probabilities. S - gas reservoir, C - reaction vessel, 
F - film, D - capillary, IG - ionization gauge. 
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where Z 	(2RmIcT)4. 

The rate of flow of as to the film is adjusted so 

that the film continues to adsorb for a suitable length 

of time; normally between 10 and 1000 minutes. If the 

sticking probability is high P will be in the range 10 
10 

to 10 torr and an ionization gauge or sensitive mass 

spectrometer must be used to record it. 

The majority of workers in this field have used the 

same basic design of apparatus and this is shown in 

figure 1. 	The film is thrown onto the inner wall of the 

cell and the pressure in the cell is measured by an 

ionization gauge placed in one or other of the positions 

indicated (in some systems the gas passes through IG 2  

rather than past it as shown). 	The rate of flow of gas 

to the adsorbent is given simply by F(a- P2), where F 

is the conductance of the capillary in molecules sec - 

torr 1, Pi is the pressure in the storage bulb and P 2 
is the pressure at the far end of the capillary. 

Normally P2  is very much less than P i  and can be neglected. 

The net rate of adsorption can he equated to the rate of 

flow through the capillary without significant error as 

pumping by IG2  or IG3  is usually negligible and the rate 

of increase in the number of gas phase molecules in the 

cell is always extremely small compared with the rate of 

uptake. 	Thus, measurement of the rate of adsorption 

7 
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presents no difficulties except, perhaps, when the 

primary chemisorbed layer is weakly held and corrections 

must be applied for desorption (see liter). 

The basic problem with this method is to obtain a 

meaningful pressure reading from which the rate of 

collision of molecules with the film surface can be 

calculated. The pressure measured with IG2 will always 

be too high because the adsorbate passes through part of 

the tubulation connecting gauge and cell, resulting in a 

pressure drop across this section. Thus, during the 

adsorption of carbon monoxide on barium film at room 

temperature, viagenor (1956) found that the pressure 

registered. by IG2  ws five times higher than that 

registered by IG3. 	Similarly NeKee and Roberts (1965) 

have shown that, in the earlier work of Roberts (1963) 

using a gauge between capillary and film, the initial 

sticking probability reported for nitrogen on molybdenum.  

was too low by a factor of 50. In principle the pressure 

drop between gauge and film can be reduced to negligible 

proportions by increasing the conductance of the tubulat-

ion between them, although it is clearly better to place 

the gauge after the film. 

However, the problem of obtaining a meaningful 

pressure reading is not necessarily solved simply by 

having the gauge in a certain position. When s is low 
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the molecules entering the cell collide on average many 

times with the film before they are adsorbed, and their 

motions are thus largely random. Under these conditions 

a definitive pressure exists above the surface of the 

film, perturbed only to 	small extent by the motion of 

molecules emerging from the gas inlet, and the apparent 

collision rate is correctly given by ZAP. 	But when s 

approaches unity and the film covers most of the wall 

area of the containing vessel the motions of the molecules 

are no longer random for, at any given moment, 

significant proportion of them are merely in transit 

between the gas inlet and the adsorbent surface. Thus 

a pressure cannot be defined within the cell volume and 

the collision rate cannot be calculated even approximately 

from a 'pressure' reading simply by using equation (1). 

Furthermore, the rate of collision is not uniform across 

the surface except for certain geometrical arrangements 

of gas inlet and adsorbent surface. 

One solution of these problems is to reduce the 

geometric area occupied by the film to a small fraction 

of the total wall area. In this way the motions of 

molecules within the cell are largely randomised by 

reflection at the cell wall. 	Experimentally this has 

been achieved by throwing film onto a !;;lass plate which 

is then isolated from the evaporator filament elad from any 
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(a) 
	

(b) 

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. 7%) 
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stray film before admission of gas (Gibson, Berasnov-

Hansen, Endow and Pasternak 1963; None and Roberts 1965; 

and Pasternak, Endow and Borgsnov-Hansen 1966). 	A 

disadvantage of this method is that adsorption is likely 

to occur onto the walls of the freshly outgassed system 

during the initial stages of an experiment, and this 

could easily lead to erroneous results. 

Meaningful sticking probabilities can still be 

obtained, however, without reducing the geometric area 

of the film if certain designs of gas inlet and 

ionization gauge port are used. In general such systems 

must satisfy the following three conditions, otherwise 

the problem of relating the pressure recorded by the. 

ionization gauge to the sticking probability becomes 

intractable. 

(1) The molecular collision rate must be uniform over 

the exterior surface of the film. This can be 

achieved by throwing the film onto the inner wall 

of a spherical bulb and introducing the gas either 

uniformly in all directions from the centre of the 

sphere, Las in figure 2a, or from a small orifice 

acting as a cosine-law emitter, as in figure 2b. 

The latter method has two disadvantages: first, 

small deviations from spherical geometry near the 

inlet lead to disproportionately large 
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variations in the collision r:tt. 	cross the surface, 

and secondly, the angle of incidence varies from 

0 to 90 degrees so that the molecules do not 'sec' 

equivalent sections of rough film surface. 

(2) !`Molecules must not enter the grid structure of the 

ionization gauge direct from the gas inlet, but 

only after their motions have been to a large 

extent randomised by collisions with the cell wall; 

hence the bend in the tubulation leading to the 

ionization gauge in figure 2a. This point is 

important because the calibration of the ionization 

gauge in terms of pressure is meaningful only under 

conditions of random motion. 

(3) There must be no uptake of gas within the side arm 

containing the ionization :ulge. This can be 

achieved by preventing the deposition of film onto 

the walls of the gauge tubulation during evaporation 

and by reducing gauge pumping to negligible 

proportions. 

4. CALCULATION OF THE :.-STICKING .2ROBABILITY 

For a system conforming to the requirements listed 

above, a general equation can be derived relating s to P, 

the pressure registerd by the ionization gauge. 



First, we define aas the fraction of the total 

number of molecules entering the cell (n A  per second) 

that reach the side-arm of the ionization gauge direct 

from the gas inlet. Is sticking probability measure-

ments are normally crried out at very low pressures 

(<10-7  torr) where the mean free path in the z s phase;  

is very large compared with the dimensions of the 

apparatus, the molecules move independently of one 

another and the tot:J. rate of collision with the film, 

n
c , may be divided into two comonents; one due to 

molecules arriving direct from the as inlet and equal 

to (1-c)nc  , c7.nd the other, no  , due to molecules which 

have already suffered one collision or more with the 

film surf:ice. Thus 

A. 
= 

(1- OnA  ± nB  

Thc molecules contributing to nB  will havc- a 

completely random distribution of velocities (i.e. as in 

a constant pressure reservoir) provided they arc re-

emitted from the film surface,. after collision according 

to the cosine law. Thus, the total molecular flux across 

the orifice, of area (a) leading to the ionization gauge 

consists of a random component, n a/A, and a directed 

component, anA. Now the rate at which molecules enter 

the gauge side-J.1m is also the rate at which they leave 

nc 

n 
(3) 
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under steady-state conditions nd in the absence of 

pumping. The 1::.tter rate would be equal simply to ZaP 

if a uniform pressure were maintained in the side arm. 

However, it has been pointed out by L. Holland (private 

communication) that the molecules entering direct from 

the as inlet penetrate a. considerable way up the guge 

tubulation before colliding with the walls, and they 

then diffuse out randomly, giving rise to a concentration 

gradient along this section of the tubulation. This 

problem is best analysed by regarding the random and 

directed components of the molecular flux entering the 

gauge side ar as independently ,;i_vin; rise to pressures 

13,„ and P, respectively within the zau,_:;e envelope. 

Equating the rates of arrival and departure, we have 

for the random component 

Z13 	nBa/A, 

and for the directed component 

Za 	=a  n, (3, A 

where p corrects for the molecular beaming effect and is 

a constant for a given arrangement of gas inlet and 

ionization gauge tubul.tion. Thus 

ZaP 	=Za(PA. 	PB  ) 	apn A + n 

and 

n B  = ZAP -  



(a) (b) 

GAS SUPPLY 

FIGURE 3. Schematic representation of two cells used to measure sticking 
probabilities. B - baffle plate, F - film, IG - ionization gauge. 
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Substituting for nB  in equation (3) 
n, 

(6) 

ZLP + n 
A / 

Three types of cell have been used in the present 

investigation to which this equation is applicable. The 

first is shown schematically in figure 2a. It suffers. 

from the disadvantage that Qmust be known before 

sticking probabilities can be calculated accurately. 

0 c:In be obtained either by calculation or by calibration 

against the second type of cell, which is shown in 

figure 3a. Here the orifice leading to the ionization 

gauge has been reduced to a very small hole about 2 m.m. 

in diameter. It will be shown later that Pis effectively 

one for this type of cell. However, gauge pumping can 

be a problem with such a small hole. The third type of 

cell is shown schematically in figure 3b; it is similar 

to the first cell except for the insertion of a 

retractable baffle plate, just large enough to prevent 

molecules entering the gauge tubulation direct from the 

gas inlet. Thus, cc is zero and the term containing p in 

equation (6) disappears. So far this type of cell has 

not given completely satisfactory results; the reasons 

for this will be discussed later. 

The three cells will now be described in greater 

detail. 
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5. STICKING PRODABILITY CELL - TYPE I 

In the first type of cell, shown schematically in 

figure 2a, the fraction of the incoming molecules that 

enter the ionization gauge compartment direct from the 

gas inlet is simply a/(a±A). This, substituted for ccin 

equation (6), gives 

A 
(7) 

 

ZAP + P.:n A  (1-P)/(A+r..1) 

In earlier work (Hayward, Taylor and Tompkins 1966; 

Hayward, King and Tompkins, 	(1967) sticking 

probabilities were calculated for this cell using the 

conventional equation (2) rather than equation (7). This 

is tantamount to assuming that R = 1. 	Obviously the error 

involved in this assumption becomes smaller as s decreases 

because, at a given value of n A, the pressure P 
registered by the gauge increases and finally the term 

ZAP in the denominator of equation (7) dominates the 

second term. However, at high s the error can be 

appreciable and it is necessary to use equation (7) and 

hence to calculate P. 
5.1. 	CALCULATION OF p 

We consider, first of all, a beam of molecules 

entering the gauge tubulution of cross-sectional area a 
at a rate of n molecules per second and striking the wall 



 

2r 

 

L 

FIGURE 4. Cross section of a molecular beam striking the wall of 
a cylindrical tube. 
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.ft a fixed distance within the tube, as shown in figure 4. 

It is essumed that the beam is reflected at the; wall 

according to the cosine law, one half of the molecules 

moving further up the tube and the other half moving 

towards the outlet. For our present purpose the beam may 

be regrded as a source of ...;as -Jong the circumference 00'. 

The molecules diffuse out of the tube randomly so that 

there is a net free moleculJr flow of n molecules per 

second from 00' to the outlet, and. this results in a 

concontrtion 2,.c.dient down this length of the tube. To 

the left of 00' there is complete molecular chaos 

charcterizud by e. constant pressure P, the pressure 

measured by the ionization gauge. We may consider the 

tubul_tion from 00' to the outlet a 
	

independent tube 

of conductance F molecules sec 	torr. The rate at 

which molecules enter this tube is the sum of two terms; 

ZaP for molecules crossing 00' from left to right, and 

3-n for molecules 'originating' at 00' due to dispersion 

of the beam. The ratio between the rate it which molecules 

strike the inlet of T. tube and tht at which they leave 

the outlet is simply Za/F, provided the molecules arrive 

at the inlet in an entirely =dom manner, as they do 

when coming from a. reservoir at constant pressure. Thus 

ZaP 4n  = Za  1 



n 

and 
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n ZaP (8) 

  

ZVF 

 

As the velocities of the molecules dispersed at 

00' do not have exactly the same angular and spacial 

distributions s'_) those of aolecules arriving from a con-

t ,nt •)D:(sur source, this formula involves an approx-

imation. However, this also means that the pressure to 

the left of 00' is not entirely constant and the two 

apwoximations tend to cancel one another. 

In the more general case where the molecular beam 

strikes the wall at various distances along the tube, 

we may consider a number of molecules dn, all striking 

the wall at a particular distance I; from the outlet and 

contributing dF to the overall pressure P recorded by the 

gauge. Equation (8) then becomes 

dn = ZadP 

Za/F - 

On integration 

(Za/F i)dn = ZaP 
	

(9) 

For a short tube F is given approximately by 

Za/(1-1-3g/80, where r is the radius of the tube (bushman 

1921). Substituting this in equation (9) and integrating 
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ZaP = (1 + =-A7/8r)n 
	(10) 

where t = 1 /n 	do and is the mean distance 
-o 

penetrated by the beam. Comparison of equations 

and (10), with an put equal to n, shows that 

= z-I- 3 e/er 

For our experimental systeme can be calculated 

from the dimensions of the reaction vessel as 

indicated in the appendix, and to a good approximation 

is equal to LAR-11), where a is the radius of the 

spherical reaction vessel and L is the length of the 

gauge tubulation up to the bend (see figure 2a).. 

The accuracy of this formula for Dwill vary with -t 

and also with the distribution in the values of6. It 

involves three approximations (two in deriving equation 

(8) and one in the formula for F), but as these do not 

all operate in the same direction the overall error may 

be less than that involved in any one approximation. 

good check on the formula is to calculate the value of 

0 obtained when the molecules enter the gauge 

tubulation randomly rather than as a beam. It can 

readily be shown from kinetic theory that in this case 

t = 4r/3 ;:d-id substitution of this in equation (11) 

gives 13 1. Thus, the equation is exact in this 

instance even thought= 4r/3 the error in using the 

(5) 
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bushman formula for the conductance of a short tube is 

about 10;1 (F. Clausing 1932). The equation has also 

been tested experimentally and it will be shown later 

that it is generally accurate to better than 3; for the 

systems used in this work.' 

6. STICKING PROBABILITY CELL - 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 acras the end of the ionization 

gauge tubulation. The platinum 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 gaue tubulation. When this is 

so most of the molecules entering the gauge tubulation 

through the hole make many collisions with the walls 

before finding their way out again. Thus, the motion of 

molecules within the gauge tubulation is largely random 

and the pressure is very nearly constant.. This results 

in a value of Pclose to one. 



55 

6.1 	CALCULATION OF f3 

may be calculated from equation (9) by 

substituting for F the formulle for the conductance of 

a short tube restricted at one end by a diaphragm 

containing a small hole. This formula is, approximately 

(bushman 1962 p. 96) 

Za 
3t/8r + a/a0  

where ao is the area of the hole. 

Equation (10) then becomes 

ZaP = (3t/8r + a/a°  - 

In this case Pis defined by the equation 

ZaoP = Dn 

Thus 

(3t/8r - ,Dao/a. 	(12) 

In the cells we have constructed a/a.".1  300, 

r = 1.7 cm ande <5 cm. 	Substituting these values in 

equation (12) we see that the error in putting 0= 1 is 

considerably less than 	Thus the conventional 

equation (2) can be used to calculate sticking 

probabilities. 



7. STICKING:PROaLBILITY CELL - TYPE III 

The third cell is basically a type I cell but 

with the Lddition of a retractable baffle, as shown 

schematically in figure 3b. When lowered into position 

the baffle is just large enough to prevent molecules from 

entering the side arm leading to the ionization gauge 

direct from the as. inlet at the centre of the sphere. 

However, it has a negligible effect on the random 

component of the molecular flux and equation (6) may 

therefore still be used, but with Pput equal to zero;. 

that is 

S = 
Ti 

A (13) 

 

ZAP1 nA 

where P1 is the pressure measured by the ionization 

gauge when the baffle is down. This method of 

obtaining sticking probabilities is essentially that 

used by R.E. Clausing (1961). 

The sticking probability may also be Calculated 

from P
2'  the pressure measured with the baffle withdrawn, 

and P1. 	n
A   may be eliminated from the formula for s 

by combining equations (7) and (13). Thus 

s = P2 - P1 
P2- A(1-13)P1/(A-Fa) 
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This method has the advantage that neither the 

absolute conductance of the gas inlet system nor the 

sensitivities of the gauges 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-Hi711 Vacuum :System 

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 Gig and the reaction vessel RV - interconnected 

by a chain of small decker valves D2, D3, D4 (Decker, 

1954) and a magnetically operated capillary leak DL 

(see page 84). 	Pumping is effected by single stage 

high speed mercury diffusion pumps each backed by three 

stage diffusion pumps. The pumping speeds at 10-6 torr 

are approximately 60 1 sec-land 20 1 sec-1on RV and ca. 
Cold traps 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 variable-aperture mercury cut off NV; a large 

decker valve Dl is used when. necessary to isolate RV 
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from the pumps. A 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 a 1 litre hydrogen bulb, a 

dosing volume V2, a mercury manometer M and a second 

calibrated volume CV2. Gas leaves the storage system 

via the palladium thimble PT and enters GR via a small 

decker valve D5. Pressures are measured in the main 

system by inverted ionization gauges Gl, G2 (Alpert and 

Bayard, 1950) or at leige gas pressures= (10°  to 10-5torr) 

by a high pressure ionization gauge G3 (Schulz and Phelps 

1957). A sensitive 180°  magnetic deflection mass 

spectrometer MS is connected to RV allowing partial 

pressures down to about 5 x 10-12torr to be measured.  

For various gauge calibrations a Ecleod gauge was 

connected via a cold trap and capillary (see Leek 1964) 

to GR. The forepump is a two stage rotary pump (Edwards 

23020) which pumped on about 15 litres of ballast 

volume. __bout 5 litres of the latter volume could be 

isolated to operu.te the Mcleod gauge and the mercury 

cut-off. 

8.2. mte reaction vessels  

Figure 6 is a more detailed_ representation of 

the type I cell. Gas is introduced symmetrically from 
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the centre of the cell via a diffuser D, which 

consists of a small glass sphere punctured regularly 

with about 20 holes and connected to the gas supply 

by a fine capillary. The total area of the holes is 

only a small fraction of the area of the diffuser 

sphere so that, on average, the incoming gas molecules 

make many collisions with the walls of the diffuser 

before emerging through the holes. This ensures: that 

there is a uniform gas distribution over the film as 

a whole, although 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 the retracted diffuser in the vertical 

sidearm. The prevention of film deposition in the 

gauge sidearm is of extreme importance since (see page68) 

even minute amounts lead to serious errors in pressure 

measurement. 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 value by altering either the 
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temperature of the palladium thimble, the hydrogen 

presFure 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 Dl. 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 III were similar in basic structure 

and operation to cell I. The differences have been 

discussed previously. 

8.3. The measurement of pressure with the ionization 

gauges. 

3.3(a) Construction  

The inverted ionization gauges used were the 

commercial types 10G3 (Mullard Ltd.) and IG3 (Edwards 

High Vacuum Ltd.) 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 technique has been previously 

described (Hayward and Taylor, 1966). 
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The high pressure ionization gauges were 

constructed in a similar manner to that described by 

Schulz and Phelps (1954). In early designs the grid 

and collector were fabricated from polished molybdenum 

sheet; later platinum was used with the great advantage 

of a main[;ained surface finish. The cathodes were 

rhenium filaments coated with lanth-mu -ahexaboride. 

8.3(b) Operation  

The electron emission of the ionization 6.3.uges 

was stabilized using the circuit given in figure 7. 

The range of control was 1 	to 10 m, and the 

cathode and cathode-collector potentials were maintained 

at the maker's recoended values - +150V and +30V 

respectively. The high pressure gauge operated 

perfectly satisfactorily from the same circuit although 

as pointed out by Schulz and Phelps there may be an 

advantage in operating with the cathode potential 

mid-way between grid and collector. 

Ion currents were measured using 'Knick' 

picoanimeters (maximum sensitivity 8 x 10-1211 f.s.d.), 

an 	vibrating reed electrometer (maximum 

sensitivity 3 x 	f.s.d.) and a 'Keithley ilodel 

417' high speed picoc,mmeter (maximum sensitivity 

1 x 10-3A f.s.d.). „ach unit had certain advanta„„ s; 

the hackingoff facility of the Keithley was found 
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particularly useful. 

The inverted ionization gauges were outgassed by 

induction heating or by electron bombardment usinj.the 

tungsten cathode only. Shen using the latter method 

the lanthanum hexaboride-rhenium cathode had to be 

completely disconnected from the tungsten filament 

otherwise radiation from the grid was sufficient to 

start the coated cathode emitting and thus initiate a 

thermal runaway. The high pressure gauge was outgassed 

by induction heating only. 

8.3(c)  Perturbations produced  by the ionization gauges  

Ionization gauges exhibit a pumping action due to 

the collection of ions and to the presence of a hot 

filament. Hickmott (1960) has demonstrated the serious 

drawbacks of using hot tungsten cathodes in ionization 

gauges when attempting to measure hydrogen pressures; 

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 mass spectrometer) was estimated by observing the 

hydrogen pressure diminution in a 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 as the gauge approached 

saturation with gas. 	Typical curves illustrating this 

for emissions between 10 yA and 10 mA are shown in 

figure S. The initial pumping speeds have been 

calculated from the latter curves; the results are 

given in the following table. 

INITIAL 

GAUGE 
U3ED 

EMISSION 
CURRENT 

PUMPING SPEED OF HYDROGEN 
---TT) 

in 1 sec-1 
  
(10-  
in mglecules  
sec 	torr- 

ALPERT 
'1 1 
If 

10 mA 
mA 

100 pA 

10 pl. 

0.09 

3.2 x 10-2 

1.3 x 10-2 

2.1 x 10-3  

3.0 x 1018 

1.0 x 10 8 

4.0 x 1017  

7.0 x 1016  

MASS 
SPECTROMETER 10 pe 2.7 x 10-)  9.0 x 1016 

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 

ionization gauge. These workers obtained. 5 1 sec-1 at 

10 mA emission which demonstrates the great reduction 

in chemical pumping of hydrogen by the use of low 

work function cathodes. In fact the value given in 

the table for 10 mA emission is about that expected 
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for purely ion pumping; it is not clear why the 

pumping rate does not fall linearly with emission 

current. 

There is a third source of pumping not hitherto 

mentionedl 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 magnitude; 

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 FA emission current. 

The pumping rates discussed above lead to low 

estimates of the pressure in the system to which the 

gauge is connected due to a pressure drop in the 

connecting tubulation. The effect can be estimated 

from the expression 

FAP = IP(Ps  - PG) = GPG 

or 	AP = G 
T F 

where F, G are the conductance of the tubulation and 

the pumping speed of the gauge respectively - both in 

units of molecules sec-1 torr-1.  Ps and PG  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, 

6 x 1021 and 3 x 1019 molecules sec-Itorr-1 

respectively and thus at 10 mA emission (Gn43 x 1018 

molecules sec-1torr-1) the relative error in pressure 

measurement - AP - is about 0.6;x, 0.05% and 10%. The 

maximum emission used in experiments was normally 

100 yA and errors even with cell II should be 1% or 

less. 

8.3(d) The linearity of the ionization gauges 

The low pressure departure of ionization gauges 

from linearity is generally thought to be caused by 

soft X-rays, which are emitted from the grid during 

electron capture, striking the collector and causing 

emission of electrons - this appearing to the 

electrometer as an ion 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 FA emission current of the 

70 
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high pressure ionization 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 10-40=1  

the X-ray limit is at about 2 x 10-7torr. 

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 

X-ray limits of between 2 x 10-1 (3torr and 5 x 10-11torr 

have been quoted. However, Redhead (1963) 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 grid; the following evidence has been obtained 

to support such a view. 

1) In several experiments the mass 

spectrometer was used in an attempt to analyse the 

residual gas in the system. However, with gauge 

readings of 1 - 7 x 10-1°torr (the normal indicated 



pressures after bakeout) no residuals could be 

detected by the spectrometer although it was shown in 

the same experiments that a hydrogen pressure of 

5 x 10-11torr was easily detected. 

2) The lowest pressures recorded in the 

system (6 - 7 x 10-11torr) were obtained after the 

gauges had been heated in an atmosphere of pure 

hydrogen thus suggesting that a clean grid structure is 

a prerequisite to a low X-ray limit. 

3) The tungsten filament of the ionization 

gauge could be used as a desorption-spectrometer in the 

manner described by Redhead (1959). Results indicated 

pressures of 'active' gases of 10-11torr or less. 

4) The proximity of a magnetic field greatly 

influenced. the recorded ion currents presumably by 

altering the mean path of electrons and ions in the 

gauge. However, the effect on ion currents near the 

background values was very small as would be expected 

for a gauge at the X-ray limit. 

It is concluded that many, if not all, of the 

recorded background ion currents were due to X-ray 

emission and thus the true pressure in the system was 

perhaps 10-11torr or lower. 

The high pressure limit of ionization gauges is 

caused by space charge effects limiting the electron 
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and ion collector efficiencies and by the collection 

of secondary electrons thus limiting the average 

path length per electron collected. 

In the high pressure ionization gauge the electron 

path is kept short and direct and the electron and ion 

collector efficiency is high. Simple consideration 

shows that providing these efficiencies remain constant 

for both primary and secondary ions and electrons then 

the maximum ion current has the magnitude of the 

measured emission current. (This is because each 

collision produces one additional ion and one additional 

electron). For the gauges of the dimensions used here 

(sensitivity about 1 per torr) Schulz and Phelps were 

able to show that the theoretical limit of several 

torr was approached. 

The linearity of these high pressure gauges was 

checked by leaking gas at a constant rate into a. 

closedvolume. This was performed by holding the 

palladium thimble at a constant temperature and 

observing the pressure build up in GR when the 

mercury cut off was closed. Unfortunately an exactly 

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-  iric!. volume. (Nottingham, 19541  

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 walls either at grid or collector potential. 

This phenomenon was observed in several experiments in 

this work; the change over from one state to the other 

occurred abruptly, generally in the 5 x 10-3 to 

2 x 10-2 -torr pressure range, and was accompanied by 

30 change in sensitivity. The wide variation in the 

pressures at change over was probably due to various 

amounts of conducting coating on the glass walls. 



8.3 (e) The sensitivity of  the ionization gau7-,es 

The only convenient absolute standard with which 

a direct calibration of ionization gauges can be made 

is the Mcleod gauge. However, calibration against the 

Mcleod gauge has the disadvantages of a restricted range 

and the presence of outgassing and pumping effects. For 

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 Mcleod gauge.  

The main uncertainty in making pressure measurements 

with a Mcleod b,auze 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 diameter 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 a second disadvantage of 

the Mcleod gauge which arises because of the pumping 

effect of the vapour stream between gauge and cold trap. 

However, this effect is at a minimum with hydrogen (and 

helium) and should not exceed 5 at 300°K (Gaede, 1915, 

Ishu and Nakayama, 1961). The effect was reduced even 
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further by placing a capillary between gauge and trap 

in the manner described by Leck (1964). When the 

Ecleod gauge was attached to the gas reservoir it was 

necessary to perform a number of degassing cycles to 

attain vacua of less than about 7 x 10-1 C)torr; 

sensitivities did not appear to differ in these 

instances from those measured with background pressures 

as high as 3 x 10-9torr. 

Two Mcleod gauges were used in this work; the 

critical dimensions and the calibration factors are 

given in the following table 

Mcleod Capillary Diam. Bulb Vol. Cal. FactorNC. 

A 1.003 mm 254.5 ml 3.08 x 10 

B 1.020 mm 325.4 ml 2.43 x 10-6 

..... 

C. h1  (mm). (mm). h„)(mm) = Pressure (torr). 

The high pressure ionization gauges covered the 

whole range of the Mcleod gauge and calibration was 

thus straightforward. Figure 11 shows the calibration 

curve of the high pressure gauge used in most of this 

work; the indicated sensitivity in this instance is 

around 0.79 per torr% 

€ (This is the normally accepted unit for ionization 

gauge sensitivity - more correctly the unit is, 
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ion current (A) 	per torr). 
emission current(A) 

The inverted gauge may be calibrated directly 

against the Ncleod gauge over something less than 1 

order of magnitude of pressure change and even in this 

range the Mcleod readings were found to be subject to 

random errors of ±15%. On the whole, direct calibration 

was unsatisfactory and an alternative procedue was used 

in which the high pressure gage was calibrated against 

the Mcleod in the range 10-1torr to 10-3torr and then 

used as a secondary standard to calibrate the inverted 

gauge down to 3 x 10-5torr. 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 102torr, 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 sensitivity by flow methods 

The magnitude 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 conductances may be used in a variety of 

ways to calibrate gauges - figures 13(a) and 13(b) 

illustrate two methods which were used in the present 

work. 

In 13(a) gas enters chamber 1 (here the gas 

reservoir GR) at a fixed flow rate (from the palladium 

thimble) and leaves to the pumps via chambers 2 and 3 

(.kV and bakeable trap). If the standard conductances 

F12 and  F23  are so designed that F12 < F23 ( - 	 3P) then 

flow rate = dN  = F12P1 = F23P2 where Pi  and P2 
(molecules sec-1) dt 

are the absolute pressures (in torr) in chambers 1 and 

2, the units of 	are molecules sec-1torr-1. 

Since any change in pumping speed has little effect 

on P2, by measuring F1  using the .cleod gauge, the value 

of P2  in torr is obtained from - 

P2 = F12 . P1, and thus the sensitivity 

27, 

of a gauge connected to chamber 2 is determined. 

A second method and one readily applicable to the 

present vacuum 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 .712  < F23 	P1 < P2 and '  

flow rate 	= F12P  -1 (molecules sec ) 
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The measurenent of F12, F23 and of the flow rate 

will be 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 CV2, 

pressures being measured on the mercury manometer N. 

A mean.of 10 values gave the volume as 73.7 ml. To 

calculate the number of molecules in this volume with the 

thimble at the operating temperature requires a 

correction for a non-isothermal system. This was 

obtained 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 temperature, a new 

(lower) pressure being recorded. The ratio of the 

measured pressures with the thimble hot and cold was 

found to have a mean value of 1.16. The measured 

pressures during an experiment can thus be converted to 

an equivalent pressure in an isothermal system using this 

factor. 

The flow rate was obtained by observing the 

manometer pressure as a function of time - the full 

expression is 

flow rate 	= 3.23 	1016  x 73.7 x AP 

(molecules sec-1) 
	1.16 	At 	where 
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AP is the rate of change of pressure in torr with time 
At 
in seconds. To laeasure the AP term accurately required 

At 

several hours and a continuous adjustment of palladium 

thimble to correct any deviations from pressure-time 

linearity. Figure 131illustrates how effectively the 

latter could be performed. 

(b) The Standard Conductance and F12 

The construction of the capillary leaks is outlined 

in figure 13e. Various dimensions were used - these are 
given in the following table together with the 

calculated conductances. 

Capillary .JI:dius Length Calculated Conductance 

1 

2 

3 

1.01mm 

0.61mm 

1.50mm 

12.00cm 

5.00cm 

5.00cm 

1.006 x 10lb molecules 

	

7.0 	x 1016 18  sec-1torr-1 

	

1.03 	x 10 

For the tota=l conductance between gas reservoir and 

reaction vessel (corresponding to chambers 1 and 2 

respectively) it is necessry to include the contribution 

of the remainder of the tubulation. The latter 

tubulation had conductance estimated (see later) to 

be 1 to 1.5 x 1019  molecules sec-ltorr-1  thus giving 

total conductances of 9.1 to 9.4 x 1017 molecules 

sec-  tour-1 for the '1018' c 	leaks and about 
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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 reaction vessel was pumped out via the 

capillary leak. The relevant equation, if P,)>>P1  

(attained by removing furnace from around thimble after 

trapping sufficient gas in 	is 

d In P2 -1  . (3.23 x 1019)-1  El2 • VinT 	where 

dt 

is the volume of the reaction vessel up to the 

capillary leak and 3.23.x 1019 is the number of molecules 

at 300°K per litre per torr pressure. In the latter 

expression F12  includes a term for gauge pumping as the 

gauges were operated continuously - in particular 

F12 	F12  G all terms being in units of molecules 

sec-1 torr-1. G 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 measurement from the dimensions and also by 

expanding gas into CV1, which was then re-evacuated 

and the procedure repeated. A mean of 15 expansions 

using the latter method gave 2.18 litres for the reaction 

vessel volume at this time. Figure l'1- displays 

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

pumping through the leak using the high pressure 
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F12  

9.95 x 1017  
1.00 x 1018 

9.85 x 1018  

9.95 x 1018  

F12 
9.7 x 1011  

9.64 x 1017 

9.55 x 1017  
9.65 x 1017  

Run 

7.10.65 

12.10.65 

16.10.65 

16.10.65 

G 

2.L; x 10 

).0 X 1016 

3.0 x 1016 

3.0 x 1016 
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ionization ;;AT.1,,e on 100y emission current. The 

values of 112,  F12 and G for a number of runs are given 

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

F12,  G, 112  are expressed in molecules sec-1torr-1 

(c) The Calibration of F23 

The value of F23 was obtained by measuring pressures 

P1 and F2 while sas flowed from the reservoir to the 

pumps via the reaction vessel. Since the pressure in 

chamber 3 (see figure 13(a)) may be ignored we have 

flow rate 

(molecules sec-1) 
- F12P1 	F23P2 

'12 

The ratio P1 to F2 was obtained as the ion current 

ratio of similar inverted jauges in RV and 	- a mean 

of 8 values gave 6E, when F12  was 2.6 x 1018 molecules 

sec 1torr-1 i.e. F23 	1.77 x 1020 molecules sec-1torr-1. 

1723 . i.e. 	F12P1 
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The sensitivity of the ionization g u:;es - a collection 

of results. 

The following table gives the results obtained in 

various calibration experiments. Suffix (a) or (b) in 

the method column indicates which of the experimental 

set ups of figure 13 was used. For the calculations 

F12 and  F23 were taken as 9.50 x 10
17 and 1.77 x 10

20 

molecules sec-1torr-1 respectively. The sensitivities 

of the inverted gauge which bear 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 a relative 

sensitivity of hydrogen and nitrogen of 0.4 the value 

quoted by Edwards Ltd. is 5 per torr and that by 

Mullard Ltd. 7.4 per torr for gauges of identical basic 

construction. The disagreement with the former is 

serious; that with the latter may be due to the value 

of the relative sensitivities of hydrogen and nitrogen 

which is taken for comparison; the mean of the values 

for this factor quoted in Leek (1964) is 0.435 which 

gives a Mullard figure for hydrogen of 8.05 per torr. 
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RUN METHOD 
RANGE 
(torr) G Ste' SIGK  

28.9.65 Flow(b) 2.90 x 10-4  IG - 8.6 

5.10.65 Flow(b) 5.08 x 10-3  HP 0.92 8.2H  

5.10.65 Flow(b) 1.04 x 10-3  HP 0.90 7.9H  

27.10.65 Flow(b) 1.40 x 103  Both 0.70 7.5k  

27.10.65 Flow(b) 1.40 x 10-3  Both 0.70 8.2H  

27.10.65 Flow(a) 1.20 x 103  Mcleo 
and I. 

- 8.4 

27.10.65 Mcleod mil.40 x 10-3  HP 0.76 8.0H  

28.10.65 Mcleod (N) 	2 x 10-2  HP 0.77 7.9*  

31.10.65 Mcleod 1.50 x 10-3  IG - 9.2 

31.10.65 Mcleod 3.50 x 10' HP 0.90 8.1H  

3.10.65 Mcleod 10-1  to 10I-  HP 0.79 8.1H  

Pressure range (torr) for primary measurements 

G - Gauge used for primary measurements 

SHP, SIG - sensitivities of high pressure and 

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

mass-spectrometer 

The presence of non-adsorbable impurities in the 

gas flow to the reaction vessel may lead to serious 

errors in the measured sticking probability if a 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) but 

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 ILIA using the circuit shown in figure 16. The 

operating potentials with respect to the cathode were 

as follows:- ion source +100V, ion repeller +101V, 

electron collector +65V. The scanning potential -

0 to 215V - was applied between the ion source and the 

analyser; the relationship between mass number and 

scanning potential was approximately 

LaSs number = 	400 

scanning potential (V) 
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Initially a motor driven potentiometer connected across 

a high  volta e source served as a scan generator. This 

was later replaced by a fully transistorised D.C. 

amplifier with an overall 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 generator 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 

against an ionization gauge was performed in each 

experiment; in general the sensitivity was 0.5 to 2A 

per torr. The Ekco electrometer was used for ion current 

measurement - using, the 101211Linput resistor about 

5 x 10-16A could be detected under ideal conditions thus 

allowing partial iTessure measurement down to 5 x 10-12torr. 

Apart from monitoring hydrogen pressures the mass 

spectrometer was used to analyse the gas composition under 

various conditions. Figure 18 displays several of 

interest; in (a) and (b) the mass 12 peak is relatively 

larger than quoted for pure CO and CH4  respectively by 

AEI Ltd. The resolution of the instruments was around 

30 for a.10 valley. 
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8.5. The measurement of hydrogen flow rate to the 

reaction vessel. 

The conductance between gas reservoir and the 

reaction vessel was estimated in 3 ways. 

(a) By following the pressure changes with time on 

the high pressure side of the palladium thimble a flow 

rate in absolute units was obtained (see page83). 

the mercury cut offDArin the closed position all the 

gas flowed through the diffuser and the reaction vessel. 

Under these conditions (since PI  >>P2  ) 

flow rate (F ± G)Pi  where F is the conductance 
(molecules sec 1) 

between GR and RV, G is the pumping speed of the gauge 

(here 3 x 1016 molecules sec-1torr-1) and 	is the gas 

reservoir pressure in tort. 

Hence 2 is obtained. 

(b) F may also be obtained from the logarithmic 

decay in pressure which occurs on pumping out the 

reaction vessel via the diffuser and gas reservoir in 

exactly the same way as described on pd e 85 	2,ince the 

major restriction to gas flow is in the capillaries of 

the diffuser only the volume of the reaction vessel up 

to the diffuser need be known; this was estimated to be 

2.065 litres for the cell uses_ in these eseperiments. 

Typical decays are s7:lown in figure 19; a high pressure 
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gauge was used in these particular measurements. 

(c) The standard capillary leaks were used in the 

following way to measure F. A steady flow rate was set 

up from GR to MT with the mercury cut off raised. By 

alternately having the standard conductance and the 

'diffuser' conductance between GR and RV and measuring 

the gaspressures in the two cases we have, since 

p >> p2
- 1 	 ' 

(F ± G)21  = (F12 - G)F112  where F, F12  and G 

have previously been defined,  F1 (torr) is the gas 

reservoir pressure with the diffuser lowered and the 

capillary leak raised and P,l2 (torr) is that when the 

diffuser is raised and the leak lowered. 

The values of F obtained by the various methods are 

given in the followin table. 



molecules , ( -1 -1) Pressure (sec Corr_ ) 	torr 

2.71 x 1016   
1.50 x 10-5   

2.79 x 1018 4.60 x 10-4 

2.60 x 1018 2.90 x 10-4 

2.64 x 1018 
	

10 ranGe 

Run 

5.10.65 

27.10.65 

11 

16.10.65 

Inethod 

(a) 

(a) 

(a) 

(b) 

ge used 

high 
pressure 

inverted 
gauge 

11 

hih 
pressure 

11 

11 

/1 

28.9.65 

5.10.65 

27.10.65 

11 

1 

IT 

11 

inverted 
;gauge 

high 
pi7essure 

1 

11 

11 

2.59 x 1018  

2.71 x 1018  

2.55 x 10
18 

2.59 x 1018  

2.71 x 1018 

2.70 x 1018  

2.48 x 1018 

2.45 x 1018  

- 10 4  range 

10 'range 
_LL 

10 'range 

10-7, 10
_5 

 
range 

-4 10 range 

10-Orange 

10 'range 

10-3range 

(b) 

(b) 

(b)  

(c)  

(c) 

(c) 

(c) 

(c) 

100 

Mean value - 2.62 x 1018  molecules sec-ltorr-1 

This particular diffuser was used for the majority 

of the results presented in this thesis. An earlier 

type was 	ly clibrated -- F was 1.78 x 1018  

molecules sec-1 torr-1. 

It is convenient in this section to consider the 

extent of the leakage across the seats of the decker 
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valves when the latter are closed. With a pressure 

of about 10-4tffrr in the gas reservoir and with a single 

decker -v- lve closed between Cl-f_Z 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 rapidly indicating an initial build up of 

gas t about 1011 molecules sec-1. From this a 

conductance across the seat of about 1015 molecules 

sec-1  torr-1  can be calculated. This low leakage rate 

can be ignored in an average experiment. 

8.6.  The procedure  to  obtain an  ultra-high  vacuum 

The basic requirements for the attainment of ultra- 

high vacuum (<10-9torr) have been described extensively 

in the literature and will not be re-oeated here. 

however it is useful to describe the various steps 

taken with this particular alpparatus. The metal films 

were generally removed by a 	solution of hydrofluoric 

acid. after washing the cell with distilled water 

several times the nickel discs and the evaporation 

filament were replaced and the following sequence 

observed 

(1) The system was pumped down to about 10-1  torr 

by the rotary puirip and the system tested for leaks with 

a high frequency tester. If no leaks were detected the 
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diffusion pumps were started and deckers D2, D3 and 

D4 closed. 

(2) The main furnace was then lowered and 

switched on together with the furnace around the 

palladium 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 table were cooled with liquid 

nitrogen and shortly afterwards the furnaces and tapes 

were switched off. 

(4) When the main furnace temperature had fallen 

to 200°C the furnace was removed, the cold traps were 

raised and the ionization gauges were immediately 

connected to the control units. The gauges were 

initially operated. on 10mA emission using the low 

temperature cathodes; this allowed the cathodes to degas, 

the )1.essure falling to 10-7  to-  10 	torr. 

(5) The inverted ionization gauges were then out-

gassed by electron bombardment or induction heating, 

the pressure in general now fA_ling to the 10-9  torr 

range with the gauges on low emission. 

(6) Next, nickel discs were held in position 

magnetically over the annuli leddin7; to the gauges and 

the diffuser. The evaportion filament was slowly raised 

to dull red heat and left at this temperature until 



the pressure which rose initially had fallen to the 

10-8 torr range. The filament temperature was then 

raised to just below the evaporation point, remaining 

there for up to 20 hours. 

(7) Steps (2) to (6) were then repeated except that 

the bL.keout was longer (>10 hours) and that the 

temperature of the furnace around the palladium thimble 

was carefully set during the cooling process to give 

the required flow rate. The rosebowl cold trap was 

usually filled with liquid nitrogen although in the 

vast majority of experiments it made no difference to 

the background pressure in the cell. 

The deposition of the metal films 

preparing sintered films the reaction vessel 

was not cooled and large rises in cell temperatUre 

occurred because of heating from the evaporation source; 

temperatures ranged from 100°C for tantalum to about 

40°C for nickel and palladium. Except for certain 

specific experiments, films were deposited until a light 

source became invisible when viewed through the film. 

In several experiments, especially those concerned with 

the stoichiometry of hydrides the weight of film was 

obtained by the weight loss of the filament, the 

filament being held in a pair of nickel clips to allow 

removal. 
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8.7. The contamination of clean metal surfaces in vacuum 

A metal surface, initially clean, is contaminated 

in a pressure of F torr of adsorbable gas in a time t 

seconds given by the approximate relation. 

t(seconds) . 10-6  

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 metal to the final 

surface the above equation may be applied. 

The principal sources of gas during film depositica 

are the degasing of the vacuum system itself and gas 

evolution from the evaporating metal, the former is very 

low and for reasons discussed elsewhere may usually be 

neglected. The outgassing of the metal during 

evaporation is reduced by the lengthy degassing 

procedure but particularly in the case of nickel and 

palladium it may be very difficult to keep the pressure 

during the final stages of deposition to less than 

10-9  torr. Figure 20 shows the relative final 

backgrounds and deposition pressures for various runs 

with each. of the metals. It is observed that when 

deposition is at 78°K or 90°K the pressure during 

deposition is always close to the backround 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 at the low temperature. Both King (1966) and 

Gomer (1966) have indicated that L;/-,-)1 for carbon 

monoxide on tungsten at 70°K; in the latter situation 

the flux of contaminant molecules from the evaporating 

filament would be undetected by the gaube. King (1966) 

has shown that 1 JJ:-e pressures of gas are produced on 

sinteringnickel films originally deposited at 78°K. 

This had previously been observed in this work with 

palladium - an analysis of the gas evolved in one 

particular experiment was CO2 - 1 x 10-9  torr, 

CO - 1.5 x 10-7  torr, 20,-01.5 x 10-10  torr, CH4  

- 5 x 10-u  torr. In the latter experiment the film 

was deposited with a background pressure of 2 x 10
-9 
 torr 

it was found subsequently that the main source of gas 

in this instance was the lanthanum hexaboride - rhenium 

cathode of the ionization gaue. It is, however, 

possible that contaminants iliJy be trapped in the film 

when deposition is at 78°K but may difuse to the 

surface on sinterin; in the latter situation the degree 

of contamination of unsintered films may be lower than 

sintered films. 



9. COMPLiISON OF METHODS 

9.1. Ex-oerimental  

Btickinig probabilitieS calculated by the three 

methods have been compared for the adsorption of hydrogen 

on palladium at 730K. This system was chosen because 

the initial value of sticking probability at zero 

coverage, so, was very reproducible and was independent 

of the degree of sintering of the film; this was not 

found for the other metals studied (titanium, tantalum, 

molybdenum and nickel). All the palladium films 

mentioned in this section were thrown with the wall of 

the cell uncooled, and. were therefore highly sintered. 

To avoid extraneous factors from entering the 

comparison of sticking probabilities the same gas inlet 

system was used with all three cells. 

In all the experiments described in this section 

the ionization gauge was effectively at room temperature 

or a little above whereas the reaction vessel and film 

were cooled in liquid nitrogen. It has been shown 

elsewhere (Hayward, Inns and Tompkins, 1965) that the 

correct temperature to use in the collision factor I 

[. (21-cmkT) ] is the temperature of the gauge envelope 

and not that of the film. This principle has been 

followed in the present calculations. 
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FIGURE 21. Sticking probability cell with alternative 
modes of gas entry. B - baffle plate, 
C capillary inlet, Is, 12  - alternative 
gas entrances. 
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From the dimensions of the type I cell (R = 6.4 cm, 

L = 7.0 cm, r = 1.70 cm) Q was calculated to be 1.24. 

9.2. results 

using the data given above the following sticking 

probabilities were calculated  for the adsorption of 

hydrogen on palladium at zero coverage and 72N:- 

type I cell 
	

so 	102 

type II cell 
	

so 	0.99(5) 

type III cell 
	

so  = 0.93 

such of these values is the mean of three separate 

determinations on different films. The first two 

methods are in good agreement, but the sticking 

probability given by the third method is significantly 

lower, despite the fact that this method should be the 

most accurate at high s since essentially it measures 

(1-s). One explanation of this discrepancy is 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 gau6.e cor.aprtment from the vertical 

tube that leads to the diffuser. To test this 

possibility the baffle cell w,:s modified by addition of 

a second mode of gas entry, shown in figure 21 which 

makes it impossible for molecules to enter the gauge 



comp rtment without first colliding with the film 

surf_xe. The pressure rises recorded by the ionization 

gaue for the two modes of gas entry and with a flow 

rate of 7.25 x 1014 molecules sec-1 are given in table 1 

(the lowest pressure rises could only be recorded 

accurately by using; a 'back in-off' potential to 

counteract the X-ray current). 

,lthough the gas is distributed asymmetrically 

when it enters the cell via the capillary, the incidence 

of second and higher collisions with the film should be 

constant over the whole surface because molecules are 

likely to leave the rough surface after collision 

according to the cosine law. Therefore, the same number 

of molecules should enter the ionization g,uge 

compartment in both methods, the only difference being 

that, with the baffle, these molecules come from 

entirely random directions, whereas in the capillary 

method they come -,referentially from the bottom of the 

cell and molecular beaming has to be taken into account. 

',Jowever, rou:(1h calculation shows that 13 is close to one 

for the latter method. Thus, if the baffle method were 

working correctly the presure recorded when the 

molecules enter the cell via the capillary would be 

approximtel7 ecual to that recorded when they enter via 

the diffuser, whereas the latter is about ten times the 
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(a) 
	

(b) 
FIGURE 22. Alternative versions of the type III cell. 



Node of 

entry of 

gas 

i'ressure rise 

(torr) 

GAue 

used 

Total number of 

110  molecules 

adsorbed x10-16 

C 	ca. 6 x10-12 

C 
	

6.4x10-12 

6.4x10-11 

6.0x10-11  

7.2x10-11  

C 
	

8.0x10-12 

C 
	

1.2x10-11  

9.6x10-11  

C 
	

1.6x10 -11 

NS 

IG 

IG 

NS 

IG 

IG 

IG 

HS 

MS 

1.4 

2.3 

3.1 

5.9 

4.7 

3.1 

6.2 

7.0 

7.6 
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Table 

I'ressure rises recorded durinc; adsorption of 

hydrosen on Dall,-,dium at 7O S K.  

C - entry via capillary, B - entry via diffuser, 

IG - iojais.ition. saute,  NS - mass spectrometer. 

former. This discre 	is explained if 0.116 of the 

molecules entering the cell via the diffuser reach the 

gaue side-arm without collidint with the film. This 

problem could be avoided by resiting the side-arm as 

in figure 22a, or by usin[i;a somewhat different 
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arrangement, as in figure 22b. These cells would be 

superior to the capillary cell because the incoming 

molecules would be uniformly distributed over the 

surface of the film and molecular beaming effects would 

be eliminated. A cell similar to that shown in figure 

22b has been used by R.E. Clausing (1961), the only 

important difference being that his reaction vessel 

was cubical instead of the ideal spherical shape. 

To 	good ,..sp-2roximation sticking probabilities can 

still be calculated for gas entry via the capillary by 

using eouation (1)). The lowest pressure rise recorded 

in table 1 is 6.4 x 10-12  Corr. This gives a sticking 

probability of 0.993 and thus confirms the cLccuracy of 

the values calculated for the types I and II cells. Even 

allowing for a factor of two between the recorded and 

ideal pressures because of molecular beaming effects etc., 

the sticking probability can still be placed between 

close limits, i.e. 0.9a3 < s < 0.997. 

10. COTIPARISON OF CALCulikTED AND "E::L)ERINENTAL 

VsLbi!;S OF 

To test the accuracy of equation (11) for 

calculating (3, 6. number of cells were constructed, each 

with two ionization gauges attached to the reaction 

vessel. The entrance to one of these was via a. small 
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hole as in the type II celld the other had an 

unrestricted openin and the tubulation was of different 

dimensions for each cell. The pressures re2istered by 

the two gauges were recorded during :.adsorption of 

hydrogen on palladium at 78°K. 	ince the sticking 

probability is effectively one for this system at low 

coverages almost all the molecules that enter the 

gauge compartment come direct from the gas inlet and 

the ratio of the two pressures is also the ratio of the 

molecular beaming coefficients. As p = 1 for the side-

arm with the small orifice, the value for the 

unrestricted side-arm is readily obtained. Experimental 

and calculated values of f3 are compared 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 bend in the tubulation was not 

sufficiently sharp and resulted in a luck of precision 

in the value of L. 



Table 2 

A comparison of calculated and experimental values of 

Dimensions of side-arm t.ioleculo.r beaming coefficient 
(cm) 

r 	L Experimental 	calculated 

1.70 5.4 1.08 1.14 

1.70 7.0 1.25 1.24 

0.60 5.0 2.19 2.25 

0.725 14.5 2.79 2.80 

radius of spherical cell = 6.4 cm in all cases. 

11. COZ.LLECTIOZS FO DESORPTION 

It was mentioned earlier that the sticking 

probability can have fundamental significance only when 

it is defined in terms of the actual rate of adsorption. 

;Llthough the latter is equal to the measured rate of 

uptake of gas  when the adsorbed layer is strongly bound, 

this is no longer so once the rate of desorption has 

become appreciable, and. corrections must then be applied 

to the equations used previously in calculating; s. 

The onset of an appreci .ble rate of desorption from 

the adsorbed layer can always be detected by closing off 

the gas supply; if desorption is insignificant the 
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pressure falls extremely rapidly to its background 

value, as shown in figure 23a but if significant 

desorption is occurring one of two types of behaviour 

may be observed: 

(a) The pressure falls rapidly at first and then 

more slowly until it eventually reaches the background 

value (figure 23b). 

(b) The pressure falls rapidly to Peq, the 

equilibrium pressure above the adsorbed layer, and then 

remains constant (figure 23c). 

The first type of behaviour is found at low 

temperatures when the adsorbed layer is immobile and the 

more accessible regions of the film have become 

saturated. The slow decrease in pressure is associated 

with a redistribution of ,adsorbate from the more 

accessible to the less accessible areas of the film 

(Hayward, Taylor and Tompkins, 1966). The true value of 

the sticking probability can be calculated approximately 

from the instantaneous pressure changes, nPl, /.\.-P2' 
which occur on stopping and restarting the gas supply. 

These pressure changes are ]:,leasurable, however, only when 

they arc comparable in magnitude with the total pressure 

F attained during 	flow. 

The second type of behaviour is observed when the 

adsorbate is uniformly distributed over the surface of 
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the film and is therefore most commonly found when the 

adsorbed layer is mobile. 	eo.uilibrium the rate at 

which molecules are adsorbed from the ambient gas is 

sPeaZ'"Z' and this is equal to the corresponding 
rate of 

desorption. Thus, when there is a net uptake of n A 

molecules sec-1, the total rate of adsorption from the 

ambient gas is (nA 	sPeq
AZ). If this is used, rather 

than n.1(k in equation (2) we have 

= 
nA sl)egAZ 

and on rearranging 

n, 
s = 	 (15) 

ZACP2Peq 

Thus the true sticking probability can be obtained 

by substituting (P-Peq) for P in the original equation, 

and this applies equally well for the more complicated 

expressions for s. 

The effect of this correction on the plot of 

sticking probability against surface coverage for 

hydrogen on palladium at room temperature is shown in 

figure 24. It can be seen that the sharp drop in the 

apparent value of sticking probability at a coverage of 

3 x 1014 molecules cm-2  geometric area .is entirely due 

to a rapidly increasing equilibrium pressure above the 
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adsorbed hydrogen layer md that the drop disappears 

when the correction is applied. 

Ra,.ULTE; 	-.0ISC56ION 

12. HTDROGN ON N0LY3DENUN 

12.1. The uptake of gas by molybdenum films 

During evaporation of films of molybdenum the walls 

of the reaction vessel were either uncooled, in which 

case the temperature rose to around 100°C, or were held 

at 78°K by immersiniE in a bath of liquid nitrogen. The 

sintered films i.e. those deposited with the substrate 

around 100°C, had a markedly smaller c;as uptake than 

the unsintered films - those deposited and maintained at 

78°K. Tables (a) and (b) list, together with other data, 

the t as uptakes on various films at 5'00 or 78°K when 

the equilibrium pressures had reached 10-5torr. The 

total gas uptake has been given in various ways in the 

literature, Beeck (1945) and Brennan and Hayes (1964) 

amongst others have shown that with films the uptake of 

gas in moles is directly proportional to the weight of 

film deposited and subsequently report 'coverage' in 

terms of :roles of gas per unit weight of adsorbent. 

The practice in this work has been to follow that used 

for low area ::„dsorbents and express the uptake in terms 

of molecules per unit area of adsorbent - the latter 
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term referLinz in films to the geometric area 

occupied by the film. 	o estimate the rod hness of the 

films, i.e. the T.'3d.C. of the true surface area to the 

geometric ,,re(.., it I.: neccosarr,,/ to assuae 	value for 

the number of adsorption sites er unit area of true 

surftce. Brennan et al. (1964) 	e 	value of 1.15 

x 1015 and Bnderson and Baker (1961) 1.215 x 10
15 

for this factor for tungsten surfaces. Since in this 

work the surface coverage is not of prime interest it 

was decided to take ,A value 1.50 x 1015  sites per cm
2 

of true surface for all the metals studied - this 

coincides with that normally accepted for a nickel 

surface. Ath this value it is seen that the 

uptae k corresponds to roushness factors of about 10 and 

25 times respectively for sinte ed and unsintered films 

assuming that each hydrogen molecule occupies two sites. 

ratios of uptake at 73°1C and 300°K on the 

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

„;reement with values of 1.31 (Brennan et ml, 1964), 

1.21 (Trapnell, 1951), 1.K (hderson, 1961) and 1.54 

(Eickmott, 1960) for Lungs en surfaces. The literature 

values are for evaporated films with the exception of 

that of Hickmott i:2-hich is for 	tungsten filament. 

single value of 1.15 was obtained for the ratio of 
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uptake at 195°K and 500°K - this az;rees with a value 

of 1.20 obtained from Hickmott's dat for a tunjsten 

filament. 

12.2  The sticking probability of zero  coverage  

The values of stickin - robabilit7 near zero 

coverae are included in tables (a) and (b). It is 

seen that the values for sintered films are centred 

around 0.7 and are virtually independent of temperature 

n   between 78°K and 300°K. The values for unsintered films 

are somewhat higher * Aj 0.09 - this is expected since 

it has been shown that there is a greater uptake and 

corresuondin3ly greater roughness with these films thus 

enhancing the probability Of multiple collisions. The 

sticking probabilities may be compared with those found 

by Pasternak and Wiesendaner (1961) for hydrogen on a 

molybdenum ribbon. These workers found values of 0.35 

independent of temperature between 225°K and 400°K. 

Values for tungsten wires of 0.3 (Eisinser 1958), 0.1 

(Hickmott 1960), 0.24 (2edhead 1962) and. 0.32 (iigby 

1965) have been obtained at room temperature or below 

and are in all cases virtually independent of temperature 

in the range studied. Hunt, Damm and Popp (1961) have 

measured the pumping speed of a molybdenum film and 

conclude that the sticking probabilities for both 
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3rd r 0 en and deuterium are around 0.5. However, this 

work is unable to give an accurate value within very 

large limits due to inherent defects in the design of 

the reaction system. :cceptinz the values obtained 

using filaments and assumingthe sarae type of physical 

structure for films enables m estimate of the number of 

multiple collisions experienced at the film surface to 

be made. 2or values of 0.35 for a plane surface and 

0.7 for a sintered film it is easily shown that about 

2.8 collisions per reflected molecule are made while for 

an unsintered film around 4.7 collisions are required. 

To enable the temperature dependence of sticking 

probability to be studied in more detail several runs 

were performed in which values on single film near 

ae F zero coverage were obtained at both 78°K and 300°K. _L  

results show that the low temperature value is about 

8;'.; higher. It is probably unwise to ttempt to 

correlate this with an activation energy since some 

artefact connected with as temperature may be 

responsible. 

Attempts were made to relate variations in initial 

sticking probability to a variety of experimental 

parameters including, vacua during deposition and 

ionization gauge operating conditions. These were in 

general unsuccessful - the only reasonably substantiated 
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effect was a reduction in the value for rather thin 

films (roughness factors around 5).  

12.3.  The stickinF.  probability as 	function of 

surface coverae. 

As pointed out previously great stress was placed 

in the whole of this work on the behaviour of the 

reacting system when the as flow to the adsorbent was 

interrupted. At room temperature it was found that the 

adsorbed. layer w::.s at ecuilibrium at all times since 

the observed pressure changes at the flow interruptions 

were 	,-upt, and the calculated sticking probabilities 

both prior and subsequent to the interruption were 

equal. The covera e corresponded to an area many times 

th2..t of the underlying substrate and there 7eppears no 

doubt that Ga is distributed by surface diffusion to 

the inner surface. 	similar situation is observed 

at 195°K for about three quarters of the total .-s 

uptake but after this point the slow pressure changes 
on closure of the supply indicate non-uniformity in the 

distribution on the film. The process by which the 

s:;..s which is concentrted on the outer more accessible 

reions is redistributed will be discussed fully at a 

later stac,e. 

At 78°K only about 6 x 1014  molecules per cm2 of 

e.ometric surface can be added to the film before slow 
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redistributions are in evidence. These tend to 

complicate the variation of sticking probability with 

surface coverage and since a 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 was no interruption of oas flow. Figures 25, 26 

and 27 show typical behaviour at the three temperatures. 

It may be noted fro :;i these curves that at no 

temperature is the sticking probability independent of 

surface coverage. The more slowly varying sticking 

probabilities at 300°K and 195°K are expected since the 

concentration of molecules on the outer surface is 

reduced by surface migration. As will be seen 

subsequently the values of sticking probability at 78°K 

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 300°K 

and 195°K refer to adsorption on the outer surface 

followed by a rapid surface diffusion and, after 

correction for desorption, they give a true variation of 

S with coverage. 

The absence of a region of constant sticking 

probability is in direct contrast to that reported for 

flash filament experiments by :_A_singer, Pasternak and 
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Redhead, who also observe a much sharper downward trend 

once a certain critical coverage is reached. To attempt 

to clarify this point it ws decided to perform a flow 

type sticking probability experiment using a molybdenum 

filament as adsorbent. This was carefully cleaned by 

high temperature heating in ultra-high vacuum but great 

care was taken to avoid deposition of film. The gs 

was flowed to the adsorbent for short periods and from 

the results the curve displayed in figure 26 was 

constructed. gince the existence of an e:_luilibrium 

pressure was readily detected on closure of the gas 

supply the points refer to a true sticking probability. 

To illustrate the dangers of methods which ignore 

equilibrium pressures the unfilled circles refer to 

values which are calculated from the total pressure above 

the adsorbent when desorption is occurring. It can be 

seen that the true variation of sticking probability 

with coverage is similar to that observed with 

evaporated films and even assuming that the outgassing 

procedure has not given a completely clean surface there 

is no doubt concerning the general 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 adsorbed layer. 
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12.4. The equilibrium properties of the  adsorbed layers. 

Before proceeding with a consideration of the 

various redistribution processes which are found to 

occur it is convenient to assemble data obtained from 

studies of the variation of the equilibrium pressure 

with surface coverage and temperature. 

Lt room temperature the kinetic data indicates a 

highly mobile adsorbed layer and this is confirmed by 

the time-independent nature of pressures observed above 

the adsorbed layer near saturation. The onset of 

appreciable desorption is, 	previously indicated, 

detected by the failure of the hydroen pressure in the 

reaction vessel to return to background on closure of 

the _s supply. It has been seen that the sticking 

probability remains hi4jh even when appreciable 

desorption occurs thus indicatin'P that adsorption and 

desorption are very rapid processes and the attainment 

of equilibrium thus virtually instantaneous. The high 

sticking probability has the further effect of causing 

the reaction vessel pressure to be sensibly equal to the 

equilibrium pressure over 4 wide range of the latter. 

hany isotherms have been constructed at 300°K and these 

without exception are found to obey the Temkin ecuation 

logarthm of pressure linear with the emount adsorbed. 

figure 29 displays several typical results. cOherence 



135 

to the Temkin ecuation indicates a heat of adsorption 

fallinL;' linearly with uptake in the rane considered. 

It may be shown that if the isotherm is expressed as. 

cx N triP k 	N coverage in molecules per 
0 

cm ,z;eomet is 

eQuilibrium pressure (torr) 

a k - constants at a fixed 

temperature. 

then the rate of change of the heat of adsorption with 

coverage N is given by cx.r_C (11 - ;;as constant, .2 - 

absolute terai)erature). 

For a cocaparison of the slopes of isotherms for 

different films to have any significance it is necessary 

to express the coverage in terms of molecules adsorbed 

per cm2 of true surface area - values of the slope a' 

computed in this way are given in the following table; 

EFEP,ENCE LIOUGHL,IS TEL-2E-2:,TLLIE 

F CTOfl+ 	(°K) 

per molecule 

al  per cm2  true 

area 

    

	

7.6.63! 	9.4 

	

18.6.63' 	8.25 
6.3.65 	5.30 

	

15.11.65 	12.90 

	

28.10.65 	12.80 

	

15.11.65 	13.00 

300 	6.76 x 10-14  _14  
273 	7.15 x 10_14  
303 	8.05 x 10_14  
300 	5.50 x 10 -14 300 	(3.15 x 10 
300 	5.50 x 10-14 

obtained using tungsten filament ionization gauges 

calculated from the uptake at 78°K for 10-5torr 

eouilibrium pressure. 
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Table (c) The slopes of isotherms for hydrogen on 

molybdenum around  300°K 

To obtain value for the slope of the isotherm 

for hydrogen on molybdenum filament the following 

novel experiment was performed. The filament was 

cleaned as previously indicated and saturated with gas 

to an equilibrium pressure of some 2 x 10-c)  Corr- at300 K. 

The gas was then steadily pumped off through a fixed 

known conductance. It is easily shown that if the 

Temkin equation is obeyed and if the rate of pumping is 

proportional to the reaction vessel pressure then the 

reciprocal of pressure increases linearly with time. 

The slope of such a plot (shown in figure 30) is the 

product of a' and the conductance. For the curve shown 

the conductance was 1020 molecules per torn per second 

and a' is -thus 6.4 x 10-14  per molecule ,per cm2 in 

excellent agreement with the film values. This is also 

in agreement with a value of 6 x 1014 obtained for 

hydrogen on a tungsten filament by Hickmott (1960). 

The variation of equilibrium pressure with 

temperature at a fixed surface coverage hs• been studied 

in the region of room temperature for a single film. 

Figure 31 displays the experimental isosteres and figure 

32 the heats of adsorption obtained from the isosteres 

by the aplication of the Clausius-Clapeyron equation. 
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The isosteric heats are seen to fall linearly with 

amount adsorbed over the covera4e ranee and the slope 

• of the curve gives enccy-.-:.:, _lue of 6.7 x 10-14 per molecule 

per cm2 true surface in good agreement with that 

obt,ained from the slopes of the isotherms. Heats of 

adsorption for hydroT-fen on tungsten films at 300°K have 

been obtained calorimetrically by Brennan and Hayes 

(1964). These workers display somewhat sigmoidal heat 

curve at this temperture with 	initi7J1 value of 

around 42 kilocals per mole compared with (assuming a 

linear extrapolation) 	value of 40 k cals in this work. 

It is interesting to note that c, value for a' of 
0 

5 x 10-14 per molecule -per cid-  of true surface may be 

obtained from the curve of :Brennan at half coverage, 

with correspondingly higher values towards saturation as 

the heat curve bends off. llickmott (1960) 	obtained 

heats from desorption data and. also from isosteres for 

the hydrogen tung,.ten system, findinz that the heat falls 

nearly linearly over wide coverage range. The slope 

of the heat curve of hickmott gives 	a' of 

per molecule per cm2 of true surface in apparent 

disasreeinent with the slope of his isotherm at 298°K. 

since the sticking :probability can still be 

reliably obtAned in the region where the equilibrium 

pressure is small it is possible to perform a 
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calculation using absolute reaction rate theory to 

obtain the difference in free energy AG between the 

adsorbed state and the surface transition complex 

preceding desorption. Thus, equating the rates of 

adsorption and desorption per cm2 for an isolated system. 

S.P.Z 	n-  . 	exp. - AG 
RT 

where S - sticking probability 

P - equilibrium ;pressure 

- Hertz-Knudsen factor 

n - number of molecules per cm2 of true surface 

ns- number of adsorption sites per cm
2 of true 

surface. 

- a frequency factor - taken as 1013 per sec. 

The values of ©GI  obtained by substituting the 

experimental values of 5, P and n in the above equation 

are given on figure 32 (AG4r has of course a positive 

magnitude). If one assumes that AH = -AT1_.DS. 

i.e. that the activation energy for adsorption is 

negligible then the entropy of ctivation AS may be 

calculated from 

AG 	= AH.1.  TAS4.  

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

degree; this is about the entropy change expected for 

2 degrees of vibrational freedom in the adsorbed state 
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becoming two degrees of translational freedom in 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 execute many vibrations at each 

site between each hop to a new site. 

The differential entropy of adsorption SB can be 

obtained from the expression 

AH 
S0 . Sg AnP - ADS RT 

where Sg integral molar entropy of the gas at 

one atomosphere. 

- the equilibrium pressure in atmospheres. 

AH - the isosteric heat of adsorption. 
ADS 

Values of S6  have been calculated from the above 

and are found to be around 5 - 6 calories per degree 

per mole. Unfortunately the integral entropies of 

adsorption cannot be determined at room temperature 

since both AH and are recuired as continuous 
ADS 

functions from zero cover age . The treatment given by 

..31,1eett and Rideal (1960) to data for the hydrogen-nickel 

system cannot, therefore, be repeated here. Trapnell 

(1951) obtained an Sc, of 5 calories per degree per mole 

for the hydrogen-tungsten system around room temperature. 



5 

1 
8.0 	8.1 9.7 	7.8 8.2 	8.4 

x1015 
8.2 7.9 

10-6- 

11+3 

COVERAGE (MOLECULES PER Ch2  GEOMETRIC AREA.) 

FIGURE 33. Temkin isotherm at 195oK. 



EQ
U I
L I
BR

IU
M 

PR
ES

SU
RE
 (
T
O
R
R
)
  

10-6 

10-7- 
• 
; 
• 

6 
4.17 	4.20 	4*23 	4.26 	4.29 

x1015  
COVERAGE (MOLECULES PER CM2  GEOMETRIC AREA) 

FIGURE 344 Temkin isotherm at 78°K. 



146 

Isotherms similar in form to that at room 

temperature have been obtained at 195°K and 78°K. 

Figures 33 and 34 display typical results at the two 

temperatures and show adherence to the Temkin equation. 

It was difficult, particularly 	76°K, to obtain a 

reasonable measure of equilibrium pressure since slow 

drifts went on apparently ad infinitum. These could be 

reduced by cycling the isolated system between 78°K and 

some higher temperature preferably approaching 200°K. 

The effect of the drifts could also be overcome to some 

extent by calculating a' values of individual additions 

of gas rather than attempting to construct a complete 

isotherm. The following table gives a' values at 

195°K and 78°K. The values obtained in the run 21.1.65 

refer to individual doses of gas and correspond to 

increasingly greater equilibrium pressures as the table 

is descended. It is to be noted that the values of a'  

so obtained approach those from isotherms only at the 

higher coverages indicating a 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 adsorption if the activation energy for 

adsorption is negligible. For an adsorbed layer in 

which the heat of adsorption falls markedly with 
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REFERENCE TEMPERATURE 
oK 

ROUGHNESS 

FACTOR 

per molecule 
m' per cm 	of 

true area 

7.1.65 195°K 11.8 1.96 x 10-13 

15.11.65 195°K 13.0 1.61 x 1013 

6.3.65 78°K 5.3 2.36 x 10-13 

2.4.65 78°K 9.3 2.24 x 1013 

23.1.65 78°K12.3 2.06 x 10-13 

2.62 

2.93 
2.69 

21.1.65R.  78°K 12.5 2.30 	x 10-13 

2.58 
2.36 
2.26 
2.00 

..,4 

Table (d) Values of a 'at 195°K and 78°K  

coverage the situation corresponds to full occupation of 

the low energy sites down to those corresponding to the 

differential heat of adsorption at the particular 

coveragel and virtually no occupation of higher energy 

sites. The ecluilibrium with the gas phase is maintained 

mainly by desorption from sites at the boundary of 

occupation. Absolute rate calculations indicate. that to 

maintain an equilibrium pressure of 10-°  torr with a 
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sticking probability of 10-1 the heats of adsorption 

(and desorption) are around 20, 14 and 5 kilocalories 

per mole at 300°K, 195°K and 78°K respectively. If the 

heat of adsorption were linear with coverage over this 

range then the product a' T from the isotherms should be 

constant. Inspection of the values in the various tables 

1 r indicates thi:t there is good agreement at 7b0h. and 300°K 

but, surprisingly, not at 195°K. The trend of a' at 

195°K indicates a more steeply sloping heat versus 

coverage curve in the region of 14 kilocalories per mole 

than that found around 20 and 5 kilocalories per mole. 

The data of Hickmott (1960) extends apparently linearly 

between 30 and 14 kilocalories but examination of his 

isotherm at 78°K indicates that there must be an abrupt 

change at heats less than 14 kilocalories otherwise the, 

extrapolated value of the heat of adsorption at the 

saturation coverage at 78°K would give an impossibly 

low rate of desorption. The isosteric heat data of 

Trapnell (1951) for the hydrogen tungsten system does 

show a small inflexion in the r-_zion of 15 kilocalories; 

unfortunately,the results in our work were not extended 

to this region although there does appear to be a 

departure from linearity of the heat curve .at 18 kilo-

calories per mole (see figure 32). 

In terms of the occupation of energy sites the 
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Temkin equation and a linearly falling heat of 

adsorption cor-J2espond to an equal distribution of sites 

in any energy interval within the range covered. The 

results at 195°K may thus be couched in terms of a low 

density of states with heats around 15 kilocalories, 

but adherence to the Temkin equation indicates that the 

density does not vary significantly within two or three 

kilocalories of this value. The isotherm does, however, 

depart from linearity at around 10-5  torr and the 

changing slope indicates an approach to the density of 

states indicated at 78°K. Likewise, the departure from 

linearity of the isotherm at 78°K and 10-7  torr 

indicates a decreasing density of states with increasing 

heat. However, the latter may 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 78°K applies to a non-equilibrium state as complete 

immobility of the strongly adsorbed layer is indicated. 

The results of these workers arc considered in the next 

sections which are mainly concerned with the slow 

redistribution processes which occur at 78°K and also 

at 195°K. 

12.5 	The slow redistribution processes at 78°K 

As indicated in a previous section only about 
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8 x 1014  molecules per cm2  geometric area can be added 

to the film at 78°K before the. pressure fails to return 

rapidly to the background value on closure of the gas 

supply. Above this coverage the pressure may take many 

seconds or minutes to approach the background even though 

the sticking probability is high and on resumption of gas 

flow some 1013 molecules per cm2 must be added to 

reattain the pressure existing prior to the interruption. 

The pressure time curves observed are displayed in 

figure 23 (b). The decay at closure may appear when P is 

high to be different in form but this is merely because 

the sharp pressure change API, is small compared with the 

total reaction vessel pressure. The behaviour is 

interpretedas due to molecules becoming immobilised on 

the outer surface of the film which are thus saturated 

after about 8 x 1014 molecules per cm2 have been added. 

On closure of the supply the pressure falls to a pseudo-

equilibrium value which is maintined by desorption from 

the film. The decay of the pseudo-equilibrium pressure 

is e, direct indication of the rcJistribution of gas to 

the inner surface, thus reducing the outer surface 

concentration. The sticking probability of fundamental 

significance can, as seen previously, be calculated only 

from the sharp pressure changes; that calculated from the 

total pressure has no significance when a pseudo-

equilibrium pressure is present except to indicate the 
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overll kinetics. Figure 35 shows a typical sticking 

probability curve at 78°K, the L;:s supply was interrupted 

for about 20 minutes at the points marked A. The upper 

dotted lino refers to sticking probabilities calculated 

from the sharp pressure changes on reopening the supply 

these ca , of course, be observed only when the pseudo-

equilibrium pressure is comparable with or smaller than 

the sharp change. The constancy of the sticking 

probability on reopening the supply is expected since, 

in many cases, the redistribution proceeded until 

identical pseudo-equilibrium pressures existed and 

adsorption thus took place on virtually identical surfacos, 

Also it has been seen that at room temperature the 

sticking probability does not alter abruptly with 

increasing desorption and this appears from the results 

to be true also at 78°K, From the slope of the Temkin 

isotherms at 78°K it can be deduced that the outer 

surface concentration of gs increases only slowly during 

g.7.s ::,ddition and the sticking probJailities lying on the 

lower curve refer to the overa12. kinetics of passage of 

frs to the inner surface of the film, until true 

s:.turation is approached, 

The kinetics of the redistribution process c= be 

obtained from the rate of decay of the pseudo- 

equilibrium pressure in 	isolated system. For hydrogen 
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on molybdenum films at 78°K the reciprocal of pressure 

varied linearly with time both near the onset of the 

slow process, when the pressure decay is fairly rapid, 

and also when the film is nearing saturation and. the 

process may take upwarrls of twenty minutes to approach 

the background. 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 

that the Temkin equation applies to the layer at 

saturation. A simple case, probably applicable near the 

onset of redistribution, assumes that only the most 

exposed pc:rts of the outer surface are at saturation 

nd 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 pseudo—equilibrium with the pressure in the void 

of the reaction vessel. (The latter restriction is 

removed in a subsequent, more sophisticated derivation). 

Thus using symbols previously defined:—

ocN = nP k — The Temkin Equation 
did 	1 dP 

P clt 
For Knudsen diffusion down pores dN MP (M is the 

effective pumping conductance of the unsaturated regions 

in molecules per cm2 per sec. per torr or since M may be 

Hence 
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expected to ',Jo constant over 	sm= cov3 	12::',nc;o 

it may be replaced by SZ where S is the 

sticking probability measured from the total reaction 

vessel pressure prior to closure of the supply. 

(Thus, we have, on substituting for dn 
dt 

aSZP = - 1 (0 

or 	1 - 1 = (aSZ)t where P°  is the pressure 
35 0 r at zero time. 

i.e. the required relationship. 

From the slopes of the reciprocal pressure against 

time curves and the measurements of S a range of values 

of a can be obtained. Remembering that a and N refer to 

molecules per cm-  geometric area it is seen that a
-1 is 

proportional to the area of true surface per cm2 of 

geometric area on which the adsorbate is at equilibrium 

with the gas phase. If it is assumed that the Temkin 

isotherms obtained near true saturation have equivalent 

values then the absolute extent of the adsorbate at 

saturation can be determined. Figure 38 records the 

values (unfilled circles) of a-1 against coverage for run 

10.1.65 and figure 39 the percentage of adsorbate at 

saturation assumin the above treatment to be 

substantially correct. Values of a-1 can also be 

obtained from the pressure time profile on reopening the 

supply in the following way (referring to figure 40). 

If, on restarting the gas 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-tiiae curve lies below the latter but the amount 
t 

going to the inner surface should still be 	S.Z.P. dt 

)0 

where S is the sticking probabllity calculated 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 area 

and S.Z. thus refers to the number of molecules entering 

the outer surface per cm2 geometric area and this number 

raises the pseudo-equilibrium pressure by AP. a is then 

obtained by applying the Temkin equation;a-1 values so 

obtained are shown (in figure 38) to be in excellent 

agreement with those obtained from the reciprocal pressure-

time curves. 

The result of extrapolating the a-1/coverage curve 

back to the coverage axis is interesting since it 

indicates that about 1015 molecules per cm2 geometric area 

must be added to the film before any part of the surface 

is at saturation - this is in accord with the knowledge 

that around 7 x 1014 molecules must be added per cm2 of 

plane surface to achieve saturation. This figure should 

be compared with the 3 x 1015 molecules per cm2 geometric 

area which must be added before the film as a whole is at 
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FIGURE 41. Diagrammatic representation of the 
redistribution down a single pore. 
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saturation. 	complete saturation is approached the 

pressure rises steeply with further gas addition and the 

kinetic treatment given earlier must be corrected for 

this effect. At very high coverages a-1 approaches a. 

constant value equivalent to that found for the Temkin 

isotherm. 

The reciprocal pressure function can also be 

obtained from a more sophisticated model which treats 

the film as a series of pores of uniform cross section. 

Again the saturated areas of film are assumed at all times 

to be in equilibrium with the gas phase above them but 

Pressure gradients are allowed for in the porous structure. 

The situation is shown diagrammatically in fi;ure 41. 

The saturated layer, each element of which is in 

equilibrium with the gas phase above it, covers the outer 

surface and extendS down the pore to the point E. The 

equilibrium, as before, obeys the Temkin equation - 

CC DJ = 	n P 	k 	(1) 
noting that a and N apply to true 

surface area. 

Differentially with respect to time 

a  aN = An13  
at 	at 
	 (2) 

( 

This equation applies providing aN is small compared 
at 
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with the rates of adsorption and desorption i.e. the 

pseudo-equilibrium is maintained. 

From Fick's first law of diffusion the net flow 

across the line AB is given by 

aN = - 2_11 (g) 	(3 ) 
6---  x x   where (a9 is the total 

\at x  

number of molecules flowing across .LB per second, 	is 

the cross-sectional area of the pore and 1) is the 

diffusion coefficient, assumed constant. 

Similarly for the flux across the line CD 

( )K 

°NC = -Al) (a) 
at T 	alf i  -1--dx 	- xi-dx 

The total rate of desorption from the saturated walls 

of element :BCD is 

-(aN.1) L.dx. 	where L is the circumference of 
at 

the pore. Using equation (2) 

rate of desorption = L A  
1 
(n I)  ax 

at,/ 

The equivalent of Fick's second law may be obtained 

considering mass balance in the element 13CD. The 

rate of change of the number of gas phase molecules due 

to changes in pressure may be neglected since it is very 

small compared with the rate of flow and the rate of 

(0E.) 

(5) 

by  



desorption from the walls. Therefore 

a 	- 
(al 

Tit— 
= 	L 	atn P dam'_ 

t a ( at x+dx 	at  

or, substitutin equation (3) E.nd (4) and 

rearranging 

(
21p )  = 	P 

axe 	LL 	at 

solution of this ecluation, applicable to the 

present problem, is 

2 
P = 	L 	bx x- 	(8) 

2a AD (t + c) 

where a, b and c are constants which are determined 

by the particular boundary conditions imposed on the 

model. 

The pressure that is measured is F0, the value at 

---- 0 

0 
	La2 	1 	(9) 

	

.2 a _ED 	t 

i.e. , 	relitienship 

between the reci)roc,.1 pressure and time. 

:,eturning to (3), bhe following relationships are 

derived for a ,. d b. 
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(6)  

(7)  

(a) 	t =00 F = 0 
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't 	= 	( t is the length of sc..t-an:ted pore) 

b6G. -- ....-. 0 

b) 
	

(10) 

(b) 

t 

therefore 

or 

The diffusion coeffiCient I) may be expressed in terms of 

r by considering the flow down a pore under steady state 

conditions. The saturated column of adsorbed gas may 

be considered inert under these conditions provided the 

boundary moves only slowly with time. The reouired 

equation for flow down a tube of lengthgand 	r 

is, providing-6 >>r, 

rite of flow in molecules per second . 

8 nr2. r Z(P 	P,) 	(11) T 0 

where Po  and Pl  are the pressures at the ends of 

the tube. 

In our problem P1 is , ssumed zero thus 

-nr2D ar 	arc.  r'
7,  
ZPo 	(12) 

3x 

znd since there is -constaYat - lessure gradient in 

the tube 

— 
x 

(13) 
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and 

8 r Z 

	

	 (14) 

remembering that end corrections 

have been ignored. This allows (a) to be written as 

P 
2 7 	  (a2 --b

t
x 	x-) 
( 	c ) 8 r2Z 

(15) 

and the slope of reciprocal pressure (at x = 0) against 

time becomes 

8 air2Z 
9a 
2 
 

(16) 

  

If each individual pore is considered to have an 

area E of external surface ,J.ssociated with it then b 

may be related to E as follows. During a redistribution 

the net amount of 	de sorbed from : passes down the 

single pore. If the pressure is uniform over the area E 

and equal to Po then 

t(net flux town pore) x =0. 	= - E Cc n E
o 	(17) 

dt p< dt 

DifferentiatinT (15) with respect to x gives 
apN  

(6 	i 4 	= — 3b  	1  
p 

x = 0 	8 arZ (t+c) 
and using this equation together with (17) the flux down 
the pore at x = 0 is 

-(dNE
) . 

mbr  	 (18) 
dt 	a (t+c) 



Thus using (17) and (18) 

E 	Po =  -mbr  
dt 	(t + c) 

and hence 

- E 
Po  Ebi = K(t 	c) (K inte.sration constant) 

(19) 

To satisfy the orifins.l ecuLtions E mbr and the nature 

of the constant b is demonstr..z.ted. The relationship 

between pressure and time in terms of the physical 

dimensions of the model is thus 

P = 	3 	fir)(11.t; 	x
2
] 	(20) 

9 8 are-2, 	ct ± c) 

The model is capable of further development by, for 

example, treatment as 	system of short capillaries or as 

system of pores of various dimensions. It will suffice 

here, however, to have indicated how the experimentally 

observed kinetics 	arise. 

The fora of the kinetics of the slow processes 

indicates a as phase process by which the interior 

surface is covered. ilthough the interpretation is 

contrary to that given here, the calorimetric heat data 

for hydrogen on tungsten films of Brennan and Hayes (1964) 

is in agreement with that expected for a gas phase 

process. These workers found an almost constant heat 

of adsorption at 90°K over the whole coverage range. The 
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magnitude of this heat is almost equal to the integral 

value at 300°K, where the layer is highly mobile, 

suggesting that a fresh increment of clean surface is 

covered by each addition of gas. In the next section 

results are presented which demonstrate the existence of 

of a weakly bound adsorbed_ stte thus confirming the 

results of Fickmott and others. The state, however, is 

not sufficiently stable to be capable of transporting gas 

to the inner surface of the film by a surface migration 

process since desorption is observed after only 7 x 1014 

molecules per cm2 geometric area of 	is adsorbed at 

78°K. 

12.6  The slow redistribution at 195°K 

Molybdenum films at 195°K behave in a similar way 

to those ?-t 300°K up to about three quarters of the total 

uptake i.e. theadsorbed 1,yer is hjAhly mobile and gs 

freely redistributes to the inner surface. Ho,lever, above 

this coverage the adsorbed ] ayer .Tpariontly lases this 

mobility and slow redistributions of 	are observed in 

the same manner as described at 78°K. The form of the 

kinetics is found to be identical to that at 78°K viz. 

the reciprocal pressure falls linearly with time after 

closure of the ;:D.E3 supply, and the process is thus 

probably one of gas phase diffusion. Figure 42 displays 

such curves for a single run - the slopes varying by a 
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factor of 10- , as seen in the following table. This run 

is also used in fiure 26. 	(run reference 1.7.65) 

Elope of P-1/time 

torr-1  sec-1  

Coverge in 

molecules/cm-2  seam. 

6.1 x 107  54.6 x 1014 

x 107  58.6 

8.2 x 106  62.1 

2.1 x 106 	65.3 

9.3 x lo5 	66:6 

1.3 x 105 	67.6 

7.1 x 104 	69.2 

6.15 x 104 	70.0 

5.00 x 10
4 
	72.0 

Table (e) The slopes of  the reciprocal pressure gainst  

time curves. 

The coverage rc.ne over which the redistribution 

occurs is, of course, much more restricted thn at 78°K 

but the behaviour Generally 2,TDpeJrs similar with the 

exception that the curves do seem to deviate from 

near zero time. This deviation is, for plots 

at the lower pressures, more .1)parent than real since it 

is probs_bly associated with the response time of the 
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pressure display system to the sharp pressure drop 

preceding the slow redistribution. The sticking 

probability calculated from the sharp pressure changes 

on opening and closin the Jas supply follow a similar 

pattern to those observed. 	78°K Laving a constant 

region and n indiction of fall as true saturation is 

approached. Figure 26 displays such values of sticking 

probability against coverage, again for run (7.1.65). 

It may be noted that the LI-gnitude of the sticking 

probability in the constant region is lower than that 

found at 78°K. This is in general agreement with other 

results which, as will be seen, show that at non-zero 

coverages the sticking probability for a given surface 

condition :,lways increases towards 78°K. 

12.7 Desorption spectra 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 relationship during warming of a partially 

saturated film. These 'desorption spectra' were normally 

obtained by admitting a known quantity of hydrogen to a 

film intained at 78°K and then warming the film slowly 

towards some desired temperature and monitoring both the 

temperature (by thermocouples attached to the rection 

vessel walls) and the pressure in the reaction vessel. 
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The process was normally repeated with further doses of 

gas 0--s until the film was saturated. 

As with flash desorption experiments using filament 

adsorbents the system may be isolated or pumped during 

the desorption. The latter is normally preferred as the 

resolution is enhsnced .snd furthermore with filaments 

readsorption can be minimised by a sufficiently fast 

pumping system. With high urea evaporated metal films 

an enormous pumping speed would be required to reduce 

resdsorption significantly and this together with an 

experimentally restricted maximum rate of telfipersture 

rise precludes any investigation of s_ non-equilibrium 

system. The situation with films thus corresponds 

during a desorption spectrum to near equilibrium between 

the gas phase and the regions of the film most accessible 

to the gas phase; if the temperature is sufficiently 

high and the adsorbed 1.Ayer highly ieobile then the 

equilibrium rm.y extend to the whole surface. As will be 

seen subseuently, the high net rate of pumping required 

to resolve s spectrum was, in the c-se of unsaturated 

films, supplied by the film itself in which case it was 

immaterial whether the reaction vessel was open to the 

pumps or not. Near sstur:ition very large pressure 

chunes occurred and the system had to be pumped to give 

adequate resolution and even then the pressure could not 
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be maintained much below 10-6 torr during the desorption. 

Two rates of warm up were used - one corresponding 

to the lactural rate of warm up of the unl.:.gged reaction 

vessel after removal of the liquid nitrogen bath and a 

slower warm up with the reaction vessel l[agged with 

asbestos string. 2ven with the latter method it was 

very difficult to maintain a uniform temperature over 

the whole of the reaction vessel wall but by manipulation 

of the lagging the variation could be reduced to about 

15°K. The lagging gave one great advante4fe - the 

temperature of the rection vessel did not start to 

increase for about fifteen minutes after removal of the 

nitrogen bath and this allowed ample time for the 

electronics to 'settle down'. Figures 43 and 44 display 

temperature time profiles at the two rates of warm up. 

Figures 45 and 46 show several desorption spectra at 

increasingly higher total uptakes of gas. Table (f) is 

constructed from desorption data obtained in the 

following way. A quantity of gas, An, was added to a 

film held at 78°K and then the film was warmed to 300°K 

whence equilibration over the whole film surface 

occurred (see figures 37 and :58 for spectra). The 

total uptake 	this point, nT, is related to the outer 

surface concentration via the roughness factor ft and the 

outer surface concentration, n, after recooling the film 



,0 to 70 K end adding a further quantity An is thus 

n1  + An. 

total Ho  

adsorbed 

(molecules 
2 per cm ) 

An 

TT 	increment 

at 78°K 

(molecules 

per cm) 

n 

112 concn. 	in 

outer layer 

(molecules 

per cm ) 

Number of 

desorption 

spectrum 

(see Fiures 

37 =d 38) 

4.57 	1014  

9.21 

13.44 

18.62 

23.45 

27.83 

32.07 

45.57 

014 4.57 x 1 

4.64 

4.25 

5.12 

L4.83 

4.24 

13.50 

4 4.57 x 101  

5.21 

5.58 

6.36 

7.16 

7.32 

7.72 

No desorption 
It 

II 

2 

3 

5 

Table (f) 	The onset of desorption 

Delow n = 6.8 x 1014 molecules 1per cm2 of :Leometric 

no desorption is observed on rising the temperature 

of the film. This hs been substantiJted in experiments 

usin3 about 10 films - no desorption is detected. before 

npproximutely 6.5 x 1014 molecules.- per cm2  hove been 

182 
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,,dded to a clean film. It will be remembered that the 

onset of the slow redistributions, the kinetics of which 

have been previously discussed, occurred 	about 7.5 
4 x 101  molecules per cm` geometric area; the 

discrepncy in the coveraes :It which the two phenomena 

are first observed .rises because of differences in the 

amounts of weakly held hydrogen which c-In be detected 

by the two methods. 

In desorptions 1 to 4 the film was pumped for most 

of the time but periodic isolation from the pumps had no 

detectable effect -- due, as previously indicated, to the 

high pumping rate of the film swamping that of the 

exhaust port. In desorption 5 the film was approaching 
saturation and, in this p-rticular case, the system 

wL:.s. isolated. 

Pressure peaks or shoulders can be observed in 

figures 45 nd 46 at 130, 170 and. 220°K. The drop in 

pressure between 170°K and 200°K observed in figure 45 

is attributed to the onset of mobility in this region. 

This results in weakly held hydrogen, present at 78°K 

in the outer concentrated layer of the film, migrating 

by surface diffusion to strongly Edsorbing sites on the 

inner surface of the film thus reducing the gas phase 

pressure above the ,dsorbed layer. This hydrogen would 

in the absence of such migration, have desorbed at 
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temperatures greater than 170°K. Thus, on this basis, 

the pressure maximum observed at 170°K does not 

indicate the existence of a separate adsorbed phase 

because the pressure time profile does not reflect 

the variation of population density with bond energy 

at this point. 

The onset of mobility around 170°K was 

demonstrated in the following experiment (reference 

5.3.65). Desorption data were obtained 	before 

except that the cooling; bath was replaced around the 

reaction vessel at various stages during the desorption 

procedure. After each temperature cycle the sticking 

probability was measured at 78°K, and in some cases 

room temperature measurements were also made. Figure 

47 displays the sticking probability curve constructed 

from the data, the letters 	to I!: refer to the highest 

tem-serature reached during the desorption (see key). 

The , ticking probability at 78°K always increases after 

warming of the film to temperatures greater than 

170°K due to a redistribution of hydrogen to the inner 

surface of the film. The number of molecules which 

have to be added after a desorption to return the 

sticking probability to its value just prior to the 

previous closure of the supply is 	measure of the 

extent of the redistribution process. However, the 
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redistribution is partly via the g s phase and partly 

by the surface. The contribution of the former AN, 

can be calculated approximately from the pressure time 

profile of the desorption if it is assumed that the 

sticking probability remains constant. (It is hoped 

that the use of the term sticking probability in the 

above does not generate any ambiguity; that referred to 

is calculated from the total reaction vessel pressure) 

The contribution of surface diffusion AN,-. is obtained 

by subtracting LNG from the tot A_ amount N re-

distributed. Ti is calculated as the number required 

to reattain the value of sticking probability existing 

at 78°K prior to the previous warm up. The figures in 

table (g) are calculated in this way for the same run 

as displayed in figure 39. .examination of the values 

in the table indicates that at 170°K only a small 

amount of redistribution occurs by surface migration 

whereas at 200°K this process is nearly complete. 

awever, an examination of desorption no 3 in 

figure L15 indicates that equilibration is not entirely 

complete even at temperatures somewhat in excess of 

200°K since althoull the coverage is below that 

required for saturation at 300°K desorption is still 

occurring at 230°K. If equilibration were complete 

at 200°K only the low energy sites would be covered 
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IT 

total number 

of hydrogen 

molecules 

adsorbed 

(molecules 

per cm 

ANG  

number of 

molecules 

redistributed 

vi.1 the Eas 

(molecules 

per cm2  geolq) 

AN, 
iJ 

number of 

molecules 

redistributed 

by surface 

diffusion 

(molecules 
2 

per cm 	eom) 

HiZnest temp. 

reached 

during a 

desorption 

oK  

18.18 x 1014 0.042 x 1014  2.7 x 1014 190 
23.64 0.12 6.0 300 
31.92 0.29 4.2 200 

37.23 0.52 0.9 170 
39.03 0.97 3.0 190 
42.25 	0.65 6.0 300 
50.04 	0.94 2.0 190 
53.41 	0.47 0.5 170 

54.82 	2.7) 2.0 	190 

Table (g) 	T-  le relative contributions of 	phase 

diffusion and surface  migration in 

redistribution. 

above this tem-perature and desorptionwould not occur 

until the film reached the saturation temperature. In 

desorption no 4 saturation 	to be achieved above 

about 240°K as the pressure is rising steeply. In 
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desorption no 5. fiure 46 the film is near saturation 

,_ at 7c,o  lc and is apparently in pseudo-equilibrium 

between 140°K and 170°K, above which the adsorbed layer 

commences to rearrange. As the system is isolated in 

this desorption the last past of the pressure 

temperature profile should correspond to an isostere if 

eouilibration is complete. This is not so below about 

250°K, but above this temperature isosteres were 

successfully constructed and save heats of around 17 k 

call per mole between 250°K and 270°K. 

The rearrangement of the adsorbed layer around 

170°K was further investigated. Figure 48 shows the 

desorption spectra of two films which had been 

effectively saturated with gas ;-t 78°K. fart of the 

difference in the two spectra is due to the fact that 

in (a) an attempt wts :z. de to equilibrate the acisorbed 

layer by cyclingthe temperature between 78°K and 

220°K whereas in (b) the film was saturated at 300°K 

and the remainder of the hydrogen added with the film 

maintained at 78°K. The sharp pressure decrease at 

170°K in (b) is ,gain attributed to a rearrangement 

within the ,dsorbed layer so that more hydrogen is 

accommodated on the surface. 

However, figure 48 (and to some extent figures 

45 and 46) is somewhat misleading because the rate of 
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temT)eratui:e rise is continuously decreasin and the 

number of molebules pumped in any particular 

temperature interval is not proportional to the area 

under the pressure time curve. If the number of 

molecules desorbed per cm2 per oK is plotted (instead 

of the instantaneous pressure) then the shape of the 

curves is considerably altered - figure 49 is such a 

treatment of figure 48. This is especially true at 

the higeSt temperatures where the rate of temperature 

rise tends to zero and since the system. is being 

pumped the pressure must also tend to zero irrespective 

of the population distribution of the various binding 

energies. 

12.8. The  number of low temperature states of adsorption  

In flash desorption studies it has been common 

practice to identify each shoulder or maximum in the 

pressure time profile during desorption with a separate 

state of adsorption. 	 sch state of adsorption is 

supposed to reflect a discrete population density within 

a range of binding energies and for its existence to 

be substantited the effects discussed in the previous 

section must be eliminated. In particular it has been 

seen that a rearrangement of the adsorbed layer around 

170°K to 190°K causes ,A fall in pressure which is not 

u reflection of a falling population distribution with 
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binding energy and should not therefore be considered 

as a separate adsorbed state without A_ditional 

evidence. 

The present investigation of the ..ydrogen 

molybdenum system indicates, at mast, two weakly bound 

states of adsorption in the low temperature region: one 

desorbin below about 150°K and another around 220°K, 

A_though the latter is doubtful since it was not 

observed in all runs. Two studies of the adsorption 

of hydrogen on molybdenum filaments or ribbons have 

been made and unfortunately neither provides information 

on binding states desorbing below 200°K. Pasternak 

and 'Aesendan,ger (1960) find evidence for two states 

of adsorption when desorbing from 225°K. However, 

these workers used tungsten filament gauges and since 

the system contained no means of identification of 

chemical species it is possible that carbon monoxide 

is responsible for one of the observed states 

(Hickmott 1960; goore and Unterwald 1964). However, 

valid comparison can probably be made with the hydrogen 

tungsten system which has been more extensively studied. 

Hickmott (1960) found for this system two states of 

e.dsor!)tion; one de; 	ted a desorbing-  below 195oK 

and second designted # deorbing above this 

temperature. Pore recently Ricc, hedna and gaini 
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(1965) have obtained desorption soectra for hydrogen 

adsorbed on a tungsten sheet that show six pressure 

peaks CosignatedY1I X?)  al, a2, 91, and n in order 

of increasing temperature of desorption, the p; peaks 

being identified with Hickmott's a phase. However, the 

differentiation of the adsorption states into a and p 

phases may be artificial due to the fact that the 

desorption was carried out in two stages - 78°K to 

500°K and 300°K to 600°K. No such differentiation was 

found in this region by Hickmott (1960) or Hoore and 

Unterwald (1965) who desorbed in 	single flash. 

In neither the work of Ricca nor _lickmott was an 

attempt zi de to equilibrate the adsorbed layer at 78°K 

by cycling the temperature during; adsorption, although 

2.icca saturated the surface at 300°K before cooling to 

78°K in some experiments. It is relevant, therefore, 

to compare the desorption spectra. obtained by these 

workers with curve (b) in figures 48 and 49 rather 

than with curve (a). This suggests that the 

differentiation of then( and p phase of Hickmott and 

the 4 2  and 0(2  phases of Ricca is due to a rearrange-

pent of the adsorbed layer in the region of 170°K 

which enables .as to migrate to the more strongly 

dsorbing sites which are created. However, the 
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equilibrium data from this work and also in that of 

hickmott does indicate a change in the slope of the 

heat curve below about 15 kilocalories, per mole and 

there is thus probably good evidence for one low 

temperature state of hydrogen on molybdenum or tungsten, 

this state may be identified with the O( phase of 

Hickmott and the 	phase of Ricca et al. The field 

emission results of 2ootsJert, van eijen and Sachtler 

(1962) indicate the existence of many adsorption 

complexes in the hydrogen-platinum and hydrogen-tungsten 

systems. This is not necessarily against the 

conclusions drawn here but merely indicates that the 

heats of adsorption of the comolexes 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 is still 

, matter of conjecture. This state is responsible for 

the slow redistribution. process at 78°K after closure 

of the gas supply and is first observed, after about 

6.5 x 1014 molecules per cm2 7eometric area have been 

adsorbed on the film maintained at 78°K. iktwever, if 

the film were first saturated with gas at 300°K it was 

found that the weakly held state could be detected 

after much smaller cdditions of gas at 78°K. This 
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behaviour suggests that the weakly held layer can 

exist only above a layer of the strongly held p state. 

There is little doubt that the 3 phase is an atomic 

layer and one possibility is that the aphase is 

molecular and_held over single vacancies in the atomic 

layer‘ This would be in line with the observations 

of Hickmott (1960) that the concentration of the 

phase was proportional to the ambient pressure of 

hydrogen sugesting molecular adsorption and that the 

majority of the aphase was formed after the i phase 

was nearly complete suggesting a layer of aon top of 

the f3 phase. Italso explains why the low temperature 

state is reduced if the surface is first equilibrated 

at 300°K as observed in this work and also in that 

of Ricca et al. One further point worthy of 

consideration is the reason for the desorption when 

surface migration is negligible. The immobility at 

78°K occurs over the whole coverage range Emd can be 

explained by an activation energy of migration of the 

adsorbed species. At 195°K there is the interesting 

situation of immobility setting in at high coverage. 

Whether or not the immobility is in a second layer of 

gas over a still mobile strongly held state is not 

clear from the results, it is hoped with a series of 

experiments using isotopic mixtures to resolve the 

situation. 
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13 	1. -D,LOG,EIT ON NICKEL 

13.1 	2he uptake 

ass with the other metals, films of nickel were 

derposited on c substrate held either 	78°K or near 

room temperature. The uptake for the unsintered films 

indicates a roughness factor around 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 saturated at 300°K (i.e.PE  r" 10-5torr) Q )   

there was an additional uptake at 78°K of 30 to 50. 

This contrasts with the results of Brennan and Hayes 

(1964) which indicate equal uptakes at 90°K and 273°K. 

There is no indication given in the latter paper as to 

how the result was obtained. If the uptakes were 

measured with the film at a constant temperature then 

the 'low' uptake at 90°K is expected -since it has been 

shown th-_-_t there is always an additional uptake at low 

temperatures if the adsorbed layer is equilibrated 

by warming to say 200°K. 

13.2 	The stickinp, probability 

The initial sticking probability for unsintered 

films is around 0.6 and that for sintered films around 

0.38. Again, there is no discernible temperature 
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dependence of the initial sticking probability in the 

range 78°K to 300°K for sintered films and no 

Pressure dependence within the range experimentally 

obtainable. Unfortunately, with nickel, no 

experiment was performed in which gas was added to a 

single film held at both 78°K and 300°K in the initial 

coverage region. 

The shapes of the sticking probability against 

coverage curve s t 78°K for both unsintered and sintered 

films of nickel were similar to those for molybdenum 

films held 	78°K except that, with the unsintered 

nickel films, the slow process is not appreciable 

until a coverage of about 15 - 20 x 1014 molecules 

per cm2 of geometric area is reached. With the 

sintered nickel the slow proces is evident at 6 - 8 

x 1014  molecules per cm2  i.e. at a similar point to 

molybdenum at 78°K. Figures 50 and 51 display typical 

curves for runs in which interruptions of ;:as flow 

were made during adsorption at 78°K. 

At 300°k runs were performed only with films 

deposited around room temperature and, with the low 

internal area, mobility of the :adsorbed layer cannot 

be predicted solely from the sticking probability curve. 

However, when equilibrium pressures become measurable 

they are relatively independent of time thus indicating 
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a surface equilibrium. Isotherms constructed from 

the equilibrium pressure data ..re a:_;din Temkin in 

form, with slopes at 300°K around 2 x 10-14  per 

molecule per cm2  of true surface area. This is lower 

than found for molybdenum at 300oK (6 x 10-14 in the 

same units) and is in line with the less steeply 

falling heats of adsorption for the hydrogen nickel 

system at 300°K obtained by Drennan and Hayes (1964), 

'ideal and Sweett (1960) and others. The heat curves 

of Rideal and also of Wahba and Kemball (1953) have 

a slope in the 15 kilocalorie region equivalent to 

an a value (see pageT) a little higher than that 

obtained from the isotherms. Figure 52 displys o. 

typical sticking probability curve at 300°K together 

with an isotherm as saturation is approached. 

13.3 	The slow process at  78°K 

The similarity of the sticking probability curves 

at 78°K of hydrogen on nickel and molybdenum has been 

seen in the previous section. ..pith the unsintered 

films (figure 50) of nickel the sticking probability 

values obtained from the sharp pressure changes on 

restarting the gas supply lie around 0.42 over a very 

wide coverage range; this is almost the same as that 

obtained for sintered films of molybdenum held at 78°K 

(0.40). The onset of the slow process, as detected 
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from the pressure time curves after closure of the gas 

supp3y, occurs around 7 x 101  molecules per cm2 

geometric area for the sintered films but not until 

at least 15 x 1014  molecules per cm2  for those 

unsintered. However, the recovery time of the sticking 

probability during isolation of the system occurs at 

about 10 x 10-' molecules in the case of unsintered 

nickel films (see fiure 50) indicating the presence 

of a slow redistribution at this point. 

The kinetics of the slow redistributions is 

similar in form to that observed for molybdenum i.e. 

the reciprocal pressure rises linearly with time after 

closure of the gas sup.:Dly. Figures 53, 54 and 55 

display a series of curves for an unsintered. film 

(ref. 25.7.65) and figures 56 and 57 for a sintered 

film (ref. 24.6.64), the gas addition in each case 

being with the film held at 78°K. The slopes of the 

reciprocal pressure against time curves vary, for both 

types of film, over the same rang e as found for moly-

bdenum i.e. 108  to 105 torr-1 per second. The number 

of observations for sintered films is necessarily 

restricted by the low proportion of intern1 surface. 

The treatment applied to the molybdenum results to give 

Q\ 	values (see pae160)is not repeated here - the 
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general features being entirely similar to molybdenum 

at 78°K. 

The rearrangements in the adsorbed layer observed 

in the desorption exiaTiments with molybdenum are seen 

with nickel. This is exemplified by the results 

displayed in figure 58. At a coverage of 21.5 x 1014 

molecules per cm2 of geometric area the film is 

effectively saturated at 78°K i.e. the gas reservoir 

and reaction vessel pressures are nearly equal. On 

wrming to around 200°K and retooling to 78°K there 

is an additional uptake of 1014  molecules per cm2  

(the film had been previously warmed and retooled at 

the indicated stag,-es). The desorption spectrum 

accompanying the warm up at 21.5 x 1014  molecules per 

cm -̀-  is shown in the inset indicating that the re- 

rrangement occurs with nickel at about 140°K a 	in contrast 

to 170°K with molybdenum. The dobility of the adsorbed 

layer at 300°K is indicated by the lack of slow 

redistributions after closure of ',%).s supply; this 

agrees with the results of ,A)rtzdan, Gomer and Lundy 

(1957) who observed mobility of the adsorbed layer of 

hydrogen on nickel above about 240°K in the field 

emission microscope. The activation energy for surface 

diffusion has been calculated incorrectly by Gomer, 

from the r.rehenius plot shown in his figure 19 and 



should be 14 kilocalories. This is now in marked 

disagreement with the value of 0.0 kilocalories 

obtained by Gomer from a direct observation of the 

rate of diffusion of hydrogen on nickel assuming 

random walk process. From the latter value it can be 

shown th,,t the hydrogen atoms would mi.srte a distance 

of 10A in 100 secs at 130o and distance of 1000A 

at 240°K in 	similar time interval. This would 

indicate that the rearr„:,.n,;emc-nts observed 	130°K 

:Jre relatively short rane processes i.e. ..round 10 

hops reuired per adJ.to.1:1 to 2,(Irier,,te an appreciable 

number of extra sites in the adsorbed. layer. 

14 HYD2_0C-1-EN Oh TIT:LI,IM 

14.1.  The  upt,'ke  

with the other metals studied, films of 

titanium were thrown either onto an uncooled cell wall 

(in which case the temperature of deposition was 

The around 70°C) or onto the cell w: 11 held at 78°K. 

roughness factors of the films could not be estimated 

directly from the uptake of hydrogen molecules as 

absorption into the bulk metal occurred throughout 

the temper,Lture rane investi ited but could be 

calculated for sintered films indirectly from experiments 

210 
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involving gas additions to a single film held at both 

78°K and 300°K (see later). The results of the latter 

experiments suggest a roughness of about 5 for the 

sintered films. 

At 195°K and 300°K the absorption process occurs 

rapidly (S > 10-5) to a hydride composition between 

Till and TiH2, in agreement with Uedler et al (1966) 

who found compositions of TiH15 to TiH2 and Della 2orta 

et al (1966) whose final composition was around TiEl 0.9.  

).,t 78°K the mesurable absorption w;:.s greatly reduced 

and the determination of stoichiometry was complicated 

by the presence of an evaporator filament at 	somewhat 

higher temperature th:::.n the film. Lssuming that the 

evaporator filament behaves in a similar way to a film 

held at 300°K it may be shown that for zero absorption 

on the film at 78°K the recorded pressures will 

indicate a sticking; coefficient (calculated for the 

film) of about 10-5. Thus measurements in this region 

must be viewed with suspicion: It was found in fact 

in several runs that there was an an-parent flattening 

out of S in the 10-5  range thus supporting the 

proposed behaviour. The uptakes up to this point for 

sintered films indicate stoichiometries of TiH 	to 
0.03 

1 f-167.1,10.07  and this is taken to be the limit of 

measurable absorption at 78°K. These values at 	with 
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Della Ports who finds absorption at 78°K to TiTi - 0.04' 

Unsintered films appear to absorb to a higher hydrogen 

composition, e.g. run reference 3.3.65, absorbed to 

about TiH0.2  before 3 fell to 10-5. This is not solely 

a surface effect as a roughness factor of about 35 

would be recuired to accommodate the extra gas, assuming 

a concentration in the bulk as for a sintered film. 

It will be seen subsequently that if attempts are made 

to sinter films thrown at 78°K the resulting surface 

does not even approximate to that of a film deposited 

near room temperature. The large difference in S 

values at 300°K for films thrown at high temperature 

(r)70°C) and those thrown at 78°K and subsequently 

sintered to 50°C cannot be explained in terms of 

enhancement by multiple collisions (see table on pae220). 

14.2. The sticking probability at zero coverE,e 

Initial values of sticking probability were 

somewhat less reproducible in this system then for 

others studied and there was evidence of a variation 

with temoerature in the range 78°K to 300°K. This 

variation was observed by adding small doses of gas to 

sintered films held successively at 300 and 78°K. The 

results are summarised in the following table together 

with initial S values on a number of other sintered films. 
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Reference 
c) 

S 78 K 
o 

, 300oK J ,o 7o K - 300 
o /.3o 

24.9.64 0.28 0.18 1.55  

28.9.64 0.34 0.26 1.30 

22.6.64 0.36 - - 

17.6.64 0.26 - - 

16.12.64 0.38 - -- 

16.6.64 - 0.22 - 

1.3.633E  0.30 - - 

W filament gauge 

For unsintered films the initial sticking 

probability is higher (0.61), this may ;din be due to 

an enhancement by multiple collisions with the rougher 

film, structure (but see later). Clausing (1961) reports 

values of 0.25 and 9 x 10-2  for hydrogen on unsintered 

ane sintered titanium film.s at 780i thus agreeing in 

degree of enhancement of sticking probability. Holland 

et al (1965), however, report values of 0.25 and 10-2 

for the two types of film - tile very low value of the 

latter is almost certainly an artefact introduced by 

oerforming experiments in a reaction vessel contc.ining 

underlying films from previous runs. 

The temperature dependence of initial sticking 

probability has been observed by Holland et al (1965) 
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who for sintered films find a ratio of 2.3 between 

78  S 	and S 300 K However, the sticking probability 

fa_ls much more rapidly with coverage for the titanium 

system than for others studied and thus a smaller 

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

required to produce a given deviation in the initial 

value measured. In support of this it may be noted 

that large cuantities of hydrogen are evolved during 

outgassing of many metals. Also in this work it was 

found that flushing the system with hydrogen prior 

to film deposition gave:rise to very low values of 

So (< 10
-1) although the final stage of film deposition 

was in a vacuum of around 5 x 10-10  torr (for example 

in run ref. 14.12.64). The extent of precoverge 

necessary to explain the variation of Co  may be obtained 

by extrapolating the sticking probability curves of 

78oK equal s runs 24.9.64 and 28.9.64 back to where So 
° s  300K - 	 14 K. Values of precoverage of 5 x 1014  and 2 x 1014  

molecules per cm2 geometric area respectively are 

indicated. The mobility of hydrogen throughout the 

titanium lattice certainly indicates that this gas is not 

trapped in the film during evaporation of sintered films 

and may migrate to the surface during or subsequent to 

deposition. For a partial pressure of 5 x 10-10  torr of 

hydrogen above the film and a So  of 0.3 only around 1000 

secs are requried to give the evaluated magnitude of 
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precoverael. 

14.3 	The sticking probability as function of 

coverage  

The adsorption rer;ion 

mentioned in the previous section the sticking 

probability of hydrogen on titanium falls more rapidly 

with coverage than in the other systems studied. 	tj 

300°K   and 195°K a decrease of about two order, of 

magnitude in S is observed after an addition of 10 to 

15 x 1014 molecules per cm2 geometric area i.e. after 

2 , 2 - 3 x 101' 

	

	 ° molecules per cm of true area; at 78K 

a similar fall occurs after the addition of 5 - 7 x 10 14 

molecules per cm2 geometric area of film. The onset of 

. slow redistribution at 78°K occurs near the point of 

saturation of the outer surface if complete immobility 

is assumed - for titanium - hydrogen this is at around 

x 1014  molecules per cm
2 
 b.4, 3.01  2.6 and 2.7 

x 1014  in 4 separate experiments on sintered films) in 

contrast to 7 x 1014  molecules per cm2  for molybdenum 

and nickel films. Figure 59 exemplifies typical initial 

regions of adsorption using sintered films at 78°K. and 

300°K. 

Nobility of the adsorbed layer at 195°K and 300°K 

is demonstrated by the Lek of time dependence of 

216 
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sticking probability before and after long 

interruptions in gas flow to the film and also by 

behaviour observed during experiments in which 

increments of gas are admitted with the film held 

alternately at 300 and 78°K. Figure 60 illustrates 

the results of such en experiment. It is observed that 

the two sticking probabilities decrease in the same 

way and tht the onset of very sherp drop in S is 

not observed at 78°K until a totiA. of 10 x 1014 

molecules per cm2 have been added. This is much 

coveragehigher 	than that for the sharp decre:.se in S 

when ,;as is added to a film hold throughout at 78°K 

and thus supports the concept of mobility at 300°K. 

It is possible to reconstruct the sticking probability 

curve at 78°K of figure 60 in terms of true surface 

coverage - the result is a. similar fall in S with 

coverage to that observed in runs solely at the low 

temperature. 

Unsintered films at 78°K show a. more gradual decline 

in S with coverage but the slow redistribution is 

observed at nearly the same coverage (e.g. run 3.8.65 

- at 5.0 x 1014 molecules per cm2  geometric area). 

This demonstrates lack of appreciable mobility at 78°  K. 

The absorption region 

At 300 and 195°K i7; is independent of uptake over a 
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wide range; typical results are displayed in figure 61. 

To characterise the curves of S against uptake the 

following are defined; Sc  - the S in the uptake 

independent region, 91 and 02  - the uptakes defining 

the boundaries of the constant r region and 07  - the 

total uptake (all in molecules per cm2 geometric area). 

The results for a number of films are given in the 

table below. Except where otherwise stated the 

temperature is 300°K. PIT A 

  

I 	
Run t l  0 '2 3 

f 20.2.63' 
11.2.63+  2 x 1015  
26.9.63 2.3 x 1015  
16.6.64 1.4 x 1015  17 x 1016  24 x 1016  
24.9.64 1.5 x 1015  
28.9.64 1.5 x 1015  
29.7.65 - 7.5 x 1016 12 x 1016 

3.8.65 8.0 x 1016  12 x 1016  
14.12.64 1.2 x 1015  13.0 x 1016  18 x 1016  

iun Sc 01/63 82/67 Hydride 

20.2.63+  4.0 x 10-' 	• 
11.2.63+  6.0 x 1063  
26.9.63 4.0 x 10-3  
16.6.64 3.4 x 10-3  5.9 x 10-  0.71 
24.9.64 4.0 x 10-:5  
23.9.64 4.0 x 10-3  
29.7.65 3.5 x 10-:5 T1111.1 
3.8.65X i 1.6 x 10-2 T111.2 
14.12.64°I

L___ 
1.3 x 10-3  6.6 x 10-3  0.72T1111.3  
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Table 	- Data for various runs at 300 and 195°K 

- W filament gauges 

- film thrown at 78°K and sintered to 50°C after 

addition of 2.5 x 1016 molecules cm-2. 

Sintered film, gas added to film at 195°K. 

The results at 195°K and 300°K differ in the 

magnitude of Sc and also in that there is a dependence 

of ; on flow rate in the final stages of the absorption 

at the lower temperature. Thus at 300°K the sticking 

probability was found to be independent of flow rates 

in the range 2 x 1011 to 1 x 1013 molecules per second 

per cm2 geometric area up to at least 906 Of the final 

uptake whereas at 195°K such independence was found only 

to 5026 of the final uptake. At the latter temperature 

there was also evidence of a small recovery of sticking 

probability after a period of ga.s supply interruption 

at uptakes higher than 5-0. 

One attractive proposal is tht in the regions 

where S is constant and independent of flow rate there 

exists a virtually constant surface condition during 

the absorption. This is substantiated by the results 

displayed in figure 60 in which gas is added to a film 

held alternately at 300 and 78°K. Inspection reveals 

that, after each addition of gas 	300°K within the 
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range of uptake where 3 is constant, the results at 

73°K follow o. given pattern both in the initial 

magnitude of the sticking probability and, at a fixed 

flow rate, in the variation of S with additional 

uptake. 

It is well known from isosteric heat data and 

from calorimetric measurements that the heat of 

adsorption falls with increase of uptke. The results 

of Wedler and Strothenk (1966) confirm that such a 

situation exists for hydrogen adsorption on titanium 

at both 78°K 2.nd 300 K up to uptakes of about 1015 

molecules per cm2  geometric area. ,t.  300°K the latter 

workers find a heat constant at about 27 kilocalories 

per mole for the absorption region between TiH0.05 and 

TiH1.8 thus giving a heat curve remarkably similar in 

form to the sticking probability curve presented here. 

The initial adsorption is accompanied by falls in both 

heat of adsorption and sticking probability. The 

surface state is, however, favoured thermodynamically 

only while its free energy is below tht of the 

adsorbed state. It is proposed that in the uptake 

region where S is both constant and independent of flow 

rate the situation is as follows. From the point at 

which absorption becomes the favoured process, a 

constant surface will be maintained until the absorption 
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heat f:::lls, in which case the surface coverage will 

increase such that theadsorption and absorption free 

energies are maintained equal. Unfortunately, the heat 

curves of Wedler display large variations in the 

compositions at which the absorption heat falls and 

this prevents a close correlation between the latter 

behaviour and the composition at which S decreases. 

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 0c - for 

uptakes higher than ec  absorption occurs via surface 

sites of lower energy than those in the bulk metal. 

The rate of vacation of the latter sites is known from 

the independence of S on flow rate and from the absence 

of slow redistribution processes to be rapid compared 

with the uptake rates used. The heat curve for 

adsorption is known to fall steeply near 0c  since on 

adding gas at 78°K to a film which had previously 

absorbed at 300°K there is an immediate sharp fall in 

3 and an accompanying slow redistribution. The titanium 

system is thus unusual in having a low density of 

energy sites between about 27 kilocalories per mole 

(accepting Wedler's value for the heat of absorption) 

and 5 kilocalories per mole (where desorption at 78°K 
0 

becomes appreciable). The results of Wodler at 77  
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(Strothenk Ph.D thesis 1965) do not indicate a 

scarcity of energy sites in this interval - about 

2 x 1014 molecules per cm2  being adsorbed. It is 

suggested that the dosewise addition of gas in the 

calorimetric measurements enables appreciable 

absorption to occur, thus reducing the sensitivity 

of the heat to changes in density of surface states. 

Figure 62 (b) gives the suggested reaction path. 

At 78°K the absorption process is thought to be 

diffusion controlled, S decreasing with uptake and 

becoming flow rate dependent. This behaviour suggests 

that the bulk site to bulk site activation energy is 

rate controlling (see figure 62 (b)) since if the 

latter were not the case S would, at 78°K, be expected 

to vary with flow rate but to be relatively independent 

of total uptake. This is further discussed in 14.5 

14.4 The final stages of absorption 

At 300°K and 195°K S has been shown to decrease 

after about 70) of the final uptake has been reached. 

On approaching saturation at tgesc temperatures pseudo-

equilibrium pressures are observed which slowly decay 

but with titanium sticking probabilities can still be 

measured even when pressures as high as 10-4  torr are 

present. This behaviour is unique among the results 

presented here - in all other systems S remains high 
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on approaching saturation and the sharp pressure 

changes necessary for calculations become 'lost' in 

the total reaction vessel pressure. 

Typical results at 300°K (e.g. run ref. 

16.6.64) shows an equilibrium . _Lessure of 10-7torr 

at about 	of the tot al uptake (the latter defined 

as that for 10-5torr). Construction of an isotherm is 

difficult because of slow drifts - the rough 

indication is tht the Temkin is obeyed with a slope 

around ten times that for a non-absorbing metal. 

For example run 16.6.64 yielded a(molecules-1 cm
2 

geometric area) = 5 x 10-16 for an 'isotherm' 

extending between 10-7  and 10-5torr. In the same 

run it was possible to measure 8 up to 1000 

saturation (as defined above) - the value obtained 

(r,-)  10-5) is by far the lowest for any system studied. 

The final stages of absorption at 78°K are 

discussed in the next section. 

p 14.5 	The  kinetics of redistribution at 78oh 

On sintered films of titanium a slow 

redistribution of gas from the outer surface is first 

observed at a coverage of 2 - 3 x 1014 molecules per 

cm2 of geometric area. i.e. et  some 30 - 40;:3 of the 

coverage at which the phenomenon becomes observable 

on films of molybdenum and nickel. For the adsorbate 
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which is in pseudo-equilibrium with the gas phase 

the heat of adsorption must be around 5 kilocalories 

per mole thus stressing the rapid fall in heat in the 

initial uptake. The low heat when only one site in 

three is occupied by hydrogen adiatom could indicate 

that repulsions between ada toms are much stronger with 

titanium i.e. that as induced heterogeneity exists. 

However, it seems more likely that the surface itself 

is heterogeneous in a kinetic sense having regions of 

high sticking probability balanced by regions of very 

low sticking probability. Thus, on this model, the 

slow redistribution process is first observed when 

the 'active' regions on the most exposed parts of the 

film surface approach saturation. 

The enhancement of the coverage on the exposed 

'active' regions above that experimentally measured 

(per unit geometric rea of film) may be obtained as 

follows. 

The coverage (n) per cm2 of 'exposed' active 

region at time tn is given by 

tn 

n = 	SP dt 	OOOOOOOOOOOOO (1) 

where S is the true sticking probability of the 

active reions and P is the pressure. :cb any time t 
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_ 
the experimentally determined sticking 	

1 
probability 6 

is related to the rate of adsorption n, per unit 

eometric area of film by the expression 

8' 
	nA 	

• ****** 0004(2) 

ZP 

P being the ambient pressure 

Substituting for P in equation (1) gives 

tn. 
, Zji- 	S . 	n.  2,. dt 

T 
o 6 	Z 

O OOOOO 00000(3) 

Now the experimental coverage n at to  is simply 

nA.tn molecules per cm
2 geometric area (assuming nA  

has been held constant) and thus 
t _n 

n 	 S) 
1 . 

tn 	S .i n  o 

• 0 0 	OOOOO 0 0 0 ( 	) 

( 
Ta. a good approximation ,S may be assumed constant 

Si  in the initial stages of an 	experiment. Therefore 

if S is assumed to be unity and S' is taken as 0.3 

then the enhancement 111:  is around 3.3. Thus the slow 

redistribution is at 	around 1015 molecules per 

cm2 of active region i.e. when there is approximately 

one adatom per surface site. 

The kinetics of redistribution at 78°K at 

coverages less than 7 x 101' molecules per cm2 

geometric area follow a similar pattern to th:.t 
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observed on films of molybdenum and nickel viz 

reciprocal pressure varies linearly with time after 

closure of the g s supply. Figure 63 displays four 

such curves in the coverage range 4.5 to 7.2 x 1014  

molecules per cm2 geometric arc:. (run 17.6.64). The 

slopes of the curves are :Approximately the same ,7s 

observed initially with films of molybdenum and nickel 
0 

i.e. 10u  to 107 torr -1  per second. 

At coverages higher than 7 x 1014  molecules per 

cm2 the reciprocal pressure - time relationship 

becomes non-linear as exemplified by curve 4 on 

figure 63 and the kinetics are represented by the 

expression' 	P° = k t2  where P°1  P are the 
P 

pressures at zero time (i.e. at gas supply closure) 

and time t respectively. Figure 64 displays several 

such curves (also for run 17.6.64) including the results 

shown previously 	reciprocal Pressure versus time on 

curve 4 figure 53. The constant k decreases from 

about 0.5 to 0.3 in the coverage range investigated 

and is relatively independent of the flow rate to the 

film prior to supply closure. As mentioned earlier, 

isotherms for a true gas - surface equilibrium cannot 

be constructed for the hydrogen-titanium system 

because of the effects of absorption. however, if 

Temkin type behaviour is assumed then the kinetics of 

al 
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the 't21  diffusion may be represented by the 

expression (N° 	N) = k t'f where N I  N are the 

concentration in the Temkin layer at zero time .:.nd time 

t respectively and k T  is a constant which includes k 

and the Temkin constant. This form of the kinetics 

suggests 	random vilk diffusion process and it was 

hoped that a simple physical model could be devised 

to fit the experimental results. 

One difficulty is that, when the surface is not 

uniformly covered, there is a gas phase diffusion 
1 

competing with the 't2' process. 	owever, transport 

via the gas phase decreases 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 arises from the form of 

the experimental kinetics. During the latter stages 

of a pressure decay (i.e. when'enP is linear with t2) 

en estimate of the rate of transport of gas may be 

made if a reasonable value of the Temkin constant is 

assumed (say 	10-13 per molecule per cm2). This 

rate is not negligible compared with the flow rate to 

the cell and a concentration gradient must be expected 

to exist within the system at 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 along the distance axis) should be prior to 
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the time of closure of the gas supply - such a 

correction is found to be unnecessary to 'fit' the 

experimental results to a straight line; 

Studies in the field emission microscope have 

shown a -;eneri.1 immobility of hydrogen adatoras at 78°K 

on a range of metals and it will be assumed that such 

, 
 

situation exists on titanium i.e. that the 

process is in fact bulk phase diffusion. This 

correlates with the observation of uptakes at 78°K 

which are too large to be solely on the surface and also 

with the very rapid diffusion processes observed at 

high temperatures (195°K, 300°K). The temperature at 

which the diffusion becomes rapid compared with the 

time scale of the experiment has been estimated from 

the 'desorption spectra' of films which had been 

previously saturated at 78°K. Figure 65 displays one 

such spectrum - the rapid fall in pressure between 

110 and 125°K is most probably due to the onset of a 

rapid bulk phase diffusion which cannot, therefore, 

have an activation energy exceeding about 7 kilo- 

calories per mole. 

11-ly simple process in which the amount diffused 

after time t is proportional to 	may be expected to 

involve a constant concentrtion at or just within the 

surface (see "Mathematics of Diffusion" by J. Crank, 
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pages 35 - 36) and also a constant concentration 

within the solid at zero time. The latter condition 

has been mentioned above and. does not appear to be 

fulfilled. It is still interesting, however, to 

consider how the first condition (constant 

concentr :tion of diffusing species near the surface) 

is or could be maintJined. It has been :Mentioned 

previously (section 14.n that the bulk site to bulk 

site activation energy is probably rate controlling 

since the measured sticking probability is a function 

of both the flow rate to the film and the total 

uptake. If the activation energy for passage of 	s 

from surface to a subsurface layer is lower than for 

bulk diffusion then the subsurface may be maintained 

nearly full while gas lost by diffusion can be 

replaced from the surface. 

14.6  Phase eouilibria in the hydro;.-;en- 	 system 

No mention has been made in previous sections of 

the various phase equilibria which exist in the 

hydrogen--titanium system since these were not essential 

to the general arguments put forward. However, rates 

of diffusion of hydrogen through the various phases 

have been measured and some considerations are 

pertinent to a more general discussion. 

It is well established [see for example N. Hansen, 
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Constitution of Binary Alloys, (McGraw-Hill Book 

Company, Inc., New York, 1958)] that the hydrogen-

titanium system exhibits three distinct phases - a 7  

R and. 	The a phase is essentially a solid, solution 

of hydrogen in the hexagonal close packed metal lattice; 

it is not known whether the preferred sites have tetra-

hedral or octahedral symmetry. Below about 600°K the 

phase develops in equilibrium with the a phase at 

overall compositions greater than about 5 atomic 5'0 

hydrogen at 300°K and at progressively lower compositions 

as the temperature is decreased. The X phase has a 

face centred cubic structure with a minimum hydrogen 

composition of around T/H0.7  at 300°K. Progressive 

filling of vacancies in the X phase gives a final 

composition of around T1H1.98. 	At temperatures higher 

than 600°K a body centred p phase may exist either alone 

or in equilibrium with a or the X phase:. 

Rates of diffusion of hydrogen have been 

measured in all three phases by a variety of techniques. 

Stalinski, Coogan and Gutowsky (1961) have used proton 

magnetic resonance techniques on a powder sample held 

between 78°K and 400°K and obtain activation energies 

for diffusion in the. 	phase of 9.4 	0.5 kilocalories 

per gm atom at composition Tp1.607  and 10.4 0.5 

kilocalories per gm atom at T1H1.93. An analysis of 

their results indicates the possibility of a linear 
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increase in the activation energy with hydrogen 

composition. Using a similar experimental technique 

Spalthoff (1962) obtained an activation energy for 

diffusion of hydrogen of about 6 kilocalories per gm 

atom in the phase at composition T1H1.a8  within the 

temperature range 420 to 570°K. Coogan and Gutowsky 

(1962) have further treated the diffusion of hydrogen 

in the )3 phase in terms of a simple electrostatic model 

and conclude that migration is between tetrahedral 

vacancies in the lattice, with an octahedral site as 

the 'saddle point' along the (curved) diffusion path. 

(It is interesting to note that the concept of a 

partially positively ionized hydrogen atom within the 

lattice although used by Coogan and others is not 

universally accepted — Gibb (1962) considers a hydride 

model to be more appropriate 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 a and B phases 

have been obtained using transport techniques. 

Wasilewski and. Kehl (1954) found at 'high temperatures' 

values of 12.4 and 6.44 kilocalories per gm atom for 

a and p phases respectively using samples of relatively 

low hydrogen composition. 
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It was proposed in an earlier section that the 

region of near constant sticking probability at 

300°K and 195°K was due to a constant surface condition 

it now remains to reconcile this with the concept 

of a steady conversion of ato ;13hase with increasing 

hydrogen composition. There is one feature of the 

phase diagram which readily correlates with details of 

the S versus 	uptake curve — namely the point of 

onset of a decrease in S and that of the final 

disappearance of a phase. Both are observed at a 

composition around TiH0.7  at 300°K (see the table of 

82 values in section 14.3 and the phase diagram of 

Wedler and btrothenk (1966) reproduced here for 

convenient reference). This is some evidence that the 

'normal' phase diagram applies to film absorbents since 

the falling absorption 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 X phase 

nucleates readily near the surface and further uptake 

occurs via diffusion through this layer. Reference to 

values of 0, in section 14.31, however, shows that the 

region of constant S is reached at uptakes equivalent 

to a 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 a second phase within a phase of smaller 

lattice, constants is inhibited by the distension 

produced - this concept has been utilized by Everett 

and Nordon (1960) and Scholtus and Keith Hall (1963) 

to explain hysteresis in the a-13 transformation of 

the hydrogen-palladium system. This influence will be 

lower near a surface and for the small 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 equilibrium nor (judging from 

measured activation energies) near a steady (i.e. time 

independent) state. 

A second and stronger proposal is that the 0( and 

phases are near true equilibrium both during and 

subsequent to gas uptake. This is expected by virtue 

of the low activation energies for diffusion giving 

high mobility at 300°K and 195°K. (An activation energy 

of 10 kilocalories per gm atom gives around 10b  hops 

per atom per second at 300°K and about 102  hops per 

second. at 195°K.) 	Thus we have the situation in which 

each phase is in equilibrium with essentially similar 

surface phases i.e. the adsorbate composition is fixed 
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while a and L'  phases co exist: 

At 78°K it has beet Shown (section 14.5) that under 

the conditionb of high surface cleanliness the sorption 

is probably diffusion controlled. Unfortunately 

transport methods have not been refined to eliminate 

surfade contamination at low temperatures and there is 

the possibility that the surface to subsurface stage is 

modified by adsorbed 'foreign' species such that it 

becomes rate controlling. This view is in line with the 

results of Silberg and BaChman (1958) for the hydrogen-

palladium system which showed that passage of hydrogen 

through the membrane was a sensitive function of 

surface area but was relatively independent of membrane 

thickness. 

Presumably in the low temperature region the a 

and Xphases still 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 individual phases are critical in 

determining both the sorption rate during gas uptake 

and also the redistribution process observed after 

closure of the gas supply. It is hoped that a compre-

hensive model of diffusion into a two phase system can 

be devised to eliminate the various anomalies in the 

form of the redistribution kinetics which have 

previously been discussed in section 14.5 
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15. 1:117A.0GN UN TNiALUN 

15.1 The uptake 

All films of tantalum were deposited with the 

substrate at around. 100°C i.e. they were somewhat 

sintered. The weight of the deposits varied widely 

the to 'premature burning out of the filament during 

evaporation. ;:.;everal attempts were made to estimate 

film weight from the weight loss of the filament; these 

failed because of the extreme brittleness of the 

tantalum fil3.ment after film deposition. 

Lydrogren was absorbed into tantalum films at 78, 

90 and 500°K. The low temperature behaviour was similar 

to titanium in that the apparent sticking probability 

was very low (AJ10-5) during the latter stages of 

absorption. At room temperature the system was unique 

in that absorption (as evidenced by slow but 

continuous drifts in the pseudo-equilibriu pressure 

above the film) was appreciable only at relatively high 

pressures (>10-6  torr). Films required from 2-10 x 

1016 molecules per cm2 geometric area to approach 

saturation. (The latter term refers to a 'pseudo- 

equilibrium' pressure of about 10-3 	 the  torr•5 	reason 

for this choice will become apparent in later sections). 

The only data av-ilable for hydrogen adsorption/ 

absorption on tantalum films is due to Beeck (1950) 
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who used calorimetric technicues to measure the heats 

of adsorption and absorption. Beeck, in presenting 

his data, refers to absorption of 860 x 1018 for 

attainment of equilibrium pressure of 1.3 Corr at 300°K 

but unfortunately fails to :;ive the weight of the film. 

(Beeck's data cnnot refer to 100 mg of film in this 

instance as this is equivalent to a hydride composition 

of TaH5). Further reference will be made to the above 

work when dealing with absorption at room temperature. 

The weights of film deposited in our experiments were 

probably in the range 10 to 30 mg. This would 

indicate stoichiometry approaching that of the bulk 

hydride TaFL. 

15.2 The sticking probability at zero coverage  

The table includes the values of initial sticking 

probability (So) for several experiments at 78, 90 and 

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



cm2  ;geometric urea were adsorbed at 300°K before 

cooling to the lower temper ature . 	with other 

metals So was indeoendent of flow rate within the 

range studied i.e. about 2 x 1011 to 5 x 1012  - 
2 

molecules per cm per second. In view of the high 

meltinE. point of t:rntJlum(3000°K) the film surfce 

is expected to be verj rough and S thus enhanced by 

'multiple collisions'. For molybdenum it was assumed 

that the sticking probabilities were 0.35 and 0.7 over 

pine 	rough surf_ -ices respectively. If the same 

probability of a multiple collision is assumed far 

tant2„lum then the sticking probability over a plane 

surface is about 0.12 — 0.13. If a is the probability 

that a molecule, having collided with the. rough film 

surface and been reflected, will collide with it again 

rather than reJch the void of the reaction vessel then 

it is readily shown that 

Sr = 	
S
Twhere ST and SF  Pre the 1_a S

T 

sticking probabilities over plane and film surfaces. 

This expression was used to calculate the above data. 

1523 	The sticking probability u.s  a function of 

15.3.1. The 'Jdsorption' region. 

300°K the sticking probability falls with 
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increasing coverage until Lt St1J3 x 10-2 equilibrium 

pressures become measurable (>10-10  torr). This 

contrasts with films of molybdenum, nickel and 

palladium at 300°K on which S falls to around 0.32, 0.26 

and 0.8 respectively at a similar equilibrium pressure. 

Figure 66 displays a. typical curve at 300°K. It may 

be noted that, as with the other metals mentioned above, 

there is J. flattening off of the true sticking 

probability (i.e. that calculated from the sharp 

changes in pressure at interruptions of gas flow) at 

coverages where equilibrium pressures are readily 

observed. In the case of tantalum, S is comparatively 

low in this region and the phenomenon is most readily 

observed. Thus, in one experiment at 300°K (3.6.64) 

it was possible by using a high flow rate (4 x 1013 

moleculesper sec.) to measure a true sticking 

probability at equilibrium pressures of about 10 4  torr. 

The value obtained at a coverac of 1.5 x 1016 

molecules per cm2 geometric area was around 1 x 10 
-2 

thus demonstrating near constancy of 3 over a wide 

range (see figure 68) and also a virtual independence 

of 2 on flow rate to the film. 

At 78, 90°K the sticking probability curves in 

the initial region are similar to those of Mo, Ni and 

Ti. The values obtained from AP,)  (figure 23) lie 
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around 0.26 up to coverages of about 4 x 1015 molecules 

per cm2 geometric area. Figure 67 illustrates the 

variation of S with coverage during the initial stage 

of adsorption at 78°K. 

In several experiments the films were warmed to 

300°K after gas additions at 78 or 90°K and on 

recooling to the low temperature the initial sticking 

probability was around 0.34 and independent of 

coverage up to at least 18 x 1015 molecules 
2 

per cm- 

geometric area (see for example the results displayed 

in figure 75). 

Slow redistributions are observed on closing off 

the gas supply at coverases greater than about 9 x 

1014 molecules per cm2 geometric area. As with other 

metals, the onset of redistribution may be observed 

with greater sensitivity from the recovery of S during 

gas flow interruptions. 

15.3.2. The 'adsorption' region. 

it 300°K the observed pseudo-equilibrium pressures 

are relatively independent of time e.g. the drift is 

around 10 270 per second at 10 c  torr; at hither 

pressures the drift is more marked - around 	per 

second at pressures greater than 10-5  torr. Ata flow 

rate of 2 x 10 3  molecules per cm2 and a temperature 

of 300°K the pseudo-equilibrium pressure becomes 
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nearly constant at about 2 x 10-3  torr — all gas 

entering the reaction vessel is now being absorbed. 

Figure 68 illustrates one attempt to saturate a film 

at 300°K. 

The results of Beech (1950) are very pertinent 

to this section since, from his data, it is possible 

to deduce the onset of the absorption process at 

- 300o  h. beech observes a heat of adsorption f11ing 

from about 39 kilocalories per mole to 14 kilocalories 

per mole after which point the heat curve changes 

slope as absorption proceeds. This agrees with the 

data reported here in that absorption is appreciable 

only in the region where measurable equilibrium 

pressures exist i.e. where the heat is about 16 

kilocalories or below at 300°K. 

At 78 and 90°K the absorption occurs with a low 

apparent sticking probability, figure 69 shows a 

typical curve at 90°K. As at room temperature the 

sticking probability calculated from the sharp 

pressure changes is almost independent of both uptake 

and the flow rate to the film. The latter was varied 

by a factor of 40 in one experiment (22.4.64), 6 was 

essentially constant up to at least 80 of the total 

uptake. In contrast the sticking probabilities 

calculated from the total reaction vessel pressure are 
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not independent of flow rate. For the last mentioned 
0.69 

experiment an approximate relationship was P1  = (CP2) 

(P1  - ::;as reservoir pressure, P2  reaction 

vessel pressure, C - a constant) at coverages 

between 4 and 6 x 1016  molecules per cm2 geometric 

area for 	tion in P1 of 30 times. 

15.4 Redistribution processes. 

At 300°K the Temkin equation is not obeyed even 

approximately except in the liLited range 10-9  to 10-7  

torr the decreasing slope of the isotherm is at least 

in part due to removal of surface gas by absorption. 

Attempts were made to correct for the effects of 

absorption but although the isotherm approached the 

Temkin form there was still some curvture. The Caine  

data as displayed in figure 70 w'..3.s replotted 

logarithm uptake versus logarithm pressure (figure 71). 

straight line was obtained without recourse to any 

disposable parameter - the indicated relationship being 

N (molecules per ore-  per geometric area) = 1016.55 

0.1 
(P, the equilibrium pressure in torr). This has 

the empirical form of a Freundlich isotherm; to 

demonstrate adherence to the non-empirical form 

requires measurements over a range of temperatures 

and is thus not possible from the results presented 

here. Unfortunately, the decays in equilibrium pressure 



909K, 2.8 x 10/5  

4 0 
0 
P4 
H 
f=4 

0 

10 

C- 	 "e7 
...-N 

P4 	 , 

5 	 7.37 

0 E - I .. 
ril 

i! 	 .0P:r3Z 	
••••• 

M 	 90°K, 1.45 x 1015  co 
rq 
a 	 ,----0 

• ) o 	
3 0 	 40 	3ttili  

TINE SECONDS) 	 ihn 

FIGURE 72. Reciprocal pr( sure versus time t 78, 900K 

x o9  
//' 78°K, 1.3 x 1015  

o 



256 

at 300°K were too slow to be conveniently studied over 

la.rge pressure range. Such results as were obtained 

suggest kinetics of the form logarithm of pressure 

linear with the square root of time i.e. as found for 

titanium (and tantalum) E,.t 78°K. 

2,t 78°K and 90°K slow redistributions are detected 

at coverag es in excess of about 8 x 1014  molecules per 
9 

cm geometric are:: from the recovery of S during gas 

flow interruptions. The pressure decays after gas 

supply closure are too rapid to be q 

observed until around 1.4 x 1015 molecules per cm2 

have been added i.e. 	for molybdenum films at 78°K. 

Ath titanium at 78°K it was demonstrated that the 

reciprocal pressure versus time relationship held over 

a small coverage range. This is also observed with 

tantalum at both 78°K and 90°K; three such curves are 

displayed in figure 72 for coverages between 1.3 and 

2.8 x 1015 molecules per cm2  geometric area. The 

gradients of the curves are virtually identical to those 

observed at similar coverages on films of molybdenum at 

78°K, If it is supposed that the Temkin equation does 

not hold :3.t 78°K then the kinetics of a gas phase 

diffusion might be expected to have radically different 

form. However, 	ward, King and Tomkins (1967) have 

shown, using a similar argument to that used here for 
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molybdenum, that, for a Freundlich type isotherm, the 
1-n 

gas phase diffusion obeys the expression P n = 

K(ti-to) where n is related to the coverage N and the 
1 

pressure P by the expression N = CP n (C, a constant). 

2,t 300°K n is around 10 and as ~u.ming that the non-

empirical forms of the Freundlich equations extend 

between 300°K and 78, 90°K then n is around 38 at the 

low temperatures. Thus the kinetics of redistribution 

will still be virtually 'reciprocal) in form: 

At higher coverages at the low temperatures the 

pressure decay after closure of the gas supply follows 

the relationship logarithm pressure linear with the 

square root of time. Unfortunately the KNICK pico-

ammeters were used for some me surements at this time 

and there TJ as a non-linearity introduced on changing 

the current range thus giving a sharp break in the 

experimental curves. Figure 73 displays several 

results at 78°K and fiLl,ure 74 a single result at 78°K 

(using the EKCO vibrating reed electrometer) which was 

linear over four orders of magnitude change in pressure. 

The ,3rJdients of the curves and the gas uptakes are 

included in the following tables (run 28.5.64). 

The gradient is thus similar in magnitude to that 

observed with titanium at 78°K. 
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Gradient 
1 

( :Jec 2  per 2.7 change 
in P) 

Uptake 

(molecules per cm2 

eam. 	..rep:_) 

0.45 70.9 x 1014  
0.40 73.4 
0.35 73.95 
0.38 77.0 

0.274 36.4 

0.21 437 

At 90°K tne Kinetics are similar in form but 

with gradients a few times larger than.at 78°K. 

Unfortunately, no comparisons were illade et the two 

temperatures using a single film. 

The discussion given in section 14.5 applies here 

since again no to  parameter is required to improve 
I 

the linearity of the 	curves. In formulating the 

kinetics 	'number diffused proportional to square 

root of time' there is the tacit assumption tht the 

Temkin equation holds t the low temperature. This, 

pT.rticularly with t=talum, involves the not 

unreasonable assumption that the shape of the heat 

curve is different in form .D.t high and low temperatures. 

15.5  Desorption spectra 

Desorption spectra were obtained with tantalum 

by rapidly warming films which had been previously 
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partially n  saturated at 78°  or 90°K; the temperature - 

time profile used was similar to that displayed in 

figure 43. The results are very similar to titanium-

hydrogen spectra viz a rapid fall in pressure at 

temperatures above 110 - 120°K. Figure 74 displays 

three such spectra starting at 78°K and a single 

spectrum for an initial temperature of 90°K. The time 

axis of the latter has been displaced to make. the 

temperatures coincident at about 110°K - there is 

excellent agreement in the temperatures at which the 

pressure rapidly decreases. The results at 78°K are 

for a single film to which gas was added at both low 

and high temperatures. Figure 75 illustrates the 

'history' of the film prior and subsequent to the 

various desorptions. The number of molecules desorbed 

can be approximately calculated in the manner 

previously described in section 12.7. About 3 x 1013 

3 x 1012  and 1 x 1013  molecules per cm` geometric area 

are desorbed in spectra A, B and C respe tively thus 

indices tinh tht only a small fraction of the 

redistribution is via the gas phase. The numbers of 

molecules desorbed are approximately pro-portional to 

the amount of the preceeding uptake for which S<0.31 

i.e. when the 	s phase is in pseudo-equilibrium with 

the surface. This indicates that the amount desorbed 

is proportional to the total surface at 'virtual' 

saturation. 
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15.5 Phase equilibria in the hydrogen-tantalum 

system.  

It has been seen that the phase equilibria in the 

hydrogen-titanium system are reasonably well under-

stood; unfortunately the same cannot be said of the 

hydrogen-tantalum system. Waite, ',Jallace and Craig 

(1956) reported a tentative phase diagram for this 

system based on their own Xray and resistance 

measurements and on the heat capacity data of Kelly 

(1940). The heat capacity measurements were extended 

by Saba, viallace, Sandra() and Craig (1961) but their 

other bray data has not been published in detail. 

Stalinski (1954) obtained Xray data which conflicted 

with the proposals of Waite et al and it has been 

pointed out by Pedersen, Krogdahl and Stokkeland (1965) 

that Stalinski's results are consistent with a and 

f3 'phases' differing only in the degree of distortion 

of a single cubic phase. It appears that the inter-

pretation of Xray data might not be unique, which could 

be the reason for the large scatter in the reported 

values of the composition ranges at 300°K of the two 

phases (the a phase has been claimed to exist up to 

TaH0.15' TaH0.2' 
TaH

0.37 	- and  TaF0.5  in various 

investigations, likewise [3 phase has been reported at 

compositions greater than TaH0.43, TaH0.5  and TaH0.6). 
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:,.fates of diffusion of hydrogen in the high 

temperature a 'phase' have been measured on powdered 

samples using proton magnetic resonance by Pedersen et 

al who obtained an activtion energy of diffusion of 

1.6 ± 0.4 kilocalories per gm atom between 200 and 

400°K. The same workers obtain a valuefor a p2  phase 

of 6.3 ± 0.6 kilocalories per gm atom which, as with 

the 0:phase, is apparently independent of composition. 

In contrast Pedersen et al find for the 1  phase at 

TaH 0.1 ? an activation energy of 3.7 - 0.5 kilocalories 

per gm atom and an approximately linear decrease with 

composition to 2.6 ± 0.3 kilocalories at TaH0.66. 

Spalthoff (1961) and Torrey (1958) find activation 

energies for diffusion of hydrogen of about 2.5 kilo-

calories per gm atom below 240oK, Torrey finds a value 

5.8 kilocalories above 240°K. 

Work presented in this thesis has indicated that 

the sorption of hydrogen into tantalum at 78, 90°K 

was probably diffusion controlled at least during the 

redistribution process. This would indicate an 

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 

information it is not passible to decide whether the 

'hydride' structure is basically different when gas 

uptake is at a low temperature (as in the sticking 



266 

probability experiments) to when there is prior 

formation at a high temperature. 

16. HYDROGEN ON 1.)::_LL.:-.,DIUM 

16.1 3toichiometry and phase equilibria  

The stoichiometry and the phase structure of the 

hydrogen-palladium system have been studied extensively 

by a wide variety of techniaues. There is general 

agreement that two phases may exist at room temperature 

and below; the range of stability of these (a and (3) 

phases has not been so clearly characterised. The a 

phase has been commonly regarded as a solid solution of 

hydrogen in the face-centred cubic palladium lattice with 

a maximum composition of about PdH0.04  at 300°K. (see 

for example the neutron diffraction results of Worsham, 

Wilkinson and Shull, 1957). There is evidence, however, 

from resistance measurements (Lindsay and Fement, 1962) 

that a relatively long range order of hydrogen may 

exist in this phase. Above an overall composition of 

rdho.05  the 13 phase nucleates within the a ph6.se -

the minimum composition of the former is around PdH0.5. 

The structure of the 13 phase has been recently determined 

by Worsham et al using neutron diffraction techniques, 

they conclude that in PdH0.5  each face centred palladium 

atom is surrounded by four hydrogen atoms. The 13 phase 
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can take up additional hydrogen to an approximate 

composition. PdH0.7  (but see later). Formerly it was 

proposed that the zero paramagnetic susceptibility of 

the hydride PdH0.6  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, and other evidence, has caused Gibb 

(1962) to suggest that the weight of evidence favours 

a hydride model of the p phase. Gibb accounts for the 

high mobility of hydrogen within the lattice by 

proposing a quasi-tautomeric structure of the transition 

state for diffusion between lattice sites. 

It has been previously mentioned that, generally, 

the limiting composition is found to be around PdH0.7  

irrespective of whether electrolysis or direct methods 

of formation are used. This is in good agreement with 

results obtained here during sticking probability 

measurements on sintered 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, ledlerand 8chumicki (1959) 

obtained a maximum composition of PdHI 5  at 78, 90 

and 195°K using ultra-high vacuum evaporated films 

and Castellan, Hoare and 8chuldi.ner (1958) obtained 
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RUN FILM WEIGHT 
(mg) 

HYDRIDE + 

COMPOSITION 

22.1.64 

K28.1.64 

5.8.65 

12.8.65 

27.3.65 

10.11.65 

47 

GO 

31 

36 

1 	29 

1 	53,4 

PdH0.68 
PdH 0.7 

PdH - 0.46 
PdH 0.50 

PdH 0.60 

Pd0.66 

unsintered films, 	for Se%) 10-5  at 78°K or 90°K. 

PdH0.98 using an aqueous colloidal suspension of the 

metal. One possibility is that the metals so 

produced had,. a high concentration of defects which 

allowed additional uptake. The films of Suhrmann et al 

were deposited at 90°K and annealed at 373°K; it has 

been shown in this thesis that the surface structure 

(and presumably the bulk also) of films deposited in this 

way is entirely dissimilar to that obtained by 

deposition above 300°K. 

Hysteresis has been observed in the a, p trans-

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

typical 'loop' in their sorption/desorption isotherms. 

Gill spie and Galstaun (1936) claimed to have 

eliminated hysteresis by heat treating the sample to 

around 630°K between each addition or removal of 

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

no reversible transition between the two phases. The 

latter workers propose that the nucleation of the 3 phase 

can be arrested by lattice stress due to an abrupt 

increase in lattice parameter on forming f3 phase. The 

effect of the stress is expected to diminish with 

crystallite size thus offering an explanation of the 

data of Nace and Aston (1957) which indicated a low 

hysteresis effect in a sample of palladium black. The 

view of Everett and Hordon is in contrast to that of 

Nace and Aston who consider that, during desorption, 

i phase near the surface reverts to a phase thus 

explaining the abrupt drop in equilibrium (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 covered 

The accurate measurement of sticking probabilities 

of hydrogen on palladium films near zero coverage has 

been extensively considered in previous sections. The 

results were presented for sintered films at 78°K 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 enhancement effect 

decreases to zero as the sticking probability approaches 
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unity. Unfortunately, data of a similar accuracy was 

not obtained at 300°K as only 'normal' flow methods 

were used. An analysis 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 quite 

attain a value of unity. The sintered films are 

undoubtedly relatively 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 value of s near 

unity. Before considering the theoretical inter-

pretations of the results it is necessary to discuss 

one experimental artefact which could explain the 

departure of s from unity at zero coverage-- namely 

'precoverage' of the film prior to gas admission. It 

will be shown (in more detail) in the next section that 

s, falls continuously with gas uptake and since s was 

very high the precaution was taken of only allowing 
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hydrogen into the gas 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 was 

completed - s was still less than unity! 

The high initial sticking probability for the 

hydrogen-palladium system indicates that the energy 

accommodation and the adsorption are virtually 

independent of the crystal planes exposed to the gas. 

This is further substantiated by the similar values 

recorded for sintered and unsintered films. Apart 

from deposition of metal atoms or condensation 

phenomena (i.e. adsorption 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 an important factor in determining the 

magnitude of s. In contrast King finds no variation in 

s (from unity) with gas temperature within the range 

78°K - 300°K for carbon monoxide adsorption on tungsten 

films at 78°K. Thus in the latter system energy 

accommodation is probably complete irrespective of the 

kinetic energy of the incident molecule. 
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There are three major possible reasons as to why 

s°  is not unity in the hydrogen-palladium  system. 

1) The non adsorbed molecules might be reflected at 

some particular crystal 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 similar proportion of reflecting 

surface. There may, however, have been a slight 

tendency towards ULMER sc)  values with unsintered films 

- this, if substantiated, would suggest a crystn1 plane 

effect. 

The 'non adsorbed' molecules might desorb from the 

surface after 2) only partial accommodation to the 

surface temperature or 3) after full accommodation 

but while still in some precursor state. The former 

would almost certainly make sc)  a function of gas 

temperature while the latter would depend upon the 

temperature of the adsorbate. No evidence is available 

for either 2) or 3) on palladium but other evidence 

(e.g. King, 1966, Shade, 1964) suggests that 2) is 

unlikely. The situation with regards to 3) could be 

resolved by using the '(1-b)' methods of measuring 

the sticking probability to determine whether s°  is 

a function of surface temperature. 
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16.3 The sticking probability as a function of  uptake.  

16.3.1 1,.dsorption and absorption at 78°K. 

As with the other systems studied the sticking 

probability of hydrogen on palladium at 78°K falls 

continuously during the initial uptake - figures 76 

and 77 display typical variations for sintered and 

unsintered films respectively. The onset of a 

redistribution process is detected at a coverage of 

4 - 5 x 10 4 molecules per cm2 geometric area by the 

recovery of s during interruptions in gas flow to the 

film; slow pressure decays after closure of the gas 

supply are observable at coverages greater than about 

7.5 x 1014  molecules per cm2. The kinetics of the 

redistribution processes are fully discussed in a 

subsequent section. 

Sticking probabilities calculated from the 

`sharp' pressure changes (i.e. A1311  AP,, in figure 23(b)) c_ 

are invariably independent of flow rate at all stages 

of the sorption; this is NOT the case when the total 

hydrogen pressure is used at uptakes greater than about 

2 x 1015  molecules per cm2. (See also the results for 

titanium and tantalum.) 	Thus the absorption curves 

(s versus uptake) are relatively meaningless unless 

constructed from data referring to a fixed flow rate 

to the film. The effect of flow rate on the measured 
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pressure above the film is conveniently displayed as a 

log log function of the pressures P2  and P1  in the 

reaction vessel and gas reservoir. A linear relation-

ship is obtained at a fixed uptake but the slope is a 

sensitive function of composition (see later). Such 

a family of curves enable, by interpolation, sorption 
vitt of 

curves to be constructed for a fixedAuptake - figures 

78, 79, 80 display 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. 

Significantly, each minimum is at an overall 

composition within the range PdH0.04  to PdH0.06 i.e. at 

the maximum value for pure a phase (see section 16.1). 

It is suggested that the sorption curves to the base of 

the minima involve only the a phase and the remainder 

a mixture of a and f and ultimately pure p phase. Some 

evidence for this is 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 nat predictable from the 

known pressure dependencies. Thus in one experiment 

using a 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 p phase will be diminished 

(see Everett and Nordon, 1960, and Scholtus and Keith 

Hall, 1963). Thus the sorption curves for unsintered 

films (e.g. see figure 81) show no evidence for a 

minimum at any point of the uptake. 

Activation energies for diffusion of hydrogen 

within 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 surfaces are 

contaminant free since otherwise the rate determining 

step may not be characteristic of the hydrogen 

palladium reaction. Thus Silberg and Bachman (1958) 

found that the diffusion through a membrane 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 

750°K. The latter value is presumably for the a phase 

palladium hydride Jewett and Nakrides (1965) have 

observed that at 300°K the diffusion coefficient for 

the 3 phase hydride is a factor of 10 higher than that 

for the aphase. On this basis the activation energy 

for the p phase must be around 4.2 kilocalories at this 

temperature. Accepting these values for a bulk phase 

diffusion process there is therefore the situation at 

78°K in which diffusion control exists only in the C‹ 

phase — this agrees with the general features of the 

sorption curves for sintered films viz a strong 

dependence of s on uptake only at compositions less 

than PdH0.05 (or where the saturation uptake. is 

approached). This is particularly well exemplified 

in figures 78 and 79. 



16.3.2. The Flow rate dependence of the reaction 

vessel pressure at 78°K  

During the initial uptakes (<2 x 1015molecules 

per cm2 geometric area) the. calculated sticking 

probabilities are independent of the flow rate to the 

film i.e. at a fixed uptake the reaction vessel pressure 

is directly proportional to the flow rate. At higher 

uptakes this proportionality disappears - S is 'pressure 

dependent'. This has been previously noted in both 

tantalum and titanium systems at 78°K but the elucidation 

of a definite relationship was difficult in these cases 

because 'S' fell rapidly with increasing uptake. With 

the hydrogen-palladium system at 78°K, S varies relative-

ly slowly for compositions greater than about Pd H0.05  

and the relationship between reaction vessel pressure 

and flow rate is readily investigated. Results indicate 

that there is invariably a linear relationship between 

the logarithms of flow rate and cell pressure. 

Expressing the flow rate (i.e. the rate of gas uptake) 

in terms of the reaction vessel pressure P2  and the 

gas reservoir pressurePi  we have 

flow rate = F(P1  - P2) where F is the conductance 

of the tubulation between vessel and reservoir. The 

experimentally obtained relationship between P, and P2 
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may be expressed as 

log P1  = n log P2  + n log C (n4  C are constants). 

Thus since P1>> P2  

flow rate = FP1  = F(CP2)
n. Values of n have been 

calculated from two separate experiments both using 

sintered films - the results are displayed in figure 82 

as a function of hydride composition. Figure 83 

demonstrates the linearity of the relationship between 

P1 and P2 - this particular data was obtained near the. 

minimum of the sorption curve displayed in figure 78. 

The values of /173vary approximately linearly with 

composition n falling to around 0.4 near the saturation 

uptake. It has been established by Katz and Gulbransen 

(1960) that at high temperatures (>500°K) the 

permeability of palladium to hydrogen is proportional 

to the square root of pressure. This has been taken 

as evidence that bulk diffusion is rate controlling 

since the 'P2' relationship is then readily derived if 

Sievert's Rule is assumed. The results of Silberg 

and Bachman (1958), however, indicate that such 

situation does not exist since permeability was 

completely insensitive to membrane thickness. Likewise, 

in careful experiments on the degassing of nitrogen 

from niobium and. tantalum wires at high temperatures 

(1400°K) Griffiths (1967) has shown conclusively that 
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the desorption of gas from the surface of the metal 

and not diffusion within the metal was rate controlling. 

This is, as previously mentioned, also in accord with 

general fe7,tures of the variation of S with uptake at 

compositions greater than about Pdii0.05. 

16.3.3 	Slow redistribution processes at 78°K  

On sintered films at uptakes between 0.7 and 1.8 

x 1015 molecules nor cm2 geometric area the reciprocal 

of pressure varies linearly with time after closure 

of the gas supply. Figure 84 displays three such 

variations together with an example when the relationship 

is becoming non-linear (in this p=ticular case at 1.83 

x 1015 molecules per cm2). Assuming adherence to the 

Temkin equation (see also section 15.4) the above 

relationship indicates that some parts of the surface 

become saturated with respect to the ambient gas pressure 

and, on closing the gas supply, there is a net transport 

to regions not at sturation. As shown previously the 

redistribution may be a process of diffusion down pores 

or merely a transport of gas between the exposed and less 

exposed parts of the outer surf ace, the two processes 

overlapping near the onset of the slow pressure decays. 

Both modes of redistribution have been treated in the 

sections on the hydrogen-molybdenum system. It is 

interesting to utilize the equation for transport between 
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regions of the outer surface to ostim:te the extent 

of the s-isturated region 't the point when slow pressure 

decays arc just observed. The slope of the reciprocal 

pressure versus time curve is given spproximately by 
ri_
la SZ where A is the fraction of the total surface 

at saturation, a' is the slope of the Temkin Isotherm. 

i.e. a'[N(molecules per cm2  true surface)] =...tn P 

1°  S is the sticking probability giving (from SZP) 

the not rate of transport of molecules and Z is the 

Hertz—Knudsen Collision Factor. Unfortunately a' 

cannot be measured at 78°K because of absorption and 

the difficulty in estimating the roughness factor of 

the film. As a (very) rough estimte it may be 

assumed that a' is proportional to (T°K)-1 between 

300 and 78°K and that the roughness factor of the film 

is around 2.5. From results at 300°K (see later), a' 

is thus estimated-at 78°K to be 10-13 per molecule 

per cm2 true surface for 2.7 change in 'equilibrium' 

pressure. Substituting the highest value of the 

gradient of the reciprocal pressure versus time curves 

(2 x 108  torr-1  per second) gives the relationship A. 

S =0.7 thus indicating (since S 	0.19) that A nv 0.25 

i.e. that one quarter of the total surface is at 

saturation at this point. 

At uptakes higher than about 2.0 x 1015  molecules 
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per cm2 geometric area the kinetics of the pressure 

decays after closure of the gas supply do not follow 

any previously discussed relationship but instead are 

adequately described by the relationship 

--m n(pressure) .16n(time + a constant, t°). 

Values, of m vary from unity (i.e. P-1  linear with time) 

at the low uptakes to 0.4 near saturation. Thus m 

varies over almost exactly the same range of 

magnitude as the parameter n discussed in section 

16.3.2. but, as is demonstrated in figure 85, m
-1,  
aoes 

not decrease linearly with increasing hydrogen uptake 

(see figure 82). The parameter to  is usually in the 

range 3 - 7 seconds except near satur7tion where it 

rapidly increases to about one minute. No reasonable 

model has yet been devized to explain the kinetics of 

redistribution and the vriations in n and m with 

hydride composition although in the regions where n 

and m arc approximately equal it can be shown that the 

kinetics .,re consistent with an activation energy in the 

rate controlling stop which is a constant fraction of 

that for desorption from the surface. 

16.3.4. Adsorption at 300°K 

The v=iJtion of sticking probability with 

coverage at 300°Kh s been displayed previously in 
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figure 24; the figure is repeated here for e--.7.sy 

reference. The general forms of S versus coverage 

curves at 300°K have been described in section 15.3.1. 

for the whole range of metals including palladium. 

The isotherms 1t 300°K are Temkin in form with 

gradients around 1014 per molecule per cm2 geometric 

area (see also section 16.3.3.). Figure 86 displays 

a typical isotherm showing linearity over -It le .st three 

orders of m,-.gnitude. There is no evidence of 

appreciable absorption 	300K up to the highest 

equilibrium pressures reached (10-4torr) showing that,  

unlike tantalum, the heat of absorption must be 

ppreciably below about 16 kilocalories per mole. The 

results of Suhrmann, Wedler and Schumicki (1959) show 

that rapid bsorption occuns at low pressure into 

palladium films held ^t 195°K thus setting a lower 

limit to the heat of absorption at -;round 12 kilo—

calories. These limits :re confirmed by observations 

of absorption at temperatures z;re-ter than -.bout 

400°K when high pressures (>100 torr) are used. 
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APPENDIX 

Calculation of -t 

Figure 87 shows a section through the side-arm 

of the ionization gauge. The situation is somewhat 

idealized in that the bond 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 cm in diameter. 

The mean distance 't that molecules travel along 

the gauge tubulation before colliding with the walls 

is 1/nyol tdn, 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 

A9, 
-0 

(16) 

where -0-- is the solid angle subtended at 0 by the 

cross-section of the tubulation at AB. 

For R > r and' < L, to a good approximationfLis 

equal to n  l'(R-Ft)2  and '211= - 2mr2dt/(R-40. 

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: 



2nr2a  + L 
flo o (1/4)3  

where ..CL is the solid angle subtended at 0 by the cross-

section of the tubulation at CD. On integrating, and 

substituting -n-.nr2/R2 
0 

, and_fl nr2  /(R+LJ2  we obtain 

 

= RL 

 

  

R+L 
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