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SUMMARY

An ultra high vacuum system capable of attaining pressures

of 1012

mm Hg was used for thermal desorption experiments. The
metal chosen for these experiments was tantalum because of its
suitability for thermal desorption experiments and because
relatively little work has been done using this metal. The gases
investigated were carbon monoxide, hydrogen and ethylene. The
kinetic and thermodynamic parameters relating to the desorption
reaction were calculated and the values obtained related to the
reaction on the surface.

The thermal desorption reaction was not capable of supplying
all the information necessary to form a complete picture of the
desorption reaction. Further information was obtained by using
a quadrupole mass spectrometer to analyse the desorbed species.
The identification of the desorbed species combined with the
value of the desorption parameters meant that possible adatom
structures could be postulated.

A combination of these two technigques proved to be a very
powerful tool when investigating gas-metal surface reactions
and gave realistic values for the measured parameters such as
the surface coverage, order of reaction, the activation energy
end pre-—exponential function for desorption.

Flectron microscopy and X-ray diffraction were also used

to investigate the effect of the gases on the metal surface.
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1__TNTRODUCTION AND LITERATURE SURVEY

1.1 TNTRODUCTION

P The Clean Metal Surface

A "clean" surface may suggest various meanings to different
authors and readers. Throughout this thesis the word “clean®
refers to a surface that is completely free of contamination, i.e.
there are no foreign molecules on the surface.

Now at normal temperatures and pressures gas molecules
collide with the surface many times a second, For methane a gas
with a molecular weight of 16 the rate of collision will be
3 x 1023 collisions in a second and for carbon dioxide there will
be 2 x 1022 collisions in a second. Values of the same order of
magnitude are found for‘all common gases, This shows the surface
is saturated with atoms and molecules in a fraction of a second.
It is not possible because of this to make meaningful studies of
gas metal surface reactions at normal temperatures and pressures,

If the temperature of the metal is increased the molecules
which have been adsorbed on the surface will be desorbed. The
temperature at which they desorb will depend on the adsorbed
species, If the temperature is raised to fractionally below the
melting point of the metal, all the molecules that are capable of
being desorbed, will have been desorbed, producing a clean surface.
In order to maintain a clean surface the pressure of the gas in
contact with the surface must be maintained at a suitably low level.

Increasing the temperature of a metal in the presence of oxygen
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at atmospheric pressure will lead to  oxidation ‘and ‘this is so in

the case of tantalum where a white flaky tantalum oxide forms.

The rate of collision,/* y per cm2 per second of a gas of

molecular weight m at a Pressure p torr and a temperature T X
is given by the kinetic theory of gases as (1)
1
/LL: p/(27rka)2 LY (1—1)

. + - - - .
where k is Boltzmann's constant and the rressure is given in torr

where
1 torr = 1 mm Hg = 133,32 N =2 eeoe (1-2)
At room temperature where T = 300 X
21 % .. -2 -1
M= 2x 10" p/m® collisions cm = sec eeee (1-3)

for a gas of molecular weight 28 such as nitrogen, carbon monoxide

or ethylene, then at atmospheric pressure the number of collisions

23

per cm2 per sec is 3 x 107, When the precsure is reduced to the

6

high vacuum region 1 x 10" mm Hg the number of collisions per

. 1

cm2 per sec is 4 x 10 ", The number of atoms exposed on the surface
. 1 .

of a metal such as tungsten is approximately 1 x 10 > (2). Assuming

the stickiﬁg probability is about unity a monolayer would form in

a few seconds at this pressure. When the pressure is reduced further

~-10
into the wltra high vacuum region, p =1 x 10 mm Hg, the

. 2 .
calculated number of collisions per cm per second for a gas with

molecular weight 28 is 4 x 1010 and a monolayer will be formed in 8

hours.,

To prepare a surface layer, the sample gas is usually allowed

into the system so that the pressure rises two tc three orders of

magnitude above the background, then the background gases will be

less than 1% of the gas in the system. To be able to do this and
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sti1l allow the gas to adsorb in the 1070 to 140'9 mm Hg rangé
ye must be able to reduce the pressure in the system down to the
10_11 to 10-12 mm Hg range., This is very close to the minimum
pressure that can be obtained in a working vacuum system which
is of the order of 10 40 1072 mn Hg range but at these
precsures it is very difficult to obtain a pressure gauge that
will give reliable resulis.

From these calculations on the ultra high vacuum region it
can be seen that once the filament has been cleaned it will remain
in a clean state for a short period. It is during this time that
the sample gas will be adsorbed. The temperature of the filament
will be rapidly increased and the pressure increase in the system
due to the gas leaving the filament surface will be recorded.
When the gas is allowed to adsorb in the 10-8 mm Hg range a. moholayer
will form on an area 1 cm square in 5 minutes assuming the sticking
probability is unity. A monolayer of gas being desorbed will give
a large pressure rise in the system used for the experimentsjfor
instance a monclayer of ethylene increased the pressure by 4 orders‘
of magnitude. A monolayer may be considered to be a large unit in

the flash desorption studies in this thesis.

1e1e2 The Ultra High Vacuun Region

The ultira high vacuum region is considered to be the region
below 1 x 10—9 mm Sg pressure range (3). Pressures down to the

- . - 1 . - -
10 8 mm hg range are obtained by very careful working with conventional

— . 1 £~ - 3 : 2
pumps and gauges. crovided 21l leaks as far as possible are eliminated

and the pumps are capable of obtaining this pressure range it is only

2 matter of technigue to reach the required pressure. To obtain
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b : . . . .
pressures below this certain other considerations have to be taken

into account, such as the requirement of special” joints, preliminary
purging with non-contaminating gases and most importantly, the

ability to bake out the whole system at above 473 X for at least

twenty-four hours. The apparatus has to be heated to above 473 X
and because of this special materials must be used to stop leaks
occurring during expansion and contraction.

Recently however the ultra high vacuum region has become
relatively easily attainable. A major problem before 1950 was
measurement of the low pressures reached. The X-ray limit was the
problem with the conventional ion gauge and this was not overcome
until the work of Bayard and Alpert (4).

The development of the Bayard and Alpert gauge was a major

breakthrough and meant that the ultra high vacuum pressures could

now be measured reliably and that experiments could be carried out
in this region. Surface studies were now undertaken by many workers
using a variety of new techniques. Many of these could be used
with the flash filament work which will be the main subject of this
thesis and all this work gave a better understanding of surface
behaviour.

Surface studies are undertaken in order that scientists may
obtain a clearer piciture of what is taking place when a gas is
allowed onto a surface. The surfaces usually investigated are metal
surfaces especially tungsten. Various kinetic parameters are cal-
culated and these give an indication of the strength of the bonds
to the surface, the behaviour of the gas on the

holding the gas

surface under various condition, and mechanisms of adsorption and
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desorption. Analysis of the products after desorption of the gas

will also help to elucidate mechanisms of adsorption and desorption.
No one particular surface technique can do 2ll these investigations

but a combination of resulis from two or more of the techniques is

usually valuable.

A survey of some of these techniques is the subject of the
next section. The technique of Flash Desorption will receive a
more detailed discussion in a later section.

1.2 TECHNTOUES OF SURFACE STUDIE

Ll SN

1.2.1 General

There are broadly two approaches to surface studies in ultra
high vacuum conditions. One series of technigques analyses the
surface and changes in the surface occurring during the experiment.
These techniques include field ion and field emission microscopy.
The second series of techniqﬁes is concerned with conditions in the
Zas phase close to the surface; i.e. flash desorption
experiments.

Those techniques that look directly at the surface should be
such that they do not interfere and change the surface interactions.
It is the effect of the gas on the surface that we are investigating
and not the changes in the gas-metal surface interaction due to the
technique. Those techniques that look at the gas phase and not
directly at the surface must be able to relate the results obtained
in the gas phase to the interactions on the surface.

1.2.2  Adsorption on Evaporsted letal Films (5)

X . . Vs S
In this technigue the gas phase 1S monitored while adsorption

is taking place on a clean thin metal surface. The advantage of
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using an evaporated metel film is that it gives a much larger

surface area than a filament or wire. The evaporated metal film

may also be produced initially in a very clean state and under
ultra high vacuum conditions’it will remainrin this state for some
time. The metal film is evaporated onto the surface of the vessel
énd because of this the surface of the film is up to 1000 sg cms
whereas the surface area of a filament will be up to 10 sq cms and
the surface area of a wire less than this. The number of molecules
needed to form a monolayer on a film will be of the order 1018

which is many more than the 1015 molecules needed on a filament.

To produce the film the metal needs to be outgassed at a tem-
perature, just below the temperature where it will evaporate, and
this could take several days. The surface onto which the metal is
going to be evarorated also needs to be cutgassed by bhaking the
system. This eliminates the evolution of gas from the glass which
could contarinate the surface. The metal is evaporated in vacuum
and the film forms on a substrate which is usually glass but could
be mica or the face of a crystal, The glass is usually at a tem-
perature of 273 XK.

The vessel may be a specially designed commercial calorimeter.
"The experimental gas is allowed into the presence of the film in
émall doses and the heat of adsorption of each gas sample is observed.
By varying the amount of gas adsorbed each time the variation of the
heat of adsorption with surface coverage can be observed.

Metals are ideal for this technique and most metals have been
used but also work has been done on alloys and non metals which can

) R N . s .
be evarorated. The variety of surfaces that can be investigated is
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one of the advantages of the technique.,

The disadventage of the technique is that the area of the film
is not accurately known. The roughness factor of the surface needs
to be known but the exzct aiea of the film is very hard to estimate.
The errors involved in this would only be very small and results

obtained in a variety of systems in different laboratories are

reproducible,

1.2.3 Field Emission Microscopy

The field emission microscope is used to study surface properties
when adsorption occurs. The properties of the surface monitored are
the work function and the surface structure. A field emiesion
microscope is shown diagrammatically in Fig. 1 (6).

A sharp tip is produced in a metal filament and this tip is
mounted on a support loop. The tip usually has a radius of less than
1000 K. The tip is situated in the centre of a glass vessel whose
inner surface has been covered with an electrically conducting
fluorescent screen. A large potential is applied to the screen and
this produces a very high electric field at the tip, typically
6 x 10! vV em™'. Electrons are then able to tunnel through the high
energy barrier under the influence of this potential and they travel
to the screen. The electrons after being accelerated have sufficient
energy to excite the phosphor and this produces a much magnified
image of the surface in UHYV éonditions. The magnification will be
about 106. The variation of the work function over the whole sur-
face will give light and dark areas on the fluorescent scréen. The
surport loop can be heated or cooled and the temperature of the tip

. s : o ) 17 amificati 1 o
varied., The field emission microscope tas a high magnification, high
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resolving power of 20 R and can be used over a range of operating
temperatures and it is this that makes it such a useful tool for
surface studies.

The field emission microscope was used by Gomer, Wortman and
Lundy (7) to investigate the interacﬁion of hydrogen and oxygen
with tungsten. The tip was cooled to a temperature where diffusion
would not occur and one side only was then covered in gas. This
was done by putting a source of the gas into the vessel and heating
it electrically. Only one side of the tip faced the gas supply and
any molecules missing the tip were condensed on the cold sides of
the vessel. The temperature of the tip was allowed to rise until
diffusion began to be seen and the boundary between the covered and
clean sides of the tip tegan to move across the tip as the molecules
diffused. The movement of the gas from physisorbed sites to
chemisorbed sites on the clean surface was clearly observed. For
oxygen migration started at 27 K whereas for hydrogen it was less
than 20 K.

This. shows what a very useful technique field emission is but
care must be taken that the very high electric field near the
surface does not have any influence on the adsorbed gas on the
surface.

1.2.4 Field Ton Microscope

Information abcout the field ion and field emission microscope
was first published by Muller (8). The field ion microscope is
similar to the field emission microscope with the polarity of the
applied potential reversed. The advantage of the field ion micro-

scope over the field emission microscope is that it has a higher
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resolving power and individual atoms can be seen. . The disadvantage
is that the very high fields at the tip can make all but the most
strongly held atoms desorb and this means only a limited range of

metals and adsorbants can be invecstigated.

In the field ion microscope a gas such-as hydrogen or helium
which has a low molecular weight is let into the system at a
pressure of 10—3 torr. In the very high field region near the tip
the gas is ionized by quantum mechanical tunnelling and the positive
ions produced are accelerated to the fluorescent screen where they
produce a greatly magnified image of the surface. The hig
resolution means that for surfaces where the atoms are far apart
then the bright srots seen are pictures of individual atoms.

Anderson (9) has used the field ion micrcscope to investigate
oxygen adsorpticn on a tungsten system. He saw that the oxygen
which had been adsorbed was rapidly desorbed on heating, leaving a
tungsten surface which was heavily eroded with many atoms having
been moved.

1.2.5 Low Energy Electron Diffraction (LEED)

Davidson and Germer (10) in their clasesic experiment showed
that low energy electrons were diffracted by the surface. These
electrons have low energy and so only the surface layers are
effected. The rositicnsof the reflected electrons are measured

and the wavelength of these electrons is given by

1

A = (150.4/V)7 vess (1-8)
where A is the wavelength in angstroms and V is the accelerating
potential, In this cace the atormic spacing is given by Bragg's

Law:

n A =)d sin 8 vees (1-5)
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here 6 is the diffraction angle. The low energy electrons are
diffracted onto a fluorescent screen. By bombarding a clean
single crystallsurface the spots obtained should bte clear and
well defined, Although LEED is a powerful tool it has several
drawbacks. Detailed interyretation of LEED results is difficult
at present although much effort is currently being expended on
clarifying the theoretical background (11). Improved results
have been obtained using more complicated theories. The second
drawback is that the electrons may cause a change in the surface
structure.
The gas used should be of a low molecular weight compared
to the metal and in this case the gas atoms should have no
effect on the pattern and any change in the LEED pattern obtained
therefore must be due to the_adsorption of the gas on the metal.
LEED studies of the adsorption of xenon on graphiﬁe have
been performed by Morrisocn and Lander (12). The xenon is adsorbed
at 90 X and at low surface coverages a liquid-like phase is formed.
At higher temperatures the diffraction features become blurred but
an interesting point is that each‘xenon atom occupies a surface
area of 15-17A2 which lecds to the suggestion that the atom is

laterzlly compressed by the forces of the surface.

[¢3)

S

1.2.6  tuger ¥

lectron Stectroscony

The same system can be used for fuger studies as for LEED
studies. Auger is concerned with the emission of secondary electrons
from inmer shells. The primary bezm uced in the LEED experiment is
used with an energy of 3-%.5 times the potential needed to ionize

the electrcns in the inner shell. The incident beam will remove
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the secondary electrons from the inner shell as shown in Fig. 2.
The gap in the electron levels in the inner shell will be filled
by an electren from a higher level dropping into the gap and
releasing an amcunt of energy. The energy will be emitted as a
rhoton or captured by another electron and be used by this electron
to escape from the surface., This is known as the Auger effect
and it is this electron that we are concerned with. Although the
effect has been known since 1925 it is only recently that it has
been possible to trace these Auger electrons from the background
of secondary electrons. The problem was overcome by Harris in
1967 (13).

By measuring the energies of the emitted electrons an Auger
spectrum can be obtained. Auger electron spectra have been ob-
tained for most elements up to gold with the exception of hydrogen,
helium and e=ingly icnized helium which lack the necessary electrons.

Auger electron speciroscopy can be used to observe the surface
of metals and is particularly useful in identifying contaminants on
the surface of the metal. It can also be used in conjunction with
LEED since Auger is applicable to not only single crystal but
polycrystallire and amorphous materials.

Haas, Grant and Docley (14) have used the Auger electron
spectrometer to investigate the adscrption of oxygen and carbon
monoxide on various transition elements such as tungsten, molybdenum,
niobium and tantalum. The spectra obtained show a shift in the
energy of the Auger electirons when the oxygen is adsorbed on the
surface and the specira obtzined from the adsorption of carbon

monoxide on tantalum and niobium show that the carbonmenexide is
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decomposed to carbon and oxygen on the surface even at room
temperature. This was unexpected and it was suggested that the
shift is due to a shift in the electron density froh.the surface
atoms to the carbon mcnoxide.

1.2.7 Thotoelectron Svectroscopy

When light of short wavelength, usually ultra violet with an
energy of 21 eV from helium, f3lls on a molecule it can eject an
electron from the outer mclecular orbitals. The energy of the
electrons emitted from a molecule is recorded and the resulting
spectrum is analysed and ithis gives a measure of the energy levels
in the molecule. The energsy of the light is used in overcoming
the binding energy of the electron to the molecule and any extra
energy goes into giving kinetic energy to the electron. The energy
which goes into ejecting the electron from the molecule is the
ionization energy of the molecule and so the photoelectron spectra
can be ucsed to give a measure of the ionization potentials. The
photoelectron spectrum is a record of the number of electrons
detected at each value of the kinetic energy. The light is mono-
chromatic and so each photon of light energy supplies the same
amount of energy.

Using two approximations
(1) Bach band in the spectirum corresponds to ionization from a

single moclecular orbital,

1

(2) Each occupied molecular orbital of binding less than hf

(]

gives rise to a single band in the srectrum,

hip Ttetween the rhotbelectron spectrum and the molecular
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electronic siructure is simple. The photoelectron spectrum is a



=15

FIG. 3 Idealized Photoionizstion Process and Photoelectron
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reflection of the molecular orbital diagram similar to that shéwn
in FPig. 3. However these rules are simplified and deviations do
occur. A typical rhotoelectron spectrum is shown in Fig. 4 for

mercury.

Photoelectren spectroscopy can be used on all systems but it
is especially valuable in the case of adsorption on various surfaces.
Here the change in the molecular orbitals of both the surface and the
adsorbing gas can be seen when adscrption takes place.

Thi

n

technique is a relatively new technique and offers great
potential for furthering our knowledge of the processes that occur
when a gas is adsorted on a metal surface. Being a new technique
compardtively l1ittle work has been done in this field alihough a
start has beer made studying adsorbed layers by ultraviolet photo-
electron spectroccopy by Bordass and Limmett (15). The technique
was first investigated in the early 1960's by Turner (16) who was
working in London.

This techninue has been used to investigate the perfluoro
effect by Brundle (17,18). This is a substitution effect where
hydrogen is replaced by fluorine and when this happens it is found
that the O electren icnization potentials are shifted to much

"higher energies than the TT electron ionization.

Thiz method of investigating the surface of a metal involves
bombarding the surface with a beam of low energy electrons of erergy
from 10 eV to 600 eV. In tris cese the adsorbed molecules desorb
as rositive ions because of the interaction with the low energy

electrons. The icns which have been desorbed are analysed by a
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mass spectrometer and identified. The use of an electron multiplier
and cereful design of the mass spectrometer means that electron
beam currents as low as 2 x 10’-7 amps can be obtained and this
reduces any effect that the electron beam has on the surface and the
adsorbed species.

Much of the initial work in this field on the desorption of
neutrals and ions by electron impact waé done by Redhead (19) and
Menzel and Comer (20). A more sophisticated system was designed by
Nishijima and Propst (21) and this system was used to investigate
the action of 02, Co, COQ, N2 and H2 cn a polycrystalline tungsten
surface (22).

A combination of the electron stimulated desorption technique
and flash desorption experiment was used by Goymour and ¥ing (25)
to investigate the action of CO on tungsten and shows the value of
combining these surfecce technigues. TFurther work by King, Madey
and Yates (24) combined electron stimulated desorption studies and
the flash desorption technique. A number of oxide and oxygen atom
states were found by the thermal desorption technique for the
adsorption and descrption of oxygen on polycrystalline tungsten.

Two states of adsorbed oxygen were found by electiron stimulated

desorption and attempts were made to correlate this information with

the thermal desorption information and obtain a clearer picture of
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1.2.9 lass Spectromstry

The mass specirocmeter will measure the change in the gas phase
to adsorpiion and desorption from the filament. TIf the mass

spectroreter used is elso a partial pressure analyser then the
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kinetics of the adsorption and desorption can also be worked out.

Sensitive mass spectrometers are capable of measuring the very

low pressures involved in the desorption experiments but this will

be at the extiremes of the sensitivity of many instruments.

The identification of the dezorbed svecies is a very important
part of the analysis. The desorbed species can throw light on the
nature of the adsorbed srecies although other information and other
experiments have to be carried cut before the adsorbed species can
be positively identified. If ethane peak 30 was found in the mass

spectrum after adsorption of methane it would suggest that the

6]

adsorbed species could be CH_ however other details would have to be

3

known before the species could be conclusively identified. The mass

specirometer information mean

W

that a complete picture of the

O

system can be made. If a mechanism for adsorption is postulated the
mass spectrometer evidence can be used to confirm its validity.

Ageev (2)) has used a time of flight mass spectrometer as a
partial pressure measuring device for a flash filament experiment.
The desorbed species are identified and the kinetics of the reaction
are calculated from the pressure peaks. Casser (1) has shown how
mass spectrometers are useful in identifying the catalytic action of
" metal surfaces on ges reactions. The decomposition of orgenic gases
has been followed by Robertson and Morgan (26). In ultra high

vacuum the decomposition of ethyne and ethene on nicbium surfaces

1.3 FLATH TRCOTDTICH
L] L dals. <2 RS R i
1.3.1 Prclomue

The kinetic parameters for surface procecses can be related to
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each other using various equations. These equations must be
related to the parameters obtained from the vacuum system so

that the unknown kinetic parameters can be found. Since vacuum
systems are not mathematically minded it is found that the
equations do not always hold in all cases and certain assumptions
have to be made and justified., When a vacuum system is designed
it is necessary to think carefully about what is going to be
nmeasured and how these parameters are to be related to the unknown
oneg,

The study of gas-metal surfaces has been of interest to the
chemist and physicist for many years., In 1912 Langmuir (27) did
work on gas reactions with metals and Urbach (28) in 1930 used a
continuous heating technique to study rate measurements. However
it was not until recently that it was possible to obtain a clean
metal surface in ultra high vacuum conditions. Since this time a
lot of work has been done on gas metal surface reactions, many
experiments using the flash filament method.

It is this technique, the flash filament technique, that is
to be the subject of this thesis. This technique needs to be used
with one of the other ultra high vacuum technigues if the maximum
amount of information is to be obtained. A mass spectrometer is
used to give further information. The theoretical background behind
the analysis of the results will be given later but this theoreiical
work has been developed over many years by a succession of workers.

. . FR]
1.3.2 The First Work on Flash Desorption

The credit for the develorment of the flash filament technique

should go to Becker and Hartman (29,30)s In 1953 they published a
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paper in which they used the flash filament technigue combined with
a field emission microscope to study the adsorption of nitrogen on
a tungsten surface (31). This was one of the first vacuum systems
to use the Rayard-Alpert desiszn of ionization gaunge and the system
bl £ achievine ] -9 -10
was capable ol achieving pressures of 10 to 10 torr.
Using the kinetic theory they obtained the expression

M=XV A p = M, e eeee (1-6)

where A is the area of the filament, M is the number of molecules
2 . .
per cm , K is the number of mclecules per litre for p = 1 torr,

V is the volume of the system and A p is the pressure rise.

=
,

€ = = , so that when 8 = 1 one monolayer has been adsorbed and in

“

-2

this case M1 = 1,25 x 1014 molecules rper cm2. Since A, K, V and FH
are known and A p is measured then 6 the surface coverage in
monclzyers can be calculated. By verying the adsorption time t
gnd calculating €, a graph of the change in surface coverage with

time could be cbtained.

By using a mass balance equation for the system we 3QQ:
M, d68/dt =VpsS-E. ceee (1=7)

where I ‘de/dt is the rate of increase of the desorted molecules,

E is the rate at which molecules are lost by evaporation and V

is the Tate at which the molecules strike the surface when p = 1 torr.
Since § is the cticking rrcbability, V p represents the rate of

collizion at pressure p. It is shown for € < 1.8, E is negligible

compared to V p s and so

w0
1l
e

ae cees (1-8)
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It is found that at 300 X, the sticking probability remainé
constant at 0.5 for & = 0 to 1 but after this the sticking probability
drops rapidly to 10_4 at 8 = 2. The results in the form of the
prressure and sticking probability against time graphs are shown in
Fig. 5 for nitrogen adsorbed on a tungsten surface. The results
show that the analysis gives results of the expected order of
magnitude,

A pumped system with a constant leak rate is used and the
pumping speed is calculated and found to be constant but no term is
used in the equation (1-7) to account for any molecules lost by
punping. This method of analysis did not show if there was more
than one adsorbed state since only a smzll pressure rise was seen
over the whole flash, It is assumed that the total rise in pressure
is due to nitrcgen atoms being desorbed. Th surféce was flashed
at 2200 X to clean it and the nitrogen was allowed to adsorb.

After this the filament was flashed at 2300 K and the increase in

After a decade of work in this field Ehrlich (32) produced a
lengthy and valuable review in which he gave a detailed account of
the theory. A more detailed version of Ehrlich's paper is also

available (33). He used a closed system with no pumping during the

[p]

experiment tut used a term ¥S.. in his equations to take account of
ime o

the molecules lost by adsorption on the walls, pumping by the gauge

and any eccaping to the traps.

Applying the conservation of maze tc the system we get
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where N is the gas density at any instant, V is the volume of the
syestemn, FF is the rate of desorption from the filament, FA is the
rate of supply of gas from any leaks and NSF is the rate of
depletion throuch re-adsorption on the sample. FA and S_, are

‘ B
maintained constant ang independent of time., MNow if the rate of
re-adsorpiion and the leak rate from a reservoir are negligible

during the flash then equation (1-9) becomes

Vv ay/at = B - NS, cees (1-10)

and A N can be shown to be equal to

exp [-spt/7] [* (5/v) exn [ ~s.t/v] at veee (1-17)

Prior to the experiment the temperature rise with time was

investigated and found to be linear of the form
- , -
1/T a  + bt | cees (1-12)

where ao and bo are constants calculated by substituting for T at
various times. It was assumed that this equation for the temperature

rise was obeyed at all times during the flash,

Using the Arrhenius eguation of the form

b'e
F,.\/A = —-dn/dt =n v, exXp [- AH/RT] o oo (1-13)
where v. is the pre exponential functicn, n the surface coverage,

X
ANH the activation enerzy and x the order of reaction 1 or 2,
Combining (1-12) and (1-13) followed by integration, when x = 1,
leads to

AN/ A Nx =1 - exp r_x] vees (1_14)
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and when x = 2

AN/ AW =n XM+ nx) ceee (1-15)
where

X = [RVX/-bOA H] ‘exp I:- AHaO/R:l exp ([-—AHbot/R] -1)

eeeoe (1—'16)

x is determined by comparing the evolution curves showm in Fig. 6.

The shape of the curve

6]
e
b3
Q
e
O

ate whether x is 1 or 2.

A similar approach was used by Smith and Arancff (34) who
Proposed a theory of desorption for gases using a linearly rising
temperature and used this for both first and second order kinetics
when there was a lezk into the system and also for a closed system.
The activation erergy and order of reaction could be calculated
but the method involved mcking some approximations and also some
trial and error curve fitting, This paper developed the theory and
was not applied to a gas-metal system and it is not possible to
criticise the resulis cbtained.

Redhead (35) investigated methods of analysing flash desorption
data. He used two linear variations of temperature with time, one
similar to Enrlich's and thé second crne 1is a reciprocal variation
of the form

1/T - (1/T) - oC 1 so 0 (1-—17)

He apnplied the conservation of mass to the svystTam

~(t) + L = \sp + ¥V dp/dt cee. (1-18)

where A is the area of the samprle, N is the desorption rate, V is the

stom, L is the leak rate and S is the pumping speed.
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1
K=3%.27 x 10 9 molecules per litre at p = 1 torr and T = 395 K.
Redhead assumed that there is no re;adsorption on the sample

during the flash and that adsorption on the walls of the system is

negligitle,
Then at equilibriun

L=KSP, cese (1-19)

Combining (1-18) and (1-19) and putting p* = p - 2o
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XX (1—20)
vhere a = A/KV and 7Y = V/s

Now the rate of deszorpition from unit surface area is

N(t) = -dg /dt = v_o  exp (-B/RT) eees (1=21)

where n is the order of the desorption reaction, O is the surface
coverage, vTl is the rate constant and E is the activation energy
of desorption. We assume a linear variation of temperature

T = To + 13 t and assume that B iz independent of the surface

coverage. MNow (1-20) is solved to find the temperature at which

]

the desorption rate is a meximum. For n =1

¢

E/RTP = (1;1/)3) exp (—E/RTP) vees (1-22)
forn = 2

sy’ = (o v,/p) exp (-3/279) s (1223)
where <yo is the initial surface coverage and c—p is the surface
coverage at T = Tp. Tt can be seen that Tp is independent of
coveraze for the Iirst ocrder reaction tut varies with the surface

5 . n 4. N A ~ 3
coversge for a second order reaction., Tor the first order reaction
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if the value of v, is assumed to be 1013 sec"1 then the activation
energy cen be calculated. The activation energy can be found
without assuming v, by varying P and pletting log Tp against

log p since

B/RT 4+ 2 = d(log B )/a(log T) ceee (1-24).

For the second order case the surface coverage @6 has to be
found by calculating the erea under the curve of the desorption rate
as a function of time end by plotting log( o oTi ) egainst 1/7_ a

D

straight line of slope E/R is obtained and then is found by sub-

Yo
stituting in (1=

By varying the temperature in a reciprocal fashion the relation

between E zand T is

1t

n=1, B/R = (v,/a) exp (-B/21)) eeee (1-25)

e
j=v}
|

-~ _T/n -
(vy0 /) exp (-5/21) vee. (1-26).
By substituling into the above equations the known parameters

. . OTHER
obtzined from the experimental system the parameters can be calculated.

A
Redhead discusses how the order of reaction is determined from the

curves of AT/ A Y, zgainst time. From the shape of the curves for

on
the desorption rate against sample temprerature the constancy of the
activation enersgy may be investigated, This method can only be used

however for the case wnere the peaks are clearly resolved from each

other., The equation of the desorriicn rate curve is found to be

(/) = (3/2)(1/n - 1/2) + (/1) exp (/[ 1/m < 1/2, ] )
eees (1227)

which shows the curve to be asymmetric about the maximum at temperature

T . PRedhead goes on to take intc zccount the effect of a finite
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FIG, 8 Redhead's Results for the Desorption of Hydrogen
From Tungsten After 14 IMinutes Adsorption Time.
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pumping speed from which we obtain equations which are -more complicated

but which can be used to calculate the experimental parameters. TFig. 8
shows the results obtained by Redhead, the experimental curves and
i 9 the grarhs £ whi i
€. 7 the grarhs from which the order of reaction was found.
Work similar to Redhead's was performed by Carter (36) and in his
paper he considered three tyres of surface. One which has binding
states of constant energy, one which has discrete energy heterogeneous

sites and a third which has a continuum of heterogeneous sites, In

the rapers considered so far all the adsorption has been on tes

6]
.

which have a single activation enerzy but Carter goes on to investigate
the problem of discrete energy heterogeneous sites where the equations
become quite complex and for the case of a continuum of sites, he
states that the besti and probably only method of deducing site con-
centrations is a numerical summing technique.

1.3 Thecreztical Papers During the Last Decade
~2,

Many papers have teen published by Ageev and Icnov in the last ten
years. The first of the papers gave a short zccount of the theocretical

approach they used in their analysis. The gas balance equation they

~arn/at = (1/4¢7 ) [VdP/dt + SA7P cees (1-28)

peey
c
vhere d¥/dt is the adsorption rate, TO is the temrerature at the

e flash, V iz the volume, A iz the surface area and

where B is the activetion energy for desorption, v is the order of
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FIG. 9 Redhead's Theoretical Desorption Rate Curves for
First and Second Order Reactions.
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curve and equation (1-3]) then the degr

beginning of the flash can be found.
adsorbed in time dta on the
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d_.a s,LL Do dta
and hence the vaiue of the
protability can be found.

Fig. 10 shows

for the descrption

three de

found to be 1st orde

) [:V Ap + 5

adsorbent sur

of CC off atung sten

orption statss are scen,, P " and/} 3

the adhesion coefficient.
with unit surface area in

rate is high (1-29) becomes
R K] (1_30)
at time t is

2
descrbed from 1 cm

eees (1-31)

Js

grarhicelly,

Z&pdtj

The value of S is

vhen dii/dt = 0, knowing
ree of coverage € at the
The number of molecules dﬁa

ace 1ig given by

adhesion coefficient or sticking

the desorption curves obtained by Ageev and Ionov

surface. Trom their results

The /33 peak was

5 peak second order. The valuesof
were 2.4 for the ﬁ 3 peak and 1.6

for the /32 pezk., Fig. 11 shows the relation between the number of
adesorbed molecules Mgz and the zdsorpiicn time t. Ageev and Tonov
obizired results which were of the expected order of magnitude end

flash desorntion and he has

very valuable technique.

into account the possible

the desorption

eVv

» (22) at the Towa State University has published many papers
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variation of the activation energy with surface coverage. The
conservation of mass was applied to the vacuum system

dN/dt = -A dn/dt - SN/V + L ceee (1-33)
Assuming the number of molecules is proportional to the pressure

this becomes )
~dn/dt = [V/AkTO] [dAP/dt +SA P/v] cese (1-34)

Now assuming the activation energy is independent of surface

coverage and using the Arrhenius equation

-an/at = v,n* exp [~ AB/RE] ceee (1-35)

Using the linear variation of temperature 1/T = a + bl we
obtain for first order reactions when k = 1

In(ln n /n) = - AH/ET + In [Rv1/ A H(-a(1/1)/at) ] cese (1-36)
for second ordexr reaétions vhen k = 2

In(a -n/mn ) = - AH/RT + 1n [ Rv,/ A B ( -a(1/m)/at)| .... (1-37)

If either equation gives a straight line this tells
you the order of reaction and the gradient of this line is - A H/R.
If the activation energy varies with surface coverage neither

will give a straight line znd an equation of the type:-
-dn/dt = v n% exp [(-. AH - o n)/RT | cess (1-38)

is used for a second order reazction. This equation is solved by

using a computer to fit the best results when the other parameters
have been czlculated. The order of reazction is found in a similar
method to that suggested by Ehrlich. Graphs of (no - n)/n against

time are plotted and the generzl trends are observed.

The results obtained are shown in Fig. 12 for hydrogen on tungsten.
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FIG, 12 Hansen's Results for the Desorption of Hydrogen
from Tungsten,
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The value for the surface coverage is of the ordér 1O13 to 1O1
molecules per ch. The activation energy of desorption was found
to be 35 kcals mole“1 obtained from the gradient of the second
order grarh. This is for one of the two peaks obtained and these
were desorbed at temreratures of 405 X and 470 XK. It was found
that a small variation in activation energy with surface coverage
occurred znd o< wes egual to 14 with a surface coverage of

2.8 x 1013 molecules per cm2.

The Arrhenius eguaticn has been combined with the transition
state theory (3%9,40,41) so that thermcdynamic parameters such as
the entropy of activation can be calculated as well as the kinetic
parzmeters., Petermann calculated the activation energy and pre-

to

sonentizl function from the rate of reaction and this is used
calculate the entropy. The limitations of using the transition
state theory are presented ecpecially in the case of a very slow
unimolecular rezction., Invesiizations of carbon dioxide on many

transition-metal surfeces have been performed by Degras who used

the Arrhenius equation together with the thermodynamic relationship

~f

/et exp [ DF/RT ceee (1-39)

where AT is the free energy change per mole. Lapujoulade used a
the vocuoum system and how this

Tr

effects the eguations describing the system. e assumes the pumping

F}
o¥
o'
()]

the pumpins speed depends on the histcry of the system and wou

- + + ~rer
exnpected 1O VIYV.
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Petermenn (42) further considers the application of the
transition state theory to thermal decorriion experiments. The
rate constant and the temperature are calculated and veing each
set of points a graph is rlotted of 1n ¥h/kT against 1/T. From

the absolute rate theory if the value of the activaticn erergy and

A H/P and of intercept [111 r+ AS R:l where r is the trans-
mission coefficient. The reculte in Fig. 13 give a siraight line

over a small experimental range and this he e

ot
&
»
3
O
}_l
8y
(_'_
()
1G]
ot
O
O
o+
oy
[0}
R

regicns. This method is not very convincing since the assumption
that the straight line holds over the other regions is not proven.
Amenomiya (43) has considered how to calculate the rates of
adscrption and desorpticn from the adsorrtion curves., Amernomiya
and Cvetanovic (44} hzve rroposed an interpretaticn of thermal
desorption data, The nethod is used by Amenomiya to analys
rreblems In chemical catalysis but could a2lso be applied to flash

filament work. A linear heating schedule, the Arrhenius equation
& 9

and a material balance equation of the type (1-40) is used
; [ G = -] C had ) esv o e -
-V as/dat v kg © -k (1-6) (1-40)

vhere v reprecents the amount ¢f sample desorbed per unit volume
- i1
of the so0lid thaszse when the surface coverage € iz wnity. kX and

k. are the rate cecnstants for adcorption and descrption. At the

o

rotion peak maximwn where T = Trrl and dC/dT = O then

2
{1, — PR _a /T — /v -
(k) = 4 exp ( _-g./?.Tm) = B ,:,d/_» T ceee (1-41)

ant the plot will give a straight line of gradient
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energy ic defined by equation (1-41). Provided the pre-exponential
fector is known or can be ascumed Ed can be found. By varying /3,
Ed may be found with assuning a value of A. Thus the exverimental
parameters may be found. This method of analysis could be applied
to flow systems to calculate the varicus parameters.

Page and Jennings (A)\ have taeken into account many other
factors which influence vacuum systems, such as desorption on the
wzlls, pumping by the gauvuges, external lezk rate and re-adsorption
on the filament., Many of these are shown to be negligitle and th
final eguation obiained is similar *to that obtzined by Ageev et al.
1.3.4 Summary

¥eny methods for analysing flash descrpticn data have been
thorouchly covered in the literature over the previocus
method vsed depends cn the raremeters meacured but for a standard
desorpticn specirum a macs bzlance eguation for the system is in-
corvorated with an Arrhenius type equaiion az the definition of the
experinental aciivation energy. From a combination of these two
equations the varicus kinetic parameters are found. The atsolute
reaction rate may be used if thermodynamic parameters such as the
w end partition functions are to be found. The methcd used
for analysis dependz on the particular vacuum systems properties and
the paraemeters which are measured. These have to be related to the
parameters to be investigated.
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‘ond the ccope of this thecis to review all the gas-metal
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icr any one person to undertéke. Transition metals
have Tteen uced extersively in a variety of technigues mainly
because of their experimental suitability, being stable at the
high temperatures involved in the flash de esorption technigue. Other
>d and in a great variety of forms, single

crystals, powders and evaporated metal filrs as well as filaments.

The adsorbents used vary from the chemically inert

[0}

ases to more
reactive gaczes such as oxygen and orsanic geses and from there to
the adsorplion of the elements of group one in the pericdic table
such as cedium, potassium and ceesium., A review will be made of the
gases used in flash desorpticn experiments but hydrogen,
carbon menoxide and ethylene will be cmitted until the results of

the present study are discussed. Table 2 mzkes an attempt to show

the large variety of surfaces and adsorbentis investigated throughout

The adzorption of nitrogzen on tungsten was cne of the first

gas-metal surfeces to be investigated by the flash filament method (31).

The flach filament method was used in conjunction with a field emission

microscope. The rate at which nitrogen is adsorbed on tungsten, the
sticking yrobability and tre activation energy were found. The

sctivation enercy was found to be devendent on surface coverage being
equal to 5200 cals/g mole when the surface coverage is 2 monolayers
and thic decrezses to 100 cals/s mole when the surface coverazge is up
to one monolcyer. The system was not punrped and no attempt was made

to rezclve the varicus &

47,48,49) used the flach desorption

technigue to inventigate the adsorption of nitrogen on tungsten and
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FIG. 14 Desorption Spectra of Nitrogen from Tungsten
Obtained by Hickmott ang Lhrlich,
Pressure
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500 1300 1700
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found three reaks which were decignated 5 s (L and ﬁ;in order of
their increasing temrerature. The 8 pezk cccurred at temperatures
below 200 K, the (L peak in the range 350 ¥ to 450 K and the /9

peak at the higher temperatures of 1250 X to 1800 X. The kinetics

of each peak wew investigated separately and the ﬁ?peak was found

to be sccond order showing that the nitroren dissociated on

¢}

adsorpticn and the activation energy of the t} peak was found to

Lo

-1
be 81 kcals mole = up to a surface coverage for the /9 peak of
c 14 -2
1.5 x 10 7 molecules cm .
It was found that the § peak was independent of the other
peaks and this adsorption state was connected to the surface by
scme kind of electron exchange. The O end /9 peaxs effect each

other sc that the peak heighis and temperature of desorpiicn change

and the conclusion from this is that at higher surface coverages

the AL state molecules exchange with gas phase molecules at a sig-

nificant rate. The order of reacticn is found to be =z=econd order

and this lezds to the suggestion that the nitrogen is adsorbed as atoms

and two of thece "adatoms" have to come together before the nitrogen

desorbed. It is 2lso suggested that the surface structure effects

.
0]

+
v

=

e zctivation energy of desorption and heat of adsorption.

N 7 5 -
Turther work has been rerformed by Hancsen (70) wno analysed

N

kinetice and the lﬂ zeak second order, The maximum surface coverage

~

7L 1

[ -2
for the OF pezk was found to be 6.6 x 1C 7 molecules cm and the

L vesk was found to have en activation energy cf desorption of

19.2 %cals mole , This was found from the slope of the (no— n)/no
i P cu v - is the mexinun curfoce coverzge and T 1
ageinst 1/T curve where n_ is the moxi ace 5

1 4

\ I G T Y 3 ot orat .
the *temrerature. The /9 ‘eex, which occurred in the temperature

b
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renge 1250 ¥ to 1900 ¥, was found to have an activation energy of

-1 .
7% kcels mole  which was obtained by a similar method to that used
with the cl pezk, The moximun surface coverage for this peak was

. 14 -2
found tc be 2.1 % 10 molecules cm . This paper was concerned

with the uce of the flash filament technigues being vsed to obtain

the various kinetic parameters and compar wring th

O
+
m
|
[
d_
0
=<
=
-+
s
-+
3
O
9]
[

obtained by other technigues. Wo attempt was made to relate the
findings to the surface but many systems were concidered. Tt was

sugpested that since a great deal of worl: has been done on the

o

‘stem that this system was ideal for use

en 8

ot
[N

.n

Rigby (50) hac identified a further peak the l91 in the desorp-

1. The [ peak has been resolved

[¥H
=
ot
O
C
3

-
O
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=
e,
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jox
Ian
o
®
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on
D

<
95}
bty
[N
H

st order kinetics and the/?
2

second order kxinetics, The tivation energies for descorption are

7z 1 -1
found toc be 73 and 75 kcals mole for the }91 and ;;2 peaks
respectively. The resolution obtazined in separating the peaks was
not good and it is difficult to make an accurate kinetic analysis of
the two overlaprirng peaks.

A comparison of the binding states of nitrogen ofi (100) tungsten

18]

and (100) melybdenum has teen made by Hans and Schmidi (51). 3Both

-

tungsten and molybdenum are igoelectrcnic and it is found that when

o

the adcsorbed states are

ct
(

n
(]
o
b
(@)
=3
D
ct
W)
—
9]

lsorbed on thes

\
m

nitrogen is a

{

very similar., Two states zre found when nitrogen is adsorbed on the
100) plene of tungsien. These two states are the 8 and /9 states
ond two similar ctotes are found for the (102) plane of molybdenun.

RS

The tecrnicue uced was flach desorpticn macs cpecirometry and this
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was combined with recults cobtained from low energy electron

diffraction studies,

N S d ey 4
Wnen the nitrogen is adsorved on mclybdenum the ¥ state has

o cti +30on — -1
an activation erergy of 9.7 + 1 kcals mole  and the IB peak which

'LJ
O‘\
6]
O
@]
@]
3
[o%
O
3
o)
@
>
i
W
16}
o
=
&2
[¢]
<
}._l
<
I
s
J.
O
3
1‘D
)
2
9
1
O
’_b
(o8]

T + 2 kcals mole

ha y 5+ s N Tenls 3 3y s 3 i ]
For niiroren the § peak ie similarly first order with an activation

surface coverage, Also observed was the fact thai the

¢
0
A9
+
[
154
05
IS
-
O
o]

amounts in the two systems between those obeying first crder kinetics

interacticns of the moleculsr orbitals of the nitrogen with the
metal surfeceavra considered. The 44 and 54 corbitals of the metal
interact with one of the 22 corbitals of nitrogen and the other two
2p orbitals of the nitrogen are parallel to the surface, The tungsten
538 orbitel has a grester extensicon than the 4d orbital of the
nolytdenum end tecause of the rossible greater overlar with the
sten this could zccount for the slightly different kinetics es-
pecially the zmell difference in the activation energy.

When nitroren is adsorbod on a filament with many cryctal surfaces
three desorpiicn statee zre seen the ,/9 eznd ¥ .« The /g;ﬂay be
recolved into further peaks but when the (100) cryetal surfaces is

tes the 8 and /9 are found. This suggests

that the various adecrpiion statec are due to adcorption on different
crvstals planes. The activotion energles and kinetic parameters [rom
rystals pla ™
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the various states have been calculated and in some cases the
activation energy was found to devend on the surface coverage.
More work is being performed investigating the adsorption of
nitrogen on particular crystal surfaces.
1.4.3 gen
Oxidation and reduction are two very imvortant chemical
processes. This is especially so with catalysts using metal
surfaces and it is understandable why a large amount of the lit-
erature is devoted to the study of oxygen on metal surfaces.
Eisinger (52) studied the adsorption of oxygen on tungsten.
The tungsten surface was a single crystal ribbon whose surface was
normal to the [115] direction. With a surface coverage of 2 x 1014
atoms cm-2 the sticlting probability was found to be 0.2 but with a
surface coverage of 1.2 x 1015 atons cm"2 the sticking probability
is 0.,001. The maximum Surféce coverage obtained wag 1.23 x 1015
- atoms cm—z. The [3151 plane has three different surface atoms,
each being connected to a different number of nearést neighbours.
(I) is connected to 4 nearest neighbours, (II) five nearest
neighbours and (III) seven nearest neighbours. Eisinger suggests
three separate adsorption states depending on the combination of
the zbove surface atoms to which they are connected. These
adsorption sites in order of their decreasing stability are in terms
of the zbove labelled (I, I, II), (I, II, II) and (II, II, III).
This model is largely conjectural but field emission microscopy
by Becker has supported this interpretation. Most of the adsorbed

oxygen is desorbed as oxygen for the surface coverage up to a

monolayer.
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FIG. 15 Ageev's Results for Desorption of Atomic Oxygen
from Tungsten,
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the following reaction mechanism

CH = CH ——> Cy (adsorbed) + 2H

where the acetylene is completely dissociated on adsorption,

Organic gases havé been studied using other ultra high
vacuum techniques, for instance the field emission microscope
(59) to investigete the reaction of éthane and ethylene on
nickel,

The reactions involved when an organic gas is adsorbed in
a2 vacuum system are very complex, the effect of the wall, pumps
and geuges may all influence the reaction. IMany of the radicals
produced are very reactive and their behaviour in a vacuum
system is still somewhat of a mystery. This field still allows
scope for careful study before the behaviour of organic gases

on surfaces in a vacuum system is thoroughly understood.
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2 EXPERIMENTAL APPARATUS

2.1 THE VACUUM SYSTEM

2.101 General Introduction

In order to obtain results which are both accurate and meaningful
care is needed to be put into the design of the apparatus. The basic
necessity in the apparatus is a filament which is connected by
electrical leadthroughs to an energy source which is used for heating
the filament. This filament has to be in a system which is capable
of being pumped down to the ultra high vacuum pressure region. To
allow the system to be pumped down below the 10-8 torr region the
system has to be heated to a temperature of at least 473 K and this
means that the ultra high vacuum part of the system must be placed in
an oven,

2.1.2 Tactors Iimiting Ultra High Vacuum

In order to reach the ultra high vacuum pressure region in the
system several factors which seriously affect the lowest pressure
available need to be taken into account. The system needs to be
sealed off from the atmosphere by special leak valves and the joints
connecting the various pieces of the apparatus should also be of a
leak tight nature. At these pressures the smallest leak from the
atmosphere outside will seriously limit the lowest pressure obtainable.
. The system needs to be capable of being "baked out", that is heated
to a temperature of above 473 ¥ for several hours. The gas
initizlly in the system prior to pumping should be one which will be
punped easily and one which is easy to remove from the system. The
pumps and gauges used in the system need also to have special features

so that they in no way limit the performance of the system.
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The material the system is made of is stainless steel because
this material is easy for the manufacturers to work with and is
strong and able to stand the low pressures which are obtained in
this work. Steinless steel is impermeable to most gases but
hydrogen is known to diffuse through it slowly and as the
temperature rises the rate of diffusion increases (60). The
stainless steel comronents, two symmetrical six-way adaptors,
two reducer couplings, the titanium sublimation pump housing,
three high vacuum leak valves and the getter ion pump were all
supplied by Vacuum Generators Lid (61). The viewing vort was made
of "Kodial" glass and wa 8 suitable for baking up to 673 K and
was oxidation resistant. The glass was connected to the metal
by a glass to metal seal so that during the baking both the
glass and metal expand together and no leaks occur.

The whole system which was to be pumped down to the ultra
high vacuum region had to be set in an oven so that it could be
heated to a temperature above 473 K (62) for a long period of
time. The purpose of this is to remove the gas that has been
adsorbed on the system walls, into the system so that it can be
pumped away by the pumps. Without this "bake-out" the lowest
pressure obtainable would be 10.8 torr but much lower pressures are
okttained with the heating of the system.

The air contains a small percentage of inert gases and about
96% oxygen. Inert gases along with long chain hydrocarbon and
vacuum grease are undesirables when the internal constituents of a
vacuun system are considered. These are very hard to remove and
zre pumped away very slowly or not at all. Air contains 1% of

inert gases but when the air has been pumped for several minutes
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to concentrate the inert gases. - The

the action of the punping is

sensitivity of the vacuum gauges varies for different gases. Most
gauges are calibrated using one gas which is normally nitrogen.
Oxygen in the pase of the trigger gauge has a sensitivity of only
0.9 (63) compared to nitrogen. It is essential therefore that the
gas in the system is one of which the sensitivity is known. ¥itrogen
obtained by "boiling off" from liquid nitrogen is found to be
bumped down easily by most pumps. For these reasons the gas in
the system at the beginning of the pump down is usually arranged
to be nitrogen. This is done by passing nitrogen into the system
several times before the experiment begins. After taking this
trouble to eliminate any unwanted material from the system it is
common sense to ensure that the pumps and gauges do not constitute
a source of contamination.

2.1.3 Vacuun Joints (64)

The simple vacuum joint consists of a ground glass cone and
socket which are held tight together by a spring. A thin smear
of vazcuum grease is usually applied so that the joint is absolutely
leak free. This design works well for vazcuums down to 10—6 torr
but for vacuums below this a more sophisticated type of joint is
needed. There are two types of ultra high vacuum joints, those that
need to be opened and closed and those which remain tightly shut.

The first type are sealed with soft metal "O" rings. The
metal is usually twenty four carat gold or soft lead which is cheaper
but it is not regarded as being as good since the lead cannot be
baked to such high temperatures. These "(0" rings are placed tetween
two seomeirically planar surfaces which are as flat as possible, If
a horizonial joint is needed the "OV rings may be kept in place using

a spigot ring. The gold "0O" rings are made from approximately a
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ten thousandth of an inch gold wire and are supplied by A.E.I. Ltd.
The size of the vacuum tubing will determine the number of nuts

and bolts used to tighten the joint. With the "O" ring in position
the nuts and bolts are tightened either alternately around the
circle or in order around the circle until the distance between

the two surfaces is just less than a six thousandth of an inch.

The threads of the bolt are treated with a lubricant to ensure easy
opening and closing after baking.

The joints which need to be opened and closed have to be
sealed using a copper "O" ring. For this joint the two sides of
the joint have a small knife edge projecting from the flat surface.
The knife edge "bites" into the copper surface and forms an air
tight joint. This joint is tightened similar to the gold joint
except that it only has to be tightened down evenly on all sides
once the knife edge has bitten into the copper. The leak valves
in the vacuum system also use this principle for sealing off the
gystem. The copper sealing pad is situated on the end of a screw
thread. When the screw is turned the sealing pad is moved to open
or close the tube. On the outside of the apparatus is a mark
which may be adjusted to a mark on the knob at the end of the screw
thread and this allows the screw to be tightened to the same
position each time. The copper is always set tight against the
knife edge and if the screw is tightened too far then the valve must
always be tightened to the same position.

The expansion of the gold and copper is similar to that of
stainless steel and during the bake-out no leaks should occur but

the apparatus joints should be checked in case a leak has occurred.

2.1.4 The Pake-oul

The ultra high vacuum part of the apparatus has to be heated
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to a temperature of at least 473 X for a long period of time and.

this is termed the "ba.ke-.out". The apparatus has. to..be set in. an

oven, and this oven is made out of asbestos sheet which is set on
a steel frame and has two asbestos doors on the front of the
apparatus. This asbestos oven is surrounded by an insulating
shield which consists of an asbestos wool attached to a hardboard
sheet which is supported by a steel frame. The electirical
connections to the heaters, pumps and filament all pass through
the insulators by special connections. Without this bake-out the
maximum lowest pressure obtainable would be 1 x 10-8 torr because
of the adsorbed gas on the sides of the vacuum system.

The heating elements for the oven is nichrome wire which is
wound round an asbestos sheet attached inside the oven. There
are four heaters made of Nichrome 3 wire supplied by British
Driver Harris. The wire is connected directly to the mains and
take a current of 1% amps.

- The temperature of the oven is measured by a copper-constantdn
thermocouple which was previously calibrated in boiling oil as

the variable hot junction and ice as the cold junction. The
voltage diffeience was measured on a digital voltimeter. The
temperature of the oven must not be raised by more than 100 K

per hour (63) tecause the expansion of the apparatus and the "OV
rings might result in leaks. This means that the heater has to be
switched on and off spasmodically and these heaters should be
switched on alternately so that each part of the oven is equally
heated.

The gas which is desorbed from the walls and other surfaces

are pumped by the ion pump which is able to stand these temperatures

while working. The oven needs to be left on for forty-eight hours
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so that all the surfaces in the vacuum system are heated to the
temperature of the oven. Because of thé low pressures in the
system the only ways that heat can be transferred to the filament
and the getter pump filaments and mass spectrometer rods is by
conduction. The effects of radiation and convection would be
negligible, This means that the oven has to be hot for the time
it takes for the heat to be conducted by the connections to the
various internal elements of the vacuum system so that these may
be degassed as well as the walls of the system. This is why the
oven is left on for at least forty-eight hours.

When the oven is switched off once again the oven must coecl
dowvn at a rate of not more than 100 K per hour once again so that
no leaks occur due to contraction of the joints.

2.1.5 Desism of the Avparatus

The vacuum system has to be set up so that the measurements
taken from the gauges are an accurate representation of what is
happening in the vacuum system. We must be able to relate these
measurements to what is happening on the surface of the filament.
The measured pressure rise is due partly to the gas desorbed from
the filamenf and partly by degassing of other parts of the
system (65). The pressure measured by the gauge should be a
measure of the gas coming off the surface but since the gauge is
not situated on the surface of the filament, other effects of
the system mean that the measured pressure has to be corrected.
The further away from the surface the larger the correction factor
that needs to be used and the harder it is to estimate. It is
essential to have the pressure measuring gauge near to the
o that the pressure reading is taken in the vicinity of

filament s

the surface. A spectrum is recorded on an oscilloscope of the

pressure against the time after the start. The further away from

the filament the pressure gauge is, the greater the time delay in
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the pressure rise ang this would lead to inaccurate

recording

results. The gauge must not be so close to the surface that

the natural workings of the gauge effect the surface reactions.
The vacuum tube between the gauge and the filament must not form
a constriction and effect the flow of gas and the same applies
between the filament and the mass spectrometer. The mass
spectrometer needs to be close to the filament so that any ions
negative, positive and neutrals do not have time to react with
the walls of the system and other atoms before they reach the
mass spectrometer, The peaks of the mass svectrometer are then
an accurate rerresentation of the atoms and molecules leaving the
surface. The ions and molecules should not be allowed to be
adsorbed on the sides of the system before they are analysed.

The tubing of the system should not be too large to provide a
large surface area of adsorption and should not be so small that
the flow of gas is restricted and right angled bends should be
avoided (63). The pumos should be placed sufficiently far away
from the filament so as not to effect the surface reactions and
the spectrum obtained. The pumps need to be separated from the
reaction vessel by a leak valve so that the pumping rate may be
adjusted. The mass spectrometer and the gauge should be situated
between the pumps and the filament so that all the gas that is
desorbed from the filament is pulled towards the pump through the
gauge and the mass spectrometer. The effect of the pumps has to
be estimated in the analysis.

2.2 VACUUM PUMPTS

2.261 General Review

There are many different types of vacuum pump which (66)
perform in many different ways and affect the system in different

ways Not all pumps can be started at atmospheric pressure and
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some need a second pump to act as a backing pump. The pumpé

for i o AN
an ultra high vacuumkuhould not be the cause of any

contamination which will stop the system from being pumped
down and also effect the surface of the metal which is being
investigated.

2622 The Rotary Pump

This pump has a vane which rotates in a chamber at a
high speed. This vane pushes the air out of the system and gives
the pump a pumping speed of 1 litre per second. It is used for
pumping vacuum systems down from atmospheric to 1 x ‘IO"3 torr
range. When used with a ligquid nitrogen trap it is a very useful
pump and is used in pumping a system from atmospheric pressure.
The disadvantage of this pump is that it cannot obtain very low
pressures and since no trap is 100% efficient some o0il vapour from
the pump will find its way into the system.

2.2.3 Diffusicn Fumps

The principle (67) on which the mercury or oil diffusion

pump works is still a matter of discussion amongst scientists.

A volume of mercury or oil is heated and the vapour rises up a
central tube which is brought to a jet at the top. The vapour
moleculesawhich are heavyépass through the jet and are directed
downwards. These molecules collide with molecules of gas from
the vacuum system and give these molecules which are generally
light 2 preferential velocity towards the entrance to the backing
These light molecules are removed by the backing pump from

pump.

the system and the heavy molecules condense on the cold sides of

the condenser and return to the mercury.

Mercury has a high vapour pressure and tecause of this tends

. . 1 a m <
to spread out of the pump into the vacuum system. Traps are
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needed to prevent the mercury contaminating the system. The

mercury condensing in the traps needs to be able to be transferred

back to the pump.  When the vapour leaves the jet a certain amount

of sypread occurs and this allows some molecules of the gas to

travel back in the opposite direction to the direction of pumping.

This phenomena is known as "backstreaming" and is one of the
disadvantages of the pump.

The backing pump is used to reduce the pressure in the
system when the heating of the diffusion pump is started. The
lowest pressure obtainable using a diffusion pump depends on the
size of the diffusion pump which is measured by the size of the
pump near the nozzle. The pumps are usually made of glass or
stainless steel because mercury does not attack either of these
but it does attack many other metals.

Large diffusion pumps which are made of stainless steel
gnd are attached to an apparatus which can be baked are capable
of lowering the pressure to 10'10 torr (64). This is the value
quoted for a 9" diffusion pump. Smaller diffusion pumps can be

used for reducihg the pressure down to only 10"4 torr.

2.2,4  Adsorption Pumrvs

The general principdé of this pump is that gases are adsorbed
on a refrigerated surface. This was first noted by Dewar in
1875 (68). The adsorpiion capacity depends upon the surface area

available. The adsorbing agents used in the pumps are molecular

sieves called zeolites. These are basically alumino silicates of

the form NaQOAle3 n 510, x Hy0 (69). These zeolites consist of

small cavities interconnected by pores which increase the surface

area greatly. Wnen these pellets are lowered to liquid nitrogen
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temperatures the gas is adsorbed onto the cold surface and the

pressure falls. The size of the Pores decides the pumping

efficiency of the pumps. A five Angsirom molecular sieve will

adsorb gases with a molecular diameter of less than five A.

If the sizes of the pores is increased the size of the molecules
adsorbed will be increased but the surface area available will be
slightly decreased and so the pumping capacity of the pump will be
slightly reduced. The best use of these pumps is obtained by
"purging out" the system before hand so that the pumps have only
to pump small diatomic gas such as nitrogen and not long chain
hydrocarbons and vacuum grease.

The zeclite is usually held in a series of long tubesprotruding
from the bottom of the pump. These tubes are usually about twelve
inches long by about an inch wide and contain 100 grams of
zeolite. A steel gaugze runs down the centre of each tube so that
gas has easy access to the zeolite at the bottom of the tube. The
number of tubes and amount of zeolite depends on the volume to be
pumped.

The molecular sieve is usually heated to 523 K to remove gas
which is adsorbed on the pump at room temperature and this may be
quite a considerable amount. After this heating, on subsequent
cooling one pump,containing 0.5 kg of zeolite and pumping a volume
of two litres of "boiled off" liquid nitrogen,may obtain pressure of

3

less than 1 x 10 ° torr. If the pump has to pump a larger volume

such as eight litres, the lowest pressure obtained is 3 x 10"5 torr.

However by using a combination of two pumps, pumping a volume of

T

eight litres, pressures down lower than 1 x 107" torr have been

obtained. It has been shown by Cope (70) that zeolites produce

optimum low pressures when pumping down "boiled off" liquid nitrogen
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and resulis are not quite as good for "boiled off" oxygen, air

and cylinder nitrogen. This is shown in Fig.19. The pump does
not pump inert gases, hydrogen and water vapour very efficiently
but one of the advantages of an adsorption pump is that it does

not contaminate a vacuunm system in any way.

2.2.5 Getter Pumps

This pump again uses the principle of adsorption of gases
on a cooled surface (64). 1In the case of this pump the adsorbing
surface is the getter material. This can be zirconium, molybdenum,
niobium but is usually 85% titanium and 15% molybdenum, TFilaments
of these materials are heated by resistance heating with a current
of 40 amps which is obtained from a set of accumulators connected
in series with the filament. The getter material evaprorates from
the filament surface and forms a thin layer on the outer casing of
the pump. It is on this surface that the gas is absorbed when the
evaporated layer is cooled in liquid nitrogen. Depending on the
pressure of the system which determines the useful pumping lifetime
of the layer, the time between successive evaporations is determined.
This second layer which is evaporated onto the first layer buries
the gas which has been adsorbed on the previous layer as well as
providing a new layer for adsorption. In a getter pump are several
filaments which are flashed in turn. This pump does not constitute
a source of hydrocarbon contamination or other kind of contamination.
Gases such as oxygen, nitrogen, hydrogen and water vapour are pumped
out of the system, however inert gases are not pumped out because
they will not adsorb on the titanium film. The inert gases need to

be removed from the system beforehand. For a system in which inert

- . . . +hq ~r numD ic_- uced 50 ,that the
gases are bveing investigated this type of D p is us
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FIG 20 The Titanium Sublimation Pump.
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background gases are pumped but the inert gases are not. The

pumping speed of this pump is very high when the metal surface

has just been derosited and for obvious reasons the pumping

speed is dependent on the sticking vprobability for a particular
gas. The pump is usually used in the pressure range ‘lO--3 to

-12
10 torr. Use of the pump at pressures above ‘10"'3

torr will
result in shortening the life of the filament. The filaments
need de-gassing for several hours before use at 30 amps. The
pump can be baked but cannot be used during bake-out.

A second type of getter pump is one in which the getter is
sublimed by electiron bombardment from a molten ball and requires
a means for mechenically feeding in the titanium wire. However
this does provide a constant stream of evaporated getter for

adsorption.

2.2.6 Getter Jon Pumps

There are two types of ion pump namely the sputter ion pump
and the getter ion pump (64).‘ In the sputter ion pump positive
ions formed in a cold cathode discharge are accelerated to the
cathode which is made of titanium. The collision expel s atoms
of titanium which are then collected on the cold anode wall and
these form a clean surface which chemisort s the gas as in the
getter pump. In the getter ion pump the titanium is evaporated
as in the getter pump. The gas is pumped by chemisgorption at the
hot surface, Inert gases are pumped very slowly by this pump
and are removed by being buried in the layer of titanium when they
collide with it at great velocity. However the titanium layer
sometimes wears away and the puried inert gases are allowed back

into the system and this is known as the memory effect. The
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getter ion pump is superior to the sputter ion pump in that it does

cover the titanium with a fresh layer and so makes it harder for the

memory or historical effect to take place, The pump works at a
voltage of 8000 volts between the anode and cathode and a magnetic
field sustains a Penning discharge in the pump. The pump is

capable of being baked and working while at a temperature of greater
than 523 X. The pump works between pressures of less than 1 x 10~F
torr down to the 10712 torr range. Since the pump works on the
Penning gauge principle it can also act as a gauge and measure
pressure accurately by measuring the current between 10'"4 torr and
1077 torr. The pump once again does not constitute a source of
contamination and the pumping speed depends on the sticking probability
of the various gases.

26267 Summary of the Pumps Used

To limit contamination to a minimum the pumps used in the ulira
high vacuun system used in this work were a getter pump and titanium
getter pump., These pumps both had no serious lower limit to the
pressures they could attain in the achievable ranges and both have
pumping speedswhich are sufficiently high to reduce the pressure
quickly. A combination of both these pumps will pump most gases but
especially nitrogen which was the original occupant of the system.
Inert gases are only pumped very slowly though and should be avoided.
The use of both these pumps means that the pressure has to be
reduced to below 10_4 torr before the other pumps may be switched on.
The pressure is reduced by using a combination of sorption pumps

7

which are capable of reducing the pressure from atmospheric to 10

torr. When preparing the sample gases & mercury diffusion pump was

N 3 = 1 ]
found to be acceptable when used with a series of traps and backed
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by a rotary pump which also reduced the pressure from atmospheric.,

2.3 VACUUM CAUGES

2.3.1 Review

There are a great many vacuum gauges capable of measuring
pressure anywhere between atmospheric and 10~ 12 torr (71).
Table 4 shows that no one gauge 1is capable of measuring the full
range. Atmospheric pressure and small changes in this are measured
accurately by a barometer whilst pressures in the range 1 to 760
torr are measured using a manomeier or Bourdon gauge. Pressures
lower than this require the use of a Pirani or McLeod gauge.
Several gauges are capable of meagsuring pressures in the ultra high
vacuum region such as the Bzyard Alpert gauge, the inverted
magneiron gauge and the Penning trigger gauge. Several factors
need to be taken into account when choosing vacuum gauges. The
first is the pressure range to be measured, the accuracy of the
Pressure nmeasurements, contamination of the vacuum system and whether
the gauges can be baked.

2.3.2 The Pirani Gauge

The gauge works on the principle that the thermal conductivity
of a filament is related to the pressure of the gas surrounding
it (72). 1If a filament has a steady voltage applied across it, the
temperature of the filament will be dependent on the heat transfer
away from the filament. The resistance is dependent on the tem-
perature and therefore also on the thermal conductivity ahd the
pressure. Fy measuring the resistance the pressure can be calculated.

A Wheatstone bridge circuit is used to calculate the resistance

of the filament. A constant voltage is arplied across the two ends
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of the bridge. The bridge galvanometer has to be set to zero and
this is done by using a pressure which is effectively zero to the
bridge. This pressure is less than 10"6 torr and when this pressure
is obtained the galvanometer is adjusted to zero by altering the
resistance R1 in Fig; 21. The two resistances R2 and R3 are equal
resistances and the iesistance R4 is approximately equal to that of
R1 and that of the Pirani gauge at the effectively zero pressure.
When the gas pressure increases the galvanometer becomes out of
balance and this can be used as a measure of the pressure in the
vacuum system.

The Pirani gauge has an upper limit of 1071 torr because the
filament temperature is not as sensitive until this range. The
lower limit is usually set by fluctuations in the voltage supply

4

and gas temperature. The usual lower limit is 10 ° torr but for

3

accurate measurement is 1 x 10 torr. The most sensitive range

3

is the 107 torr range.

2.3.3 McLeod Gauge

This gauge was decsigned in 1874 to measure pressures (73)
accurately belcw 10_2 torr. A volume of gas at a low pressure
is compressed into a smaller volume which causes the pressure to
rise. This higher pressure is measured with the mercury manometex
principle. The gauge is calibrated to the lower pressure
either by calculation cr by actual experimentzl setting. There
are several diszadvantages to this gauge. The mercury in the
gauge poses a contaminetion problem and so the gauge must be sealed
of f from the vacuum system with a liquid nitrogen trap. The gauge
is bulky and requires constant attention because it cannot give

continuous pressure readings. The gauge is set a slight distance
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FIG, 21 a) Pirani Gauge - Vheatstone Bridge Circuit
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away from the vacuum system and needs connecting tubing and joints.
Pressure from 1 torr down to 10”3 torr can be measured but the
most sensitive range is the 10..1 torr to 1O~2 torr range. A

swivel McLeod gauge is more conveniently used nowadays and this is
shown in Fig. 21. This gauge pivots about a point P and when the
gauge 1s not measuring pressure the gauge rests so that all the
mercury is in the bulb. To measure the pressure the gauge 1s
pivoted so that a quantity of gas is trapped by the mercury in the
sealed off limb. The rise of the mercury up this limb is a measure
of the pressure in the system.

2.3.4 TIonization gauge (Hot Cathode Gauges)

A simple triode valve structure of cathode, grid and collector
is used (71). The cathode is a hot filament which is heated by
the emission current which in this case is 0.75 mV. Electirons are
emitted from the cathode and these are accelerated towards the grid
which is at a positive potential with respect to the cathode.
These electrons ionize any gas molecules they meet on their travels
and these positive ions are attracted to the collector which is at
a negative potential with respect to the cathode. This positive
ion current is a measure of the gas pressure in the system and also
" of the emission current but as this is always kept constant this
does not effect the measurement of the pressure. The gauge is
usually calibrated against another already calibrated gauge for a
gas such as nitrogen for which the gauge then has a sensitivity of
one., The sensitivity of the gauge for other gases varies depending
on the gas. The degassing of the filament and other parts of the
cauge is usually taken into account in the control box. The gauge

is connected to the system by a short wide tube because the gauge
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can act as a pump and this enables the Pumping action due to
adsorption on the glass and ofher surfaces to be wniform throughout
the gauge. The pumping action of the gauge may be quite considerable.
The gauge is used for measuring pressures between 10_4 torr and
1078 torr. The structure of the gauge is shown in Fig. 22. The
cathode is a filament of either pure tungsten, thoriated tungsten
or platinum alloy placed centrally in the gauge and supported by two
steel wires which also act as electrical connections. The filament
is encircled by a grid which is shaped as a cylindrical wire helii.
This wire is usually molybdenum held in place by two nickel supports
which act as electrical connections. The ion collector is an open
ended nickel cylinder. The gauge is usually made of glass with metal
leadthroughs and connected directly to the system.

The 1imits of the gauge are between 10"4 torr and 10“8 torr.
The discharge cannot begin until the pressure in the system is
1 x 10—3 torr otherwise the filament will burn out. At 10.8 torr
X-rays falling on the collector surface release photoelectrons
which strike the grid and cause incorrect readings.

To lower the 1limit of a hot cathode gauge further the size of
the czthode has to be reduced as was first shown by Bayard and
Al pert ( 4 ). The size of the collector was reduced by a factor of
‘IO_3 and the whole arrangement was inverted so that the collector
was on ithe inside and the filament was on the outside. This enabled
pressures down to 10"11 torr to be mezsured. Reducing the size of
the collector even further brings in added problems of supporting
a very thin filament. The commercial Bayard Alpert gauge is

designed for easy assembdly, robustness and will measure pressure
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-11
down to 10 torr. Gauges may be adapted for use at lower pressures

but generally these are not as useful for general use. The gauges

have to be capable of being baked.

2.3.,5 Cold Cathode Gauges (Penning Gauges)

The Penning gauge is a form of cold cathode jonization gauge (T4).
An anode in the shape of a ring is set with a flat cathode plate on
either side on it. The two cathode plates are connected together
electrically so that a large voltage difference can be applied across
them. The electrodes are set in a glass envelope which is connected
to the vacuum system. A permanent magnet is then placed around the
envelope, the me;metic field running perpendicular with the plane of
the ring. The magnetic field is usually 400-600 gauss. With a e
voltage of 2 kV operating between the anode and the cathode the
discharge waits for the appearance of an electron, this electron
may be produced by photoelectric emission or cosmic rays oOr else it
may occur naturally in the system when the pressure is high enough.
The electron travels from the cathode towards the anode. The electron
passes through the anode ring and continues travelling towards the
cathode. The cathode repells the electron back towards the anode
~ring, passes through the ring agein and 1is again repelled by the
cathode, the whole cycle rereating jtself until the electron is
finally captured by the aznode. This Process greatly increases the
path length of the electron. Wnen the electron collides with a
neutral atom thie atom is changed to a positive ion and this ion is
attracted to the cathode., The greater path length produced by this

. . : in % ser it ions
method means that there 1S on increase in the number of positive 1o0mns
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produced. The ion current can be measured on a 0-100 M A moving
coil galvanometer because of this increase in the ion current. At
pressures higher than 10”2 torr the discharge sometimes refuses to
start and so a small tungsten filament is placed near the electrode
in order to start the discharge. The basic geometry of the Penning
gauge was described by Penning and Wienhuis (75). The gauge has a
high pumping speed and the output varies non linearly with pressure
and this means that the gauge has to be calibrated against another
gauge such as a Bayard Alpert gauge. The gauge is very easy to
use and there is no X-ray limit. The Penning gauge works in the

3

pressure range 10 ° torr to 10-6 torr.

A variation of the Penning gauge will measure pressures down
to 10-13 torr and this is the trigger Penning gauge. The anode
instead of being a ring is a cylinder and this increases the
sensitivity of the gauge. The trigger gauge combines the robust
properties of the Penning gauge with a far better low pressure
performance than that of the hot cathode ion gauge because of the
higher sensitivity and the absence of an X-ray limitation. The
trigger gauge has a filament behind a small hole in one of the
cathodes so that when an electron is needed this filament can be

heated and supply an electron. The discharge once started is self

sustaining. However for more accurate pressure measuremenis the hot

cathode gauges are used.
2.3.6  Summary

The gauges used in the ultra high vacuum system must be capable
of being baked to 473 K. The gauge for measuring the pressure change
during the flash must be able to record a change of pressure of 2-3

magnitudes in a very short time. The gauge used to measure this

pressure change and the ultra high vacuum pressure 1in general is the
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- FIG. 23 The Penning Trigger Gauge,
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trigger Penning gauge. An ionization gauge is used on the sorption
pumps as well as a Pirani gauge so that thebpump down of the
sorption pumps can be monitored between atmospheric and 10“7 torr.
These gauges do not contaminate the system and are easy to use
because they do not heed constant attention. For use on standard
vacuum lines a manometer is used for Pressure measurements down to
1 mm of mercury and below this a McLeod gavge and Pirani gauge

were used.

2.4 5ACTTON SYSTEM AND MEASURING DEVICES

2¢401 The Filament

The size of the filament is limited by the apparatus. We
would like the filament to be as long as possible to reduce the
errors in the calculations. However because of the size of the
system, the limitation of\the power in the batteries and the size
of the pressure rise, the size of the filament is limited. The
size of the sycstem is not a serious limitation to the size of the
filament. If the filament is too long or too thin the voltage drop
across the filament will be very large and the highest temperature
obtainable will decrease. If the surface area of the filament is
too large and the power avzilable unlimited the pressure rise
- caused by the flash could be too great for the gauge after adsorption
at a relatively high pressure say 10'7 torr.

The filament is spot welded cnto stainless steel supports which
are attached directly to two leadthroushs to the outside of the
vacuum apparatus., Good electrical contact is essential and the
filament must also be a sufficient distance away from the sides of
the apparatus, to stop the filament being earthed but more important

not to let the other parts of the system interfere with the filament.

On heating, the filament will expand and this should bte allowed for
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in the design.

The position of the filament in the apparatus is a very
important parameter. It is set so that it can be observed in a
viewing vort so that visual observation can be made. The position
of the filament in regard to the bumps, gauges, samples and mass
spectrometer needs also to be taken into account.

2.4,2 Mass Srectrometer

The number of mass spectrometers available for vacuum work is
very large. The type of mass spectrometer used on the apparatus
was a quadrupole mass filter (76). The principle of operation was
first described by Paul and Steinwedel (77) and an operating mass
spectrometer using this principle was described in 1955 (78). The
principle of the guadrupole mass filter is to make the path, the
ions describe in the spectrometer, dependent only on the mass M for
a given voltage ratio applied to the sets of rods. Only ions in
the mess range (M + A M) will perform stable oscillations down
the full length of the spectrometer to be received at the collector,
the remainder will move in unstable paths and move out=ide the
main axis of the mass sbectrometer.

The guadrupole mass filter consists of two sets of rod
electirodes suspended in a stainless steel cylinder as shown in
Fig, 24, To each of these rods a IC voltage is applied with a high
frequency AC voltage superimposed on top of it. The eguations of

motion of the ions produced by this field are,

2

m X, & (U-Vecoswt)x = 0 cees (2-1)
2 2
dt T
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m ; - = (U-Vecoswt)ly = 0 coss (2-2)
dat T 2
(0]
2
d
.-—-i- = O @0 ee (2"3)
dt

here m is the mass of the ion, T, the radius of the rod, U is

the value of the DC voltage and V represents the high frequency
alternating voltage. Equation (2-3) shows that there is no
acceleration in the z direction which runs parallel to the length
of the rods. Equations (2-1) and (2-2) can be transformed into

the Mathieu differential equation

2

af

The soluticn of this equation shows that the ions perform

o,

+ (a - 2q cos 25 Ju=20 | eees (2-4)

N

complex oscillations perpendicular to the direction of motion which
is along the z axis down the mass spectrometer. For given values of
U, Vy the frequency w and rod radius T, the path described by the
ions is only dependent on the mass of the ion M or a small mass
range (M + A ¥). Ions which have other masses all perform unstable
oscillations and are filtered ocut when they hit the quadrupole rods
and exterior of the mass spectrometer. A mass spectrum is produced
by varying the ratio 2 U/V or by varying the DC voltage and high
frequency alternating voltage. This produces a mass scan line which
passes over the stable region of the ions produced, The value of
the ratio which determines the mass scan line also determines the

resolution of the device. The variation of the voltages is done
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antomatically during the scan.

An ion source is required to ionize the neutral atoms so that
they can be analysed by the mass spectrometer. A Wehnelt ion source
is used to ionize the ions and pass them in a well focussed beam
into the spectrometér. The ion sourcé is shown in Fig. 25. A
voltage is applied across the filament and electrons emitted from
the filament are attracted towards the anode., They pass the anode
and travel towards the extraction tube which has a small negative
potential and so the electrons turn back towards the anode where
they are collected on the opposite side to the filament. On their
travels they ionize any neutral atoms that they meet in the central
cavity and these ions are attracted towards the extraction tube
because of the negative potential on it. The neutral atoms enter
the ion source through the hole in the nipple. The extraction tube
is only very small and so a high electron density is needed near
the tube znd the electrons are focussed by a negative voltage on
the Wehnelt electrode. A small voltage focusses the electrons but
a too high voltage effects the heating current by suppressing the
emission from the filament.

The ions after passing through the spectrometer are collected
by a Faraday cup at the opposite end of the spectrometer to the ion
source. This Faraday cup is connected to a pre-amplifier which
leads to en amplifier and recorder. The response time of the
amplifier and recorder have to be taken_into account when choosing
these instruments. The mass spectrometer can sweep its full spectrum

in a fraction of a second to several minutes and the devices have

to be capable of responding to such sweeps.
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One advantage of the gquadrupole is that it is relatively small,
easy to handle and does not require a magnet, The scanning time
is short and may be varied and the resolution of the peaks is good.
The mass spectrometer is capable of detecting pezaks when the
Pressure in the system is very low,when it is used with a sensitive
amplifier. The quadrupole system is capable of beinz used whilst
it is being baked. The disadvantage of the quadrupole is that it is
capable of detecting peaks only up to a mass range of 200 a.m.u.
After this the total number of mass units above this are all combined
in one peak at the end of the scan. The apparatus because of its
size is not as sensitive as the larger instruments and cannot be used
at pressures higher than 10‘4 torr.

2ele? Flectrical Circuit to the Tilament

The power needed to flash the filament depends on its thickness
width and length. The power to our filament was supplied by two 12
volt heavy duty batteries. These were connected in parallel but if
larger currents were needed could be connected in geries. These
accumulators were connectea in series with a variable carbon
resistor which was used to adjust the current and were needed because
of the high currents which would be required. A 0-50 amp ammeter
* was connected in series so that the current could be measured
approximately and then also connected in series was a switch. In
the "on" positicn of the switch the filament was connected but in
the "off" position a battery charger was connected to the tatteries
to keep them on constant charge when not in use. A flesher unit
which consisted of a multivibrator circuit and relay was set in
series with the power source and filament., This unit coculd be

3 r hut o1 i
adjusted so that the relay's terminals were snut for a given time



91—

and as soon as they shut an impulse would be sent to trigger an

oscilloscope connected to the unit. The flasher unit was set

to be on for 1.2 seconds every 15 seconds approximately but this
could be adjusted. In order to measure the current passing through
the circuit a shunt was placed in series with the filament so that
by measuring the voltage across this known resistance, the current
could be calculated by using Ohm's law. The voltage drop across
the filament has to be measured and this is done by connecting the
two sides of the filament to an oscilloscope. It must be ensured
that the circuit is only earthed at one point otherwise erroneous
results will occur. The circuit diagram for the filament is shown
in Fig. 26, Connections to the filament are made info the ultra
high vacuum apparatus by means of leadthroughs in a special con-
nection to the apparatus.‘

2.4.4 Collection of Resulis

The results of the flash filament experiment are obtained on
an oscilloscope. RBecause of the speed of the flash a photograrph
is taken of the behaviour éf the trace. The negative is developed
and then the negative may be used on an enlarger so that the
enlarged picture can be traced onto log graph paper. This enables
" the value of the pressure to be calculated more easily.

The results from the mass srpectrometer are collected on an
x-y recorder or on the oscilloscope. The mass spectirometer can be
set so that it tzkes some time to scan the whole spectrum, up to
si¥x minutes. This far exceeds the slowest speed of the trace on
the oscilloscope and so the x-y recorder is used so that on a slow

speed the whole trace can be recorded. The outout of the amplifier
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FIG, 26 Circuit for Flash Desorption Experiment.
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can be adjusted to suit both the X-y recorder and the oscilloscope.
The x-y recorder is set so that on the lowest sensitivity a full
scale deflection is 8 mV, The response of the recorder is much
slower than that of the oscilloscope and so the mass spectircmeter
is set on a slower scan time.

When a fast response is needed the response must be followed
on the oscilloscope. The sensitivity is adjusted to correspond
to the output of the amplifier but the oscilloscope trace can be
used to follow the mass spectrometer scan when only the lower end
of the spectrum is considered. The mass spectrometer can be used
to follow the variation of one particular peak during the flash.
The variation of this peak can be followed on either the oscilloscope
or the x~y reccrder but for the quicker respcnse during the flash

the oscilloscope is preferred.



3 TYPERIMENTAL TECHNICUR

31 VAC UM ATPARATUS

3,161 Introduction

The flash desorption technique only became available for
regearch purposes after 1950, this was because an ultra high vacuum
system was needed and only after 1950 could the ultra high vacuum
region be eacily obtained. The filament is placed at the centre
of the reaction vessel and the desorption effects are monitored oy
the pressure gauge. The increase in pressure is usually very fast
and so this is usually observed on an oscilloscope. These desorption
traces are analysed and the uninown kinetic parameters found by the
relationships shown in Chapter 4.

3.1.,2 The Arparatus

The filament is cut from a tantalum sheet supplied by Goodfellow
Metals Ltd. With a sheet of tantalum, the size of the filament could
be cut to the required dimensions. The sheet was 0.0025cms in
thickness and it was found that the most suitable dimensions were
6 cms by 0.25 cms. If é longer filament was used then the voltage
drop across the filement was tco great for the energy supply to raise
the temperature to the required limit. The filament was srot welded
to a stainless steel support which was connected one end to each of
two leadthroughs in a flange. This flange wes connected to one arm

of one of two svrmeirical six way adaptors supplied by Vacuum

Generators Limited, as was the remainder of the stainless steel

vacuum aprparatus. Cne of the other arms was connected to a leak valve
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end of the lezk valve. A btreak seal type of separation was used to

separate the sample from the system while the system was pumped
dovn, On the other vertical arm of the six way adaptoraopposite
the filament leadthroughsﬁwas a reducer coupling to allow the mass
filter amp three gquadrupole mass spectrometer to be connected to
the apparatuvs. This reducer coupling had a comrartment section
directly above the guadrupole mass spectrometer so that the ion
source could be fitted. &4 flenge to hold a Faraday cup was attached
to the bottom of the mass specirometer so that the ionscould be
collected and the ion current measured. This part of the vacuum
was sealed off as shown in Pig. 27. The ion source, quadrupole mass
spectrometer and Faraday cup were supplied by Varian Associates
Limited. A viewing port was attached to another of the six way
adaptors limbs so that the filament could te cbserved during the
rezction. This allowed the temperature of the filamenti to be
measured by an opticazl pyrometer during de-gassing and cleaning,

Cn the limb of the six way adaptor opposite the viewing port was a
trigger Penning gauge esuprlied by Vacuwn Generators. This was used
to measure the pressure in the system and the pressure variation
during the flash. Connected to the remaining limb of the six way
adaptor opposite the leak valve for the samples was another leak
valve which sevarzted the filament from the vacuum runls and could

be used to alter the pumping speed. This leex valve was connected

h

to another six way adartor to which the pumps were connected. The

vertical top limb of the six way adaptor was used for leadthroughs

umr which was attached to the other vertical limb., The

S

to a getter

3

e inos nne -
body of the pump was cornected to a reducer coupling connected to

ol r + 113 1
the six way adartor and the getter rods for the pump were connected
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FIG, 27 Pogition of the Mass Spectrometer and Filament.
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to the leadthroughs from the top flange. A getter ion pump also
supplied by Vacuum Generators was connected to one of the horizontal
limbs. The getter ion pump could be left on without close attention
since it was rrotected by a cut out mechanism and so this pump was
in continuous use during the pump down rather than the getter pump
which regquired continuous attention., On the horizontal 1limb of the
six-way adaptor opposite the lezk Valverwas another lezk valve which
marked the extremity of the ultra high vacuum part of the system

and served to keep out the atmosphere and isolate the ultra high
vacuum system. To this lezk valve was connected a flange on which
vas a glass to metal seal and the glass tube attached to this passed
ocutside of the oven used for the bake out to the second of two
sorption pumps which were used to pump the system down to a pressure
where the pumps in the vacuum system could be started with no
harmful effects. The iwo sofption pumps were separated by a glass
fvacuum tap so that they could be used inderendently of each other.
To the second of the two pumps was connected an ionization gauge
supplied by Mullard and to the first pump was connected a Pirani
gauge. Also on the first pump was a safety valve since it was this
pumnp that was used to absorb large guantities of gas and release it
to the outside. The jumps were made by the University Glass Elower,
Mr B Sabin. An asbestos oven was put round the whole ultra high
vacuum section of the apperatus leaving leadthroughs for the varicus
connections and several nichrome wire heating elements were set,

attached to the oven arcund the high vacuum apparatus.
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3.2 THE PUMT DOWN

30261 Purging Qut

In order to obtain the best results the whole system needs to
be "purged out" with liguid nitrogen tefore the pump down procedure
begins. This means that the apparatus is flushed out several times
with liquid nitrogen "boiled off" from a contziner. This vrocess
removes air and other gases from the system and leaves it full of
nitrogen gas. This has certain adventages over leaving the system
full of air. Air contains inert gases and these are not pumped at

all or pumped very slowly by the titanium getter pump and the ion-~

Ho]

ump respectively. So by removing the inert gases this increase

the efficiency of the pumus. The pumping speed is

[

createst when the system contains "boiled off" nitrogen only
and the ultimate lowest pfessure obtainable by using the sorption
purps only is lowest when the system is full of "boiled off"
nitrogen. Gauges and pumps are usuelly calibrated for nitrogen.
The vacuum itap between the two sorption pumps is closed and
the molecular sieve in sorption pump no 2, that is the one attached
directly to the vacuum system is put in an oven and heated to 500 K,
The other vacuum taps in the system are left open. The molecular
sieve in pump no 1 iz also heated to 500 K. Pump no 1 is left open
to the atmosphere by leaving the safety valve open and the pressure
in pump no 2 is relieved periodically by opening the vacuum valve.,

1

After several hours at this temperature when all the adsorbed gas

[

3 I A e anf
in the molecular sieve pellets has been desorbed the safety valve

~ . Fa : - 5
is shut. =2y opening the safety valve "boiled off" nitrogen is then

. ir i pel
blown into the system by means of 2 tube and air is expelled from
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the pump through the safety valve which when the nitrogen is
exhausted is shut. The liquid nitrogen vessels were small and
beczuse of thisﬁthis Procedure was repeated three times. When the
pump was "purged" the safety valve was replaced and the oven
removed. The "udders" were then immersed in liquid nitrogen and
the pressure was recorded on a Pirani gauge. The vacuum valve was
opened and the whole system was pumped down the 10-2 torr region.
The vacuum valve was shut and the liquid nitrczen removed so that
the pump desorbed all the adsorbed gas and again the safety valve
wee taken out periodically to release the pressure, The pump was
again purged out with liquid nitrogen as before, only after the
last time the vacuum valve was opened so that the liguid nitrogen
could enter the remainder of the vacuum system. The vacuum valve
was then closed. The sorption pump was once again pumped down
with liquid nitiroren and the whole procedure repeated., This was
done in excess of ten times 1o ensure all the inert gases had been
removed from the system. Each time the percentage of nitrogen in
the system increased until firally it is hoped that the percentage
of inert gas.is negligitble.

30242 Pumping Town with the Scrpiion Pumps

n pumps is "boiled off" nitrogen rather than
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oxygen, nitrogen frcm other samples or zir. After the system has

been jurged out with "boiled of f" nitrogen the sorpticn pumps should

: E 1 1 + 4
be sufficiently full of it to be pumped dcwn. With the va cuum ta

between the two pumps shut the heater shculd be removed from sorption

the "udders" of pump no 1. The temperature

pump no 2 and put around

is i 3 4 the cafety ased periodicall:
is increaszed to 500 X and the cafety velve released periodically
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FIG., 28 Dieagram Showing the Sorption Pumps in Relation to
the Ultra High Vacuum System.
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to relieve the prescure. When the desorption of gas from the

molecular sieve had storped the sorption pump was again "purged out"

with "boiled off" nitrogen to ensure that any conteminant gas from
the molecular sieve was flushed from the pump.

The heater was then removed from rump no 1 and put on the
second sorpition pump and the temperature again incressed to 500 K.
The heater was an asbestos box around the sides of which was wound
nichrome wire. The two ends of the wire were connected to a variable
transformer cornected to the mains. The voltage across the heater
could be adjusted between 0-240 volts. A voltage of about 30-3%5 volts
gave the required temperature.

After heater no 1 had cooled dovn for a time the udders were
immersed in liguid nitrogen and the pressure drop as a function of
time was measured. The 16west Pressure cbtainable was in the 10“4
torr range pumping down a volume of about 3 litres, The vecuum tap
between the two pumps was then opened slowly and gas was allowed to
flow from the rest of the system into pump no 1. The pump was
allowed to pump down the whole system for several hours until an
ultimate low rressure was reached. The vacuum tap tetween the two
pumps was closed and the liguid nitrogen removed from under pump
no 1. The desorbed gaé was let into the atmosphere by releasing the
safety valve at various intervals, When all the desorbed gas had
been relezsed the liguid nitrogen was again placed arcund the "udders"

eated and this time an

Z

of sorption pump no 1. The cycle was rej

ltimate low nressure was achieved, lower than the previous ultimate

low pressure.
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Graph Showing Rate of Pumping of Various Gases.
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The purrose of the sorption pumps is to achieve a pressure of

less than 10 torr so that the ion pump and titanium sublimation

™ c*‘ 3 __2«
pumps can be started up, Once a pressure in the 10 7 range can be
achieved by using pump no 1 only then the vacuum tap tetween the

two pumps can be closed and Pump no 2 can be put into action.

[

The heater is rcmoved from pump no 2 end the liguiad nitrogen

substituted in its place. The pressure neasuring device for the
range atmospheric to 10—5 torr was a Pirani gauge attached to pump
no 1 but for readings in the 10-'4 to 10_7 torr range an ionization
gauge was used. Before the ionization gauge could be switched on
the pressure needed to be in the lower range of the Pirani gauge

-4

10 torr. If the ionization gauge was switched on before this it

would result in the filament burning out. The ionization gauge,

-0
when it was switched onyzalso acted as a pump and supplemented the

action of the sorption pump. The trigger Penning gauge attached to

the ultra high vacuum part of th

4

iV}

pparatus could also be switched

®
o

N

on in the 10 torr range if necessary.

By using the second scrpticn pump the pressure was reduced
. 7 ‘ . . .
into the 10 ' torr range measured on the ionization gauge. This

pressure is easily low enough to enable the other gauges and pumps

hizh vacuum tap separazting the sorption

o

to be activated. The ulir

high vacuum system could be closed. The

E
13!
3
o]
H
o
B}
¥
jax
)
o
|-
ct
3
o

sorpiion pumps then having been used successfully could be allowed
to reach a siate where they did not reguire constant attention and

. s s . . e
the varicus szuges associated with them switched off.

-
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3243 Pump Down with the Cetter Ton Pump and Titanium Sublimation

When the pressure has been reduced telow the 1O~4 torr range
the Getter-ion pump and trigger Penning gauge can be switched on.,
The getter pump could also be used if needed. The getter-ion pump
initially pumped down slowly from the 10-5 torr range but when left
overnight had pumped down into the 10 -9 torr range. The system
would not pump down any lower than this without a bake-out. After
the bake out was completed the tressure had dropped to the 10810
torr range since the getter-ion punp had been working during the
bake out. The getter pump was staried. This was done by immersing
the pump in liquid nitrogen and cooling down the outer surface of
the pump., One of the rods had a current of between 40-4% amps

ssed through it for 1% minutes. The pressure in the system rose
initially but when the current was turned off fell to a lower value
than before. The pumping speed and the pumping efficiency depended
on the pressure and for the lower pressure ranges the longer was the
period between activating the pump. Table 5 shows the time periods
for different pressure ranges. The use of this pump enabled the

-10

apparatus to pump down to the 10 torr range.

The pressure in the ultra high vacuum system was measured by a

9]

cauge was switched on in the 10 4 torr

trigger Penning gauge. This ga

range and mezsures the pressure on a logarithmic or linear scale

depending on the setting of the diels. The gauge worxed at a potential

well zs the zero had to be checked at daily

of 2000 LV and this as
intervals.
s -10 , o .
When the rrescure had reached the 10 torr range it was possible
Wher e prescure had ¥
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Table 5. Time Between Flashing the Titanium SubTlimation Pump
Filaments.
Pressure ‘on' Time Time Between
range in v flashes
in mm Hg Minutes in Minutes
107 13 15
107/ 13 30
1078 13 120
1077 13 480
10710 13 1440




~106=

readings from the apparatﬁs, The trigger gauge
needed to be kept on the log scale to measure increases of

Pressure over two or three orders of magnitude. It was not possible

to activate the titanium sublimation Pump during the period of
adsorption and the flash since this would upset the results which

were to be obtained and so the Punmp was activated before the adsorption

time begen and it would pump down for nmany hours,

3.2.4 The "Bake-ocut™

Once the pressure has reached the 10—8 torr range it cannot be
decreased without the process of baking out., The ultra high vacuum
part of the apparatus is contained in an asbestos oven. Around the
inside of the oven is wound nichrome heating wire to allow the oven
to be heated to 523 K. During the bzke cut the trigger Penning gauge
is disconnected but the gétter ion pump continues with its operation.
After removing all but the necessary connections, which are heat
proofy, the doors at the front of the oven are screwed into position,
The connections to the filaments are made through the asbestos walls.
The whole oven is now covered by heat shields. These are hardboard
pieces supported by stainless steel frames to which has been fixed
a layer of heat resisting material such as oven foil ccovering asbestos
.wool. Any gaps in the heat shields have to be plugged but some gars
hzve to be left to z2llow connecticns to the filament and thermocouple.

The temperature of the oven is measured by a copper constantdn
thermocounle. The celd junction of the thermoccuple is an ice bath

and the hot n the oven. The %hermcccuple has rrevicusly Tteen

o

i1 as the not jurction and a plot of change

arainst temperature made. The voltare
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PIG. 30 Calibration Chart for the Thermocouple
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e+ Baies s
acrosc the thermocourle is measured by a digital volimeter.

m temTers e s
The eApe*uture of the oven rust not rise at a rate greater

than one hundred degrees centigrade per hour or else the expansion

of the ultra high vacuum apparztus could cause leaks, It is

important therefore to plot a graph of temperature against time as

the experiment is performed so that the heating rate does not exceed

the said amount.
The heating wire is comnnected directly to the mains. In the
oven there zre three heaters arnd these are switched on znd off

alternately so that each side of the oven is heated egually. When

the oven is first switched on the tem:

’(.7

rature rises very quickly
and a long Ycff" time is needed, but gradually the temperature can

so that one heater is needed on all the time and

o
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eventually both heaters czn be left on to reach a final ultimate
temperature.

The oven shculd be kept on for a ma#gmimum of forty-eight hours
and if possible for as long as two weeks, The only way the con-
nections to the filarment can be heated is by conduction along them
and this takes time. The getter ion pump must have time to pump
the system dowvn as low as possibtle.

When the heater i; switched on the pressure rises from the
10"~ torr range up to the 10‘5 torr range. This is eventually

-8 .
Tunred down back to the 10 torr range and when the oven 1is

[}

) R e a1 ] 7
eventually back at room temperature the rressure faile into the

10 torr renge. The prescure cduring the pake-out is measured

: myers 1
Wwhen the hester is switched off the temvers ture should not te
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allowed to fall 2t a rate greater than 100 X per hour, although

this

e
6}
o]

ot a great problem and one will find that with efficient
heat shields when both heaters are switched off the temperature
does not fall at a rate greater than this.

While the oven is on at the maximum temperature the filament
is flashed to desorb gas from the filament and the getter pump
filements are left on, each at 30 amps for an hour.

3.3 FLASH DESORPIION FYIIRIMENY

A T L LI 7S e S § LSS A I B

3,31 Llectrical Connections

In order to flash the filament the leadihroushs need to be

1

connected to a power supply. This is

[oN]

cne using the circuit shown
in Fig. 26, The 12 volt accurulators are kept on a continuous
trickle charge when not in use so that they are capable of providing

a large current when needed. The flashing device is set by using a

combination of capacitors in a multivibrator circuit to allow the
current to flow for about 1.2 seconds and the accuracy of thias can

be checked on an occillocscope. The oscilloscope is connected to the

n

trigger and when the relay switches on the oscilloscope is triggered.

The megnitude of the current is controlled by two carbon resistors

which may be varied by a screw conirol. The current is reasured on
an ammeter which gives approximate values end serves as a guilde.

The actual current is measured by calculating the voltage drop across
a shunt, the resistance of which is accurately !mown. The voltage

across the shuni iz measured by the oscilloccope since two wires,

<L

one from each side of the shunt, are connected one to the oscilloscope

and one wire is earthed, The voltage drop acrcsc the filament is

measured similarly. However the voltege drop reasured here 1s that
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from a large number of components and this must be taken into account
when calculating the resistance of the filament. By taking the tem-~
Perature with an optical pyrometer and at the same time calculating
the resistance of the circuit the value of the resistance of the
other part of the circuit, apart from the filament, can be calculated.
Great care must be taken when setting up a circuit with so many
earths not to get an earth loop and it is an advantage to earth all
the various earths to the same Place. The trigger Penning gauge
control box is also connected to the oscilloscove., The output from
the gauge along this lead is 0.2 volts ver decade and so by setting
the oscilloscope trace o 0.2 volts per cm, each centimeter on the
oscilloscope grid corresponds to 1 order of magnitude rise in pres-
sure. By taking the equilibrium pressure before the flash a reference
Point on the grid can be found and by this method the increase in
Pressure is calibrated. The gauge was set on a logarithmic scale

so that large rises in pressure could be followed.

The mass spectrometer is connected up as shown in Fig. 25, The
output of the araday cup is connected to an amplifier which in turmn
is connected to a recording device, a chart recorder. As the mass
spectrometer scans the range or the peak the output of the Paraday
cup is plotted directly onto the chart.

363.2 Adsorption and Desorption

Before the experiment tzkes place the filament needs to be
cleazned. This was done by flashing it to 2300 K for several minutes
before the experiment. We are presuming that at this temperature all
adsorbed gases are desorbed from the filament. Vhen the filament

was clean it could be set at 2300 X and the sample gas let into
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the system at a pressure of a hundred times that of the background
gas. The adsorption time was started when the filament was switched
off. This was done so that the sample gas can adsorb on a clean
filement and not one contaminated with background gas. The pressure
at which the gas was allowed to adsorb was noted, After the ad-
sorption had been completed the sample was shut off again and the
excess gas in the system was pumped away. When an equilibrium
Pressure was reached its value was noted, The sample was now ready
to be flashed and the gas adsorbed on the filament could be desorbed.
The oscilloscope was set for a single sweep and the current needed to
raise the temperature to an acceptable value had been set beforehand.,
The flashing device was switched on and this automatically triggers
the apparatus and the camera on the oscilloscope photograprhs the
single sweep. | -

The experiment was repeated with varying adsorption times and
temperature~time relationship, A background run was performed to
asgess the increase in pressure due to the background. The
negative in the camera was developed and the numerical value of the
experimental parameters waé calculated.

By trial and error methods the temperature at which a good,
clear, well resolved peak was obtained could be found. In the
case vhere more than one peak was found the situation can be more
complicated and the peaks may overlap. In this case to obtain a
clear picture of the first peak the filament would be flashed at
a low temperature so that only the first reak was seen on the
oscilloscope., To see a clear picture of the second peak it was
necessary to allow the gas to absorb at a temperature which was
greater than that at which the first peax was desorbed and lower than

that temperature which will effect the adsorption and desorption
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of the second peak,
ne pressure rise during the desorption process must not rise
above 1 x 10_4 torr otherwise the vrotect mechanism on the pressure
gauge will operate and the gauge will “eut out"., Once again trizl
and error tests will show what the meximum expected pressure will
be end the pressure of adsorption of the gas nay be used to increase
or‘lower the meximum pressure.

The mass spectrometer will be used 1o identify the species
desorbed during the flash, This was done by analysing the mass
spectirometer trace which was obtained during the flash. The systenm

was Dprepared

jav)

s for the flash desorption exveriment. The gas is
allowed to adsorb cn the sample and the backsround &as was pumped
awvay. & mass spectrum of the background was taken so that one was
able to see what the background gases were, The system was sealed
off from the pumps so that the gases that are desorbed are not
pumped awvay before the mass spectrum can be taken. The current was
switched on and the temperature of the filament raised slightly.
Because of the response time and the time of scan of the mass

.o °

spectroneter it was not possible to itake a mass specirum very
quickly, It takes about six minutes for a complete scan of the
full svectrum. The filament was left at this low temperature

during the scan. The tenperature was once again raised and another

was reveated for many temperature

[}

full scan was completed. Thi
rises so that a complete change in mess spectrum during the flash

The zvproximate temperatures at which the

g
o
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o
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from the

joh

desorption pecks come off the filament cen be ectimate

flash desorpiion exveriments. If the mass scale was set on a
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specific peak then we can follow this peak during the flash. The
main purpose of the mass spectrometer wag that we were able to
identify the decorbed species and this information could be used
with kinetic information to give a clearer indication of surface
phenomena. If more than one species wzs desorbed during a par-
tiqular temperature this could be seen from the mass spectrometer
work.

The mass spectrometer will give a spectrum with the pressure
in the 10—9 torr range but here the resolution was very poor and
the veaks obtained were Jjust distinguishable from the backsround
noise. In order to receive peeks which were well resolved and of

7

a suitable height then a pressure of greater than 1 x 10 ' torr

was needed. This was usually obtained when the ggses are desorbed

Fd
He
)

ut this pressure is not reached the experiment

ot

from the filament

93}

will have to be repeated at higher adsorption times. The mass
spectroneter can also be used to give an idea of the kinetics of

the surface using it as a partial pressure device. Leaks, impurities
and the background gases could be investigated ueing the mass
spectrometer and action could be taken using this information.

3.3¢3 Oscilloscope Disnlay

A four-trace ozcilloscope was used. The two traces which were
obtained on & conveniional oscilloscope were eacn split. The time
of sweep of the oscilloscope could be varied from a number of

. o o ] , -
milliseconds ver cm to & maximum of five seconds ner cm. The

b

- . ~ o < + o A+ hn
voltaze could be veried from 10mV per cm o O volis per cm, For

the flash, the time of sweeD Was set ot 2 seconds and at the start

N . L ) <ci R ul
of the flash a 9 volt pulze tricgered the oscilloscope Since the
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flash lests for just over a second the Tunp down at the end of the

C_se

flash was also seen on the trace. The pressure trace was set on

0.2 volts per cm since this fitted the output of the gauge
control unit. The voltage per cm for the voltage change across
the shunt and the filament depended on the maximum temverziure
that had to be obtained. It was found that the voltage drop
across the shunt was 2 matter of a number of millivolts but the
voltage drop across the filament circuit wes several volts.

The time of the flash wes checked by having the trace on
continuvously and by flashing the filament. The time of flash could
be observed from the time between where the voltage suddenly
increased and when the voltage dronped suddenly., This was repeatéd
several times,

The number of volts ﬁer cn for eazch of the traces was chiecked
by putting a lmown voltage across at each of the settings. It was
found that the oscilloscope settings were accurate.

When the voltage settings were set to the lowest limit it was
found that distortion occurred dve to the mains 50 cycles per
second ripple. It was therefore prefereble if these low settings
could be avoided because of the difficulty in measuring the exact

increase in the voltagze.

3.4 ASS SIRECTRCHITRY
Bedel Assenblv of the liass Srectrometer

The mass spectrometer was attached to the vecuum apparatus by

¥

mezns of a reducer coupling. The ion source fitted into the

. . a o f 3 1 o £
reducer courling and this was allowed for in the design of the

. X e ayes .
which had to be specially rade. Onto this reducer

reducer couvnling
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coupling was fitted the mass spectrometer and onto the end of the

mass spvecirometer the collector flenge with 2z Taraday cup.

The ion source had to be assenbled and fitted onto the mass

[y

spectrometer prior to fixing onto the apraratus. The ion source
waes assembled with a 1/1000 inch tentslunm filament which was used
to ionize the neutral species. The ion source clipped firmly

onto the top of the mass spectrometer. The connections to the
filament and for the various voltages to be applied were made
between the ion source and the mass svectromeier. The leadthroughs

to the ion source were situated on the mass spectrometer itself.

The mass spectrometer flanges had lead '0O' rings between

i

them. These were tightened down wntil the soft lead was souashed

between the two flanges and formed g leak tizht sezl. The
Feraday cup collector was situated at the bottom end of the mass
spectrometer held in a flenge also commected to the mass
spectrometer by a lead '0' ring.

The apparatus was pumped down with the various vacuum vunps.
The pressure obtained without a bake out was the upper reaches
of the 10“8 torr range. It was found that when the mass spectro-
meter was baked a large amount of de-gassing occurred. Care had
to be taken not to let the pressure rise too high so that the
pump cut out. However even after seventy-two hours baking a large
emount of de-gassing still occurred. Also care hed to be taken
with the lead '0! rings since with the expansion and contraction

leaks were found to occur.

3.4,2 Operation

The connections to the mess spectrometer were made from the
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control unit, The Faradey cup connection was connected to the
anplifier end the amplifier output was connected to the recorder.
The ion source wzs 21so connected to the mass spectrometer control
box.
The mass spectroneter scen was set to the required degree

end when switched on was observed %o be working., The filament
current was checked, this was 6 amps. The recorder wvas zeroed
and set and the zmplifier set on & low sensitivity, The focussing
voltages on the ion source were adjusted so that the most sensitive
condition of the mass srectrometer was found. The time of the
scan was set and the scenning time and the amplifier and recorder

rere sel so that the output of the amplifier could be mapped out
on the recorder.

3e4.3 Result Collection

The zero on the recorder was set. The setting on the
amplifier was selected and the zero was readjusted with the backing-
off switch. The mass scan switch was then adjusted to the set
range, usually position 1 for a slow scan and the movement of the
pen of the x~y recorder was traced out on a sheet of grapvh paper.
One of the sczles was a time scale and the other was a voltage
cale devicting a voltage which was proportional to the number of
ions collected at the Faraday cup.

To calibrate the scale co that we could recognise the unknown
peaks, gas that produced known peaks hed to be 1eak§d into the
system. This was done with acetone, methyl alcohol and carbon

i cag LWils 1lys e 1759 mass
tetrachloride. The sample gas ks eanalysed on th 9 1
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spectrometer by I i Houghton and the peal:s obtrined and identified
+ 3 o y
on the large mass spectrum were comrared with the peals found on

1

the gquadrupole mass specirometer. The analysis showed that the
sweep was very nearly linesr, only verying slightly from linearity
at high mass values. The distance between two peaks at low messes
/as found to be 0.7 of 2 unit on the grarvh naper or 0,07 inch,
Ewsesa@ﬂega%mxepw@mimm(ﬁ*meswﬂwlﬂmmm@ﬂy
and the apparatus set up for the actual zas to be investigated.
The apparatus was purged out with nitrogen and a large backsround

peak at 28 was found.

The filement was flashed and the sannle gas 2llowed %o desorb

P sl

on the filament at a given pressure and an analysis of this gas was
done wiiilst it was adsorbing. The samvle gas was shut off and the
eppaeratus allowed to pump down. The filament was shut off from
the pumps and a background spectrum was again taken. The filament
vias flashed and again a spectrum was observed. The experiment
was repeated with the filament left on during the mass spectrometer
run. An analysis of the increase in pressure due to the background
gas had been done beforehand. UWhen the filament was flashed after
adsorption, the desorbed gases may have been re-adsorbed before
they could be analysed by the mass spectrometer, and if the filament
was left on desorption from the walls could becore 2 problem.,

The experiment could also be repeatec and left open to the

I < S Ma 5. fe b1 -
punps but in this case some specles may be preferentially pumped

and their peak considerably reduced compared to the others.
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The various peaks vhich were seen to increasse during the
flash may now be indevendently investigated. The volteges on
the mass spectrometer rods were set on a Perticular pezk, This
/as done using the heliopods on the control box and setting each
one on & varticular peak was done cuite simrly. Bach of the
peaks was now observed through the flash. This was more ea sily

seen on the oscilloscope beczuse of its faster resoyons

)
)
oy
D

two disadvantages with the oscilloscope were iis fast scen time
and that the voltages we were dealing with were near the
oscilloscopes limit of detection.

However how each pezk behaves and its proporiionzl increase
could now be observed. Xach desorbed svecies may be analysed
and identified.

By verying the pressure ard observing the peak height of
the particular peaks a graph of pressure against the corresponding
pealk height voltage could be plotted. This was a straight line
showing that the peak voltage was proportiional to the pressure.
The peak height indicated the partial pressure of the peak in the

system.,

CATICH OF TES GAS SATVIES

3.5.1 The "eed for Pure Samples

The ges semnles are obtained as pure as practicelly possible,
Scme gases may be obtained as being 997 pure but others, especially
organic gases are contaminated with minor contamninants which are
produced by the splitting of the main molecule and also by addition

of hydrogen to the main structure. In the case of ethylene for



119~

example species found along with the ethylene are CH2+, CH +, CH +,
3 4
2n3 ’ C2E5 and C2H6 along with any background ceses that are
When we consider an adsorbed state on a metal it is necessaxy
to Iknow what the structure of the adsorbed molecule is es well as
where the adsorbed molecule came from so thet the mechanism of
adsorption can be estimated. t 1s a great asset therefore if
the gas surrounding the metal has only one structure and formula
or that one species greatly outnumbers the other svecies present.
Also if more than one species is present the guantitative

kS

resulis may be affected. If more than one species is adsorbed at
a particuler site or binding energy then it is very difficult to

diffe

H

entiate between the two. Also one species may be preferentially
adsorbed and unless the experiment had been done with a pure sample
previously this information could not be found.

It can be seen from mass specirometric evidence that purifi-
cation of the gas samples by the method used helps to achieve a
purer sample as well as providing an easy method for obtaining
the samples in the samvple bulbs.
3e5.2 Anparatus

T would like to thenk the University Glass Blowers, Iir Herricks,
Fr Sabin and Ir Cutforth for all their hard worl and zdvice in the
construction of this apparatus.

The apparatus consists of a mercury diffusion pump which has a
rotary pump which acts as a backing punp to it as well as being able

to pump the system dowvn on its own. To the diffusion pump is
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comnected a series of traps which prevent mercury vapour from the
diffusion pump and 0il vapour from the rotery pump getting into
the system. Although no pump is 10051 efficient this series of -
traps prevented so much mercury from getting into the system that
none at all was detected throuchcut the experiment., These traps
were connected to an outlet to the atmosphere which zllowed the
system to be flushed out without effecting the pumps. The sample
bulb was next attached. This was based on a 500 ml round bottom
flésk with a break seal and passege allowed for the gas 1o pass
throush the semvle bulbs and for connections to the rest of the
apparatus made. A Pirani gauge was then aitached on a side arm
between the sample bulb for the apparatus and the sanple bulb for
the mass spectrometric work., This second sample buld was then
attached to the apparatus and this was then connected to another

Fad

trap. One of these contained molecular sieve pellets which would
be used to trap the gas. The gas cylinder was then connected to
the end of the traps by a rubber tube.

The pressure in the system was measured by a mercury manometer,
a lcleod gauvge and a Pirani gauge. The Pireni geuge was only
useful for measuring the uliimate low pressure in the system. It
would have been more useful to have a lcleod gauge in its place but
this would have introduced mercury into the system between the
trans. The IcLeod gauge and the mercury menometer were placed
between the diffusion pumps and the traps. The mercury menometer

was used to measure pressures between 760 and 1 torr and below this

the [McLeod gauge was used.

The vacuum Joints used were greased joints held together
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strongly with clips. Care was

ras teken with the grease so as not

to contaminate the system more than was necessary, The use of

greased joints was necessary since finencial and experimental
rroblems of the alternative methods could not be overcome.

%563 Iiethod

-

The apparatus was set up azs above with great care being

- .

teken when making the Joints and greasing the tars so that no

o

(623

leelrs should occur. The rotary pump wes set working end allowed
to pump the system and the vressure was reduced to at leest 0.1
torr vhich was measured on the mercury lcLeod gavge., The system
was checked for leaks and when all was leszkproof the mexrcury
diffusion pump wes switched on. The pressure in the system was
reduced to less than 0.01 torr on the lcLeod gauge and the pressure
on the Pirani gauge in the vacuum system was reduced to 0,02 =
0,025 torr. The sample bulbs and other apparatus which could be
heated were warmed to degas the bulbs and system and remove any
water vepour which was trapped in the gystem. An oven was put
around the molecular sieve nellets and the temperature raised to
573 K which de-gessed and activated the pellets. During this
periocd both the sample bulbs were de-gassed by heating gently.
This removed gquite a lot of weter vapour which was present in the
system and also moved other desorbed gases from the sides of the
bulbs.

The pumps were then isolated from the system and the system
again checked for leaks which night have occurred dvring the
heating of the system. The gas from a gas cylinder was then allowed
into the system and allowed.to purge out the system by passing

. . - ] o o
through it for 30 minutes whilst the system's sample bulbs were
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For ethylene and carbon monoxide the folldWing method wes
then used. The system was closed from the gas cylinder and the
oven removed from the molecular sieve, The molecular sieve was
then placed in a liquid nitrogen containing dewar and the pressure
in the system was monitored whilst the gas was adsorbed on the
moleculer sieve. ‘hen sufficient ges had been adcorbed the

pumps were allowed to remove any excess gases from the system.

The pressure in the systenm was reduced to less than 0,01 torr
again measured on the Pirani gauge. The pumps were again isolated
from the system and the molecular sieve allowed to warm up. The

-

pressure in the system was observed and when the pressure had
increased by 20 torr the molecular sieve was seazled off from.the
system and the liquid nitrogen was placed under it zgain. The

pwaps were allowed to pump away this first 20 torr of gas in wvhich
ould be concenirated the lower molecular weight fraction of the
contaminants of the sample gas. When the pressure had once again
reached less than 0,01 torr the system was ready to be used for
collecting the gas for use. The molecular sieve was again allowed
to warm up and the pressure in the system was allowed to increase

to %0 torr when once again the moleculer sieve was isolated from

the system, lesving on it the higher molecular weight impurities of
the samvle gas. The vacuum taps on the sample bulbs were closed and
the one for the vacuum system was teken to the Glass Blower for
sealing off and the other sample tube was taken for a2 mess spectro-
metric analysis. This mass specirum vas used to cghow that in fact

the gas we had collected was indeed the sample ges and that it wes
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not contaminated with any products from a leek vhich may have
occurred.

In the case of hydrogen the method of treparation was slightly
different due to a special property of hydrogen. ‘/hen the molecular
sieve is at liquid nitrogen temperatures if hydrogen is passed
through it the hydrogen will be 2llowed %o pass whereas any higher
moleculer weight impurity will be adsorbed on the sieve., After
collection of the hydrogen in the sample bulbs the pressure was re-
duced slightly for use in the vacuum system.

When the vacuum system is baked out the temperature rises by
a factor of two and this would double any pressure in a sealed
vessel, In order to reduce any chance of explosion the pressure in

the sample bulbs is reduced below atmospheric to about thirty torr.

3.5.4 lass Spectra

The mass spectra analysis in Tables 6, 7 and 8 show a com-
parison between the sample obtained for use and the sample obtained
straight from the cylinder. It also shows what impurities are
present and shows that no extremely harmful compounds are to be
put into the vacuum system, such as long chain hydrocarbons. In
all cases of the mass spectra obtained no peak above forty-four
was observed to increase when compared with background spectra taken
both before and after the sample rﬁn. A typical mass spectrum and
background run is shown in Fig. 32.

An analysis of the carbon monoxide spectrum shows that pre-~
dominantly the sample is 952% carbon monoxide. This percentage‘

increases to 98.6% after treatment. No trace of an increese in
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FIG, 32 Mass Spectrum of Ethylene and the Background

Spectrum,

‘ags Spectrum of Ethylene from the 1S9
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nitrogen, oxygen or water vapour is found which indicates that

no leaks occurred and the heating treatment removed all the water
vapour from the system. The main contaminants of the cylinder
sample are peaks at 12 which are due to carbon, 16 and 32 due to
oxygen and a peak at 18 due to water vapour. Also pezaks occur

at 26, 27 znd 29, 30 probably due to subtraction and addition to
the main peak. After treatment it can be seen that the oxygen

and water vapour pezks disappear. All the other peaks remain the
same or are fractionally reduced except for the 40 and 44 peaks
which are very slightly increased. The 44 peak is probably due

to carbon dioxide which since some carbon is found suggests a
small amount of dissociation to the basic elements and then the
addition of the oxygen radical to a carbon monoxide molecule but
this occurs in approximately 1 in 10,000 cases, The analysis
shows that the percentage of carbon monoxide is increased with the
treatment but the carbon monoxide is the main component of the gas
by a long way.

The mass spectrum of ethylene shows that the only major per-
centage increase is the ethylene peak. A high resolution spectrum
had to be taken to differentiate between nitrogen 28 peak and
ethylene 28 peak. Fragmentation peaks of the ethylene were found
in the cylinder sample CH2+, CH;, a 26 peak, 277 and 27°% peak
and a 29 peak. The major peak was the ethylene pezk but two other
large peaks were the 26 and 27 peak. After treatment the only
peaks of reasonable size were the 25, 26, 27 and 28 with the 25 peak

being relatively small. This is to be expected since the low mass
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and high mass peaks should be removed by the molecular sieve but
the range of peaks around 28 should be more concentrated. |

These results show that the treatment provides a way of
collecting a gas sample as well as imoroving the purity of the
samrle. The improvement in the sample peak can be seen as well
as the fact that no impurity not expected from the fragmentation
of the major peak is seen,

The analysis for hydrogen shows that hydrogen was 99.8% of
the sample. The purity of the sample increased by 5% this is
shown by the analysis in Table 8,

3,6 DIRECT SURFACE CBSERVATIONS

3.6,1 Technigues Used

tn electron microscope was used to examine the surface. This

gave an idea of the surface structure. The crystal structure and
variations in the surface is observed. The change in the structure
after the filament had been heated was also observed. The surface
structure could give an indication to the mechanisms of adsorption
and desorption.

in X-ray eanalysis of the surface was also made. By analysing
the energies of the X-rays after striking the filament the elements
on the surface were identified. This technique is limited to
elements zbove fluorine., For our purposes hydrogen, carbon and
oxygen can not be detected but if hicher atomic weight gases and
adsorbates were used this would be a powerful technique. For
instance if fluorine was used and this turned the surface into the
metal fluoride then the components on the surface would be identified.

Ain X-ray power diffraction photograph of the metal after

treatment and exposure was also obtained. This showed the crystal
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structure of the surface and also if any involatile metal-gas
compounds had been formed on the surface, It had been shown
on this apparatus that when methyl iodide was adsorbed on the

surface ( 3 ), metal carbide wes formed on the tantalum surface

in substantial amounts.

3.6.2  Scenning Electron Ficroscope (79)

The scanning electron microscope is used to investigate the
surfaces of metals and most other surfaces, TIt's operation is
very similar to an optical miérosoope. However for an optical
microscope surface detail Qith dimensions much less than the
wavelength of light ( << 5460 2) will not be resolved.

In order to obtain a picture of the surface where the structure
is resolved the wavelength of the source of radiation must bé

reduced. The wavelength of an electron beam is given by
o
AN = J150/ VA ceee (3-1)

and for an electron accelerated through 100 volts the wavelength
of en electron beam is 1.22 2. However the normal accelerating
voltage for an eléctron microscope is 50-100 kV and so the wavelength
of the electron beam (for 100 kV) is 0.042.

Comparing this to the wavelength of light 6 x 1O5 i it is
seen that the wavelength has been reduced by a factor of 105. The
resolution of the microscope over an optical microscope should be
improved by 105 but because of the spherical aberration of the
magnetic lenses used in the microscope,which cannot correct for
non paraxial rays efficiently , the resolving limit of the electron

microscope is found to be about 4 % which is three to four orders

of magnitude better than the optical microscope,
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The essential features of an electron micfoscope are shown
in Fig. 33. A filament produces an electron beam which is
accelerated to the anode. This beam is then focussed on the
specimen by a megnetic condenser lens. If the specimen is a thin
film the transmitted electron beam is focussed by the objective
lens and projector lens onto a photographic plate.

The scanning electron microscope shown in Fig., 34 is slightly
different from the transmission electron microscope. High resolution
and a wide range of magnification from x 20 up to x 50,000 are

possible, as well as a large depth of field., It does not have such

a high resolution as the transmission microscope,

A very narrow electron beam which has been focussed onto the
specimen is used to scan the specimen and the secondary elecfrons
Produced are collected and used to give a picture of the surface of
the specimen. The secondary electrons are collected in a charged
cup and this current is amplified and used to produce a picture
of the surface on a cathode ray tube. A photograrh is taken of the
scan,

The macnification can be altered without having to refocus the
microscope. The megnification is altered by adjusting the area of
scan on the specimen,

3,6,3 Electron Probe Microanalysis

This technique can be used to analyse the elements on the
surface of the metal surface. However only elements with atomic
numbers greater than fluorine can be identified with our analyser.
Our analyser has been used to identify the elements in a speck of

dust which has contaminated the surface after removal from the

vacuum system.
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An electron beam is once again used to investigate the
surface, This electron beam is bombarded onto a small area of
the surface and the X-rays given off are analysed by means of an
X-ray crystal spectirometer. X-rays can be analysed by means of
either their wavelength or in this case their frequency or
energy. The energy distribution of the X-rays given off is
characteristic of the elements that the electron beam is scanning
and so the surface elements are analysed.

3.6,4 X-ray Diffraction (80)

The X-ray diffraction data can be used to give crystallographic
structure details. However our specimen has many crystal
orientations and so the pattern we get is not a series of sharp
lines., The diffraction pattern obtained can also be used to
identify the surface metal. Tantelum ca;bide gives a different
diffraction pattern from tantalum metal and so the technique gives
us information about the metal-gas compounds formed on the surface.

The specimen, preferably in the form of a cylindrical wire
is situated at the centre of an X-ray powder diffraction camera.

In our case the specimen was a ribbon filament. The circulax
circumference of the camera holds a photographic film into which
there are two holes 180° apart. A monochromatic X-ray beam

impinges on the surface and the X-rays are reflected both forwards
and backwards. X-rays that pass through the specimen are allowed

to pass out of the camera through the hole opposite the X-ray source.
The reflected X-rays are collected on the light sensitive film and
this can be developed and analysed. By comparing the results

obtained to the X-ray powder data file (A.S.T.M. Index) the element



: 0¢96
. 000°01 @ 02¢€6 ovlLs 09lL 0cLl

| L ! | | | !

—~d | /J_ T _7k\

$3UN09

40
J43quny

~136-

000°02

*S3|NS3Y SLSA|RPUROJDLY 9Q0Jd4 UOJL3I3|3 Ge ‘b4




-137=

or compound and its crystallographic history cén be found.
3,6.5 Results

The results obtained from the electron probe microanalysis
were not very enlightening as expected. Since elements with
atomic numbers less than fluorine could not be detected and all
the gases used had atomic numbers less than fluorine it was not
expected that anything other than tantalum would be found. The
results obtained from the electron probe microanalysis are shown
in Fig. 35. This is in fact the electron probe microanalysis
spectra of tantalum which ﬁas obtained for all the specimens used.
The technigue would be a very useful technigue for adsorbed elements
with atomic numbers greater than fluorine. Fig. 36 shows an
electron microscope picture of the surface of a tantalum filément.
After removal from the apparatus the filament was contaminated
with dust. When observed under the electron microscope at (1560)
times magnification the spot of dust can be seen. The picture shows
a 4.8 x 10-'3 cm sided piece of the filament. The length of the

spot of dust is 9.6 x 1074

cm long and this was analysed by the
electron microprobe technique and one of the spots of dust was
found to be silicon and the second spot contained calcium, magnesium
and chlorine. The analysis of such a small sample shows the value
of the technique.

Electron microscope pictures have been taken of the filament
before treatment in the U.H.V. apparatus. These photographs are
shovn in Figs, 37 and 38. Fig. 37 shows low magnification pictures

at magnification of 405 x and 825 x. The surface at 405 x looks

guite flat but the 825 x picture shows more surface structure. The
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PIG, %6 Ain Electron Microscope FPhotograph of a Dust

Particle on the Surface of the Filament.

Magnification x 1560

N

Actual
Size

35 x 10 m

Size of Particle

3.6 x 10_6 m

Using Electron Probe Microanalysis:—

Bright Spot is Silica
Dark Particle is Made Up of Magnesium, Calcium and
Chlorine
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FIG. 37 The Filament Before the Experiments I,

Magnification x 405

Magnification x 825
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FIG, 38 The Filament Before the Experiments II,

Magnification x 1650

Magnification x 4050

Magnification x 10 X
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surface is not flat but contains various uneven features. Fig. 38
shows the surface at magnifications of 1650x and 4050x. The surface
structure is shown in more detail. Here it can be seen that the
surface is rough but it contains no crystal boundaries. The area
shown in the high magnification picture is a square of sides 7.4 x
‘IO“4 ins,

Fig. 38 shows a very high magnification picture. The magnifi-
cation here is 10000x and the sides of the square represent 7.6 x
'IO-_4 cms. The resolution is very poor and little information about
the surface structure is forthcoming. The useful magnification for
our purposes is about 6 X.

Electron microscope pictures were taken, after treatment of the

filament, in the region near to the place where it was spot welded

to the suppori. These pictures are shown in Fig. %9 for megnifi-
cations of 200x, 800x, 1600x and 2600x. The shaded area on the
Picture indicates the presence of the support. The 200x picture
shows the crystal boundaries occur in a region near to the support
and this shows the heat treatment had some effect up to the support.
The other pictures show the surface in the region close to the
support is similar to the surface throughout the filament, It does
not appear that the support has much effect on the crystal structure
caused by the heat treatment, except for a region of 1 x 10—2 cm
near to the support. The size of the larger individual crystals
near to the support can be measured and they are found to be 2 x ‘IO"3
ems in length.

Fig. 40 shows the centre of the filament after heat treatment

and adsorpiion experiments with the CO, This filament is very

similar to the filament surface obtained when the filament was heated




FI1G, 39 The Used Filament Showing the Region Near the Support.

Magnification x 200 Magnification x 800

Magnification x 1600 Magnification x 2600
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FIG. 40 The Filament After the Carbon Monoxide Experiments,

Magnification x 150
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under a high vacuum condition. This tends to indicate the gas does
not react and form compounds with thé surface. So for carbon monoxide
it seems that the gas is adsorbed znd then desorbed without the for-
mation of any metal-carbonyl or metal-oxide conpounds.,

Figs. 41 and 42 show the surface after it had been heated in
ethylene and desorption experiments verformed. The various crystal
boundaries are obscured by a surface coating. The surface is no’
longer smooth but ingrained and on the top appeared to be strénds of
a fibrous compound. The pictures shown are for magnifications of
200x, 500x, 1 X and 2 K.

The results of the X-ray diffraction are shown in Figs. 43 and
44, In Fig. 43 a picture of the untreated tantalum, and also the
tantalum sample after treatment with carbon monoxide and in Fig. 44
the tantalum sample after treatment with ethylene. The sample after
treatment with carbon monoxide closely resembles the X-ray diffraction
photograph for pure tantalum whereas with the X-ray diffraction
photograph for the sample treated with ethylene the two photographs
differ greatly.

By measurements taken off the photograph, use of Bragg's law
and a search through the A.S.T.M. index it was found that the dif-
fraction photograph obtained after treatment and flashing with
ethylene was of tantalum carbide. The evidence supports the idea
that ethylene dissociates to some extent when it is adsorbed on the
tantalum.

The change in appearance of the metal after ethylene adsorption
also indicates that it is not the same as at the start. The metal
after treatment with carbon monoxide still was a metallic silver

colour. The metal after treatment with ethylene had a darker surface.
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FIG. 41 The Filament After the Ethylene Experiments 1.

Magnification x 200
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% FIG. 42 The Filament After the Ethylene Experiments II.

Magnification x 1000
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These investigations of the surface'before and after treatment
with carbon monoxide, hydrogen and ethylene show the only effect
noticeable after treatment with carbon monoxide and hydrogen is
due to the rapid heating but with the ethylene a more drastic
change has occurred and a compound has been formed on the surface
which is probably tantalum carbide.

Investigations to find whether this layer was a surface layef
or whether it went right through the material did not give any
useful information due to the limitations of the stereoscan,
however it is thought that the layer was only a surface layer. The
X-regy diffraction also could not be used because the sample was

too thin to obtain any satisfactory results,



~150~

4 GHIRAL TEECRNTICAL ATTROACH

4.1 ATATYSTS COF Y% OSCILLOSCORE TRACE

4.1.1 Introduction

In order to establish some meaning from the masses of numbers
that cen be obtained from the exverimental data a connection must

be eétablished between the known perameters and the unknown
parameters. Ve must find a path so that we can o from the
experimentally measured paremeters to those that carmot be measured
directly. These experimentally measured parazmeters are the tem-
perature, the pressure, the Pumping speed and the time and these are
related to other varameters such as the rate of the reaction, the
order of the reaction, the surface coverage at the start of the

flash and its change throughout the flash 2nd finally the experi-

mental energy of activation.

This chapter shows the ways of relating these various measurements

as well as compering this approach with the methods used by other

workers, In the end however it is the accuracy of the experimental

results that determines how a given method is used and the reliability

of the end result.

The results are obtained from an oscilloscope, the front of
which is photographed during the flash. The picture obtained is
shown in ¥ig. 45 . The x axis of the grid is a2 time scele and for
the flash each centimeter on the grid (which ic the spece between
two consecutive lines) is egual to 0.2 seconds and so the full time
of sweep of the oscilloscope spot is 2 seconds. The y axis of the
grid is in volts per cm, the exact value being varied by a switch

on the froni of the occilloszcope for each of the traces,

There zre three traces on the oscilloascore. C(ne mezsures the
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FIG, 45 A Thermal Desorption Spectra,
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output of the rressure gause and so anv veriation in the trace
rerresenis a vressure increase or decreace. The outout of the
pressure gauge on the log scale was found to be 0.2 volts pexr
decade and by setting the dizl on the oscilloscome at this value
each centimeter on the grid rerresented an order of marmitocde rise

in pressure. The two other traces meessured voltzge changes, one

across a known resistance and the other across the filement and

w3
o
>}
(*.
O

f the filament circuit. These two traces were used together

{1

0 that the variation of temverature during the flash could be

calculated,

"

he number of pezks in the desorption srpectra shows the

1

number of adsorbed states, Zach of these stzies will be analysed.
The higher the temperature the peak occurs at, the stronger are

the bonds which hold the molecule to the surface.

observed any interaction of the peaks and the way the peaks effect
each other can be observed.

The volume of the system and the surface area of the filament
were both measured by physical methods. The pumping speed was
calculated from the decrease in pressure with time at the end of
the flash. The flash lasted for aprroximately 1.2 seconds and the
rermaining 0.8 seconds of the sweep were used for the pumping speed
meeasurement.

The jpressure measured by the gzuge end read off the oscilloscope

[

is a total pressure measuvrement due to all species present, From
this has to be taken the eguilibrium precsure end the increase in
pressuvre due to the background. The increase cue to the background
was measured from a background flesh vrior to the actuel flash,

This final prescurc increase that was obtained was plotted on
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a graph against the time at which the prescure occurred. Tiis time
should be related to the temrperature by 2 linear relat ichHip and
provided this is the case then whether temperature or time is
rlotted the result obtained is the same. However if the temperature
time relationshin is not linear then the temperature should be used
instead of the tine.

The gradient of this curve at eny voint 1, (dp/dt)t can be
found either manually or by obtaining an eguation for the curve and

differentiating. This velue can now be used to calculate the rate

4
[

W)

of desorption any time or temperature,
The rate of desorption \dL/dt)t is equal to a constant

multiplied ty the (dp,uu) term obtained plus & correction factor

(&5
el

which accounte for the nurber of molecules lost during pumring.
Since (dp/dt)t, the volume, the surface area, the pumping speed and
the constent are known then the rate of desorption cen be celculated.

4 graph of the rate of desorwvtion at time t, (dn/dt)t against
the time 1t can be rlotted and the total area under this graph giveé
the value of the total surface coverage. The surface coverage at
any time during the flash may also be found by subtracting from the
total surface coverage the nunber of molecules desorbed up to a
time t, This is done by sudbtracting an srea under the graph from
time t = 0 to t = t from the total area under the graph.

The exrperimental energy of activetion can be found now along

X

tith the order of reaction. A graph of —1P[:(dn/dt)/<y - Q’t) ]
against the reciproczl of the temperature for various values of the
order of reaction X is now drawn. The value of x which gives the
best straight line graph gives the order of reasction and the gradient

of this linegiwsthe experimental energy of activation.

.
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The desorbed species is identified by mass spectrometric analysis.

This will give information about the state of the adsorbed species.

It shows whether the svecies is dissocizted on desorption, desorbed

as the gaseous radical or whether it forms complexes with the metal

and is desorbed as the metal complex. Without this mass spectrometric
identification of the desorbed species it would not be possible to
suggest a2 mechanism for the adsorption and desorpiion of the gas,

Bach of the species which are desorbed can be identified and also the
components of the background and if necessary the mass spectrometer
may be used for leak testing.

411 the information collected can then be used to suggest a
mechanism for the adsorption and desorption of the gas, Other in-
formation may also be found such as the entropy which can also be
used to give further information about the surface.

4.1.2 Calculation of the Temperature

In many experiments in both physics and chemistry one parameter
is varied whilst another one is observed and its variation noted,
The flash desorption experiment is very similar although many paré—
meters are talien into account it is simply an experiment where the
temperature is varied and the change in pressure noted. 'In these
simple terms it is easy to see why it is important to be able to
measure the temperature and know what temperature gives rise to a
particular pressure increase,

As long as the temperature is changing we can make the assump-
tion that the pressure change in the system over a short period of
time is due to this change in temperatuvre. The pressure in the
system can change without a change in temperature being responsible,
As we can see at the end of flash, many seconds after the filament
has cooled down, the gas is still being pumped away and the pressure

changing. If there is a linear relationship over the temperature
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rise between the temperature and the time then for our purposes
we can use the change in time in our equations and graphs as being
equal to the change in temperature.

If the relation between the temperature and time is of the

i

form

' A‘t = T"‘T LX) (4—1)

a2 linear relationsiip where t is the time in seconds, 4 is a
constant, T is the tempercture at time t ang To is a constant
being the temperature when t = 0, the temperazture at the beginning

of the flash.

Differentiating (4-1) we get
Adt = ar cens (4-2)

end shows the simple relationshib between the change in temperature
and the change in time and for a given time change we get a
corresponding temperature change,

On the desorption spectra one trace gives the voltage drop
across a known resistance, the shunt. The current through the

circuit is given by Ohm's law
I=(X- Ao) b SI/D x Rs eeee (4-3)

where Xo is the zero of the voltege trace and so (X - Xo) is the
distance in cms between the itwo lines, SI is the sensitivity scale
of the trace in volts/cm and E is the enlargement factor calibrated
by the fact that the distance between two grid lines on the scale
should be 1 cm. R_ is the resistance of the shunt.

Similarly the voltage drop across the filament may be calculated

using the equation

Ve = (Y-Y)) xS, /E ceve (4-4)
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where (Y - Yo) is the voltage difference related to the voltage
zero and SV is the sensitivity factor for the trace. The
resistance of the filament circuit R at a particular time is

c I

given by Chm's law

R, =V, /I C eeee (4-5)

c
where RC is the sum of the resistence of the filement, the contact
1
resistances, the leadthroughs and the wire connection.

The resistance of the filament Rf is found by Subtracting

the resistence of the remainder of the circuit R
R ::R "’R _ se o0 (4-6)

R is found by physical measurements and calculations using known
physical perameters. The resistivity of the filament O~  is

related to the resistance by the equation
O- = RfA/L ) eoew (4—"7)

where A is the cross sectional area of the filament and L is the
length of the filament, Wangvand Lee ( 81) have publicshed the
results of the variation of resistivity of tantalum against tem-
perature. Therefore from the values obtained for the resistivity
the temperature can be calculated. The resistivity of tantalum

varies with temperature in a way described by equation (4-8)
2
O_ = A'l'BT'l'CT 'l" LN LR ] (4——8)

wvhere A, B and C are constants.

Fig. 46 shows a typical temperature agazinst time graph.
It can be seen that the temperature rises quickly up to a maximum ‘
which occurs after approximately 0.6 seconds. Up to this point
however the temperature does rise lineerly with time. A series

of flashes to different temperature maxima shows that the maximum
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is always reached after about 0.6 secs and only the rate of heating,
the gradient of temverature against time graph, measured tefore
this changes,

4,1.3 The Pumpin: Speed

The measured pumping speed is that due to all effects which
redu?e the number of molecules in the vacuum system. That is
pumping by the pumps, adsorpiion on the walls of the system and
re-adsorption on the filament.

The pumping speed is defined by

It

dp, /at - 8.(?, - Pn) /V ceos (4-9)

where SE is the total pumping speed for the whole system and V
is the volume of the vacuum system. .

If the rressure at t1 is P1 eand at t2 is P2, rearranging

S Sz dt

P, - Pp v eese (4-10)
P 1
1 1

ap, | Sy [ ( )

= - e it cove (4-11
P, - Pp v

P2 t2

here assuming S., is a constant inderendent of t.

o
(P1 - PE> SE
1n 5T = - — (t1 - %) eees (4-12)
2 E

this equation gives, when rearrenged, a value for the pumping

speed in terms of experimentally known parameters,
(B, - Pg)

(», - ) coee (4-13)

v

S - In
E (t2 - t1)
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FIG, 47 The Fnd of the Oscilliscope Trace Showing the

Reduction in Pressure at the FEnd of the Flash,
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now if we assume P1 and P2 >> PE as 1s sometimes the case we

can omit PE

v P
In —t
(t, - t,) ) coes (4-14)

Now by substituting the values obtained from the pump away
at t?e end of the flash into this equation the pumping speed can
be calculated. Fig. 47 is a graph showing a typical reduction in
Pressure due to pumping at the end of the flash,

4.1.4 Calculation of the Pressure

The output of the trigger Penning gauge was transferred to
an oscilloscope, One of the traces on the oscilloscope represented
the pressure in the system. The output of the irigger gauge con-
trol unit was 0.2 volts per decade and when this was transferred
to the oscilloscope one cm on the oscilloscope represented an order
of magnitude rise in pressure. By noting the pressure at the
beginning of the flash this gives a point to calibrate the trace.

A picture is taken of the oscilloscope trace and the negative
obtained is enlarged so that the pressure can be more easily read
off the enlargement. By enlarging onto log graph paper the pressure
is read off easily.

We need to know the increase in pressure dvue to the sample
gas coming off the filament. From the total pressure in the
system we must subtract the increase in pressure due to the back-
ground gases and the pressure in the system at the beginning of the
flash, The value obtained at a particular time will be the total
pressure measurement from all the desorbed species coming off the

filament, due to the gas sample. This value can now be used in the

analysis,



~161~

4,2 USE OF THE BASIC PARMMETYRS

4,2,1 The Rate of Desorption

Cne of the main objectives of the experiment is to calculate
the rate of desorption (dn/dt)t. Cnce this value has been found
it is simply mathematics to calculate the remaining parameters,
The rate of desorption is given-by equation (4-32) and since all
the terms in this equation are lmown the rate of desorption can
be calculated.

The experiment begins with the adsorbed gzs on the filament
in the steady state with its surroundings. The number of molecules
being adsorbed on the surface is ecual to the number being desorbed
in the same time, o dynamic eguilibrium. When the filament is
flashed this steady state is disturbed and atoms, molecules and
ions are desorbed from the filament. Zefore the flash the pressure

in the system will remain constant beczuse of the dynamic

equilibrium.
RATE O GAS ENTIRING THE _ RATE OF GAS LEAVING THE
SYSTHEM PER UNIT TIME - SYSTEM FER UNIT TIME
® e o 0@ (4"‘15)

When the filament is flashed the equilibrium will be disturbed.

In any real system (45 ) there will be a steady lesk rate (L)
which may have been introduced deliberately as with a flow system
or may be minimiszed by careful attention to vacuum techniques.
The walls of the system will elso be de-zassing duve 1o désorbed
gasés vhich will have the same effect as a leak (D). There will
also be de-gassing from the filament (F). The rate of gas entering
the system in unit time will be,

Rate of gas entering =L + D+ F cees (4-16),
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If (dn/dt)f.is the rzte of supply of gas from the de-zassing
of the filament during the flash, n the number of molecules, then
by combining L and D the total amount of gas entering the system
from anywhere but the filament is (dn/dt)L in a2 time interval dt.

Equation (4-16) becomes,

N

Rate ‘of gas entering = (dn/dt)L + (dn/dt)fA eees (4-17)

where A is the surface area of the filament. Iow the rate of lossg
of gas from the system will be due to the Pumping system V or by
adsorption on the walls of the syste§§;r by re-adsorption on the

filament (2) per unit area,

=

Rate of gas leaving cystem= W+ 2 + V ceee (4-18)

now if N is the gas density in the system and Sh the pumping speed
id

due to all effects removing gas from the system such as the pumps,

the pumping effect of the gauge and the reduction in pressure due

to adsorptiion on the systems walls. Then equation (4-18) becomes

Rate of gas leaving system = + NSE + RA cees (4-19)

where RA = Z and NSE =W + V. By using equation (4-15), which is

the mass balance eguation for the system,

CHANGE TN GAS DENSITY _  RATE 0¥ GAS  RATE OF GAS LEAVING
PER UNIT TIME - ENTERING THE SYSTHNM
e 20 @ (4"'20)

Substituting (4-17) and (4-19)

d}I "‘dn ""dn T
V<dt)= ~+<dt>f A-i-(-a*{L—I‘eSE—RA
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where V is the volume of the system.

We will now assume that the number of molecules readsorbed
during the flesh will be very smell, The chances that a molecule
that has acquired the energy to desorb will be adsorbed on a
surface which is higher in temverature than the one from which it
was desorbed are very smell and so this assumption is valid. Any
molecule which escapes from the immedizte vicinity of the filament
has a much greater chance of being adsorbed on the walls of the
system which has a much lerger area than the filament. The time
of the flash is also relatively short and so this 2lso reduces
the chances of a molecule being readsorbed. Ve will also assume
that (—dn/dt)L, the leak rate, is relatively small compared to

(-dn/dt)f and so can be neglected.

Then,

v(a/dt) = (_dn/dt)f A - NSy (4-22)

We shall assume that the ideal gas laws may be applied to

the system, then

PV = nRT ceee (4-23)

now V ig in litres, P in atmospheres, n in moles of gas and T

in degrees absolute,

n = NV/L eeee (4-24)

Since N = number of molecules per litre (as used in 4—21) and

L is Avegadro's number,

NRT

I cens (£-25)

P =
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It can be seen that if R, T, V and I are constént,

P o< N, so

1 i
P= g ¥ =3 veee (4-26)

L
' <= RT ceee (4-27)
= 00,2446 x 1023 molecules atm—1
changing atmospheres to torr
1019 -1
Q = 3.219 x 10 7 molecules torr cees (4-28)
= 3,219 x 10" molecules o’
substituting in equation (4-26) )
N 19 - =
¥ = 3,219 x 10 P molecules litre eeee (4-29)
now differentiating (4-29) with respect to time gives
19
ai/dt = 3.219 x 10 ap/dt eees (4-30)
substituting in equation (4-22) for (4-29) and (4-30)
ap 19 _ ~dn 19
v It 3,219 x 10 = +< d‘h>f A~ 3,219 x 10 P SE
coes (4~51)

where V is the volume of the vacuum system. This eguation gives

the rate of desorpiion in terms of experimentally measured

parameters
dn 3.219 x 1012 [v& ] )

The negative sign in front of the rate of desorption is because



~165-

we are taking adsorption eas being a positive process. A is the
surface area of the filament, vhich is twice the length multiplied
by the width, assuming it to be so thin that desorpiion from the
edges is negligible. This gives the rate of desorption in terms
of rate per cm2.

0f the two terms in the bracket the first term gives the
number of molecules desorbed from the filament DET sec per c¢m
and the second term is a correction factor for the number of
molecules lost by pumping. VWhen the pressure is increasing and
gas 1s being desorbed from the filament the VdF/dt is the largest
term but when this goes negzative the PSE term compensetes for the
loss of molecules., TFig. 48 shows the effect of these terms on
the various graphs. The meximum in the dP/dt agaeinst time curve
occurs before the meximum in the P against t curve. The (dP/de,)Jc
curve goes negative and the effect of the PSE term shows in the
(dn/d’c)Jc against time graph when this term keeps the graph
positive., If the (dn/dt)t sraph goes negative then this indicates
that adsorption is occurring during the desorption process which
is against one of the basic assumptions that we have made.

In equation (4-32) all the terms are known. A and V are
measured using physical methods. The pressure P is calculated as
indicated end the (dP/dt)t term is measured by calculating the
gradient to the P against t greph at time t. The pumping speed SE
is calculzaied by the method suggested.

4 typical rate of desorption against time curve is shown
in Fig. 49. The rate of desorption rises sharply to a maximum
and then drops sharply back to the base line where it tails off.

The graph is roughly symmetricel about the maximum,.
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FIG. 48 Graphs showing 1) Pressure Against Time, 2) (dp/dt),
Against Time, 3) (dn/dt)t Against Time, i

Rate of Pressure }Maximum
Desorption
Maximum
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4,2,2 The Surfece Coverars

The surface coverage is the number of molecules that have been
2
adsorbed on the surface per cm”. These molecules are desorbed
when the filament is flashed. To calculate the surface coverase
we must add the number of molecules desorbed in each small period
of time. The calculation of the surface coverase is mathematically

~ T

expressed as

=t o
G, = <"€€ | at cees (4-33)

t=20
This gives the total surface coverage which is given by the
number of molecules desorbed Tetween time t = 0, the start of the

-

flash and ¥ = t__ ., the end of the flash,
end
The svrface coveraze at any time during the flash is the
number of molecules that remain on the surface at that time. At
the beginning of the flash the surface coverage is a maximum and
this decreases to zero when all the molecules have been desorbed

from the filament at the end of the flash., The surface coverage

at any time is given by the mathematical expression

b= tend t=
dn
= — 3 = _— dt—
o_t— (O—o et) dtt ()

coee (4-34)

where the number of molecules desorbed up to time t = t has been
taken from the total surface coverage to leave the number of
molecules still on the surface. Here cro is the total surface
coverage, O, is the surface coverage at time t, that is the number

t

of molecules left on the surface attime t, and 6 is the number
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of molecules desorbed in the time intervél t=01t t=t.
Equation (4-34) is solved ar vhically by calculating the

arez under the (dn/dt)t against time graph. This gives the total

surface coverage. The surface coverzge at any time can be found

as shown in Pig, 49. The arez under the graph from time t = O

to time t = 1 is subtracted from the total area under the curve,

and this gives the surface coverage at any time t., The surface

coverage is celculated in molecules per cm2 but can be more easily

used if monolayer units are used.

4a2,3 Evaluation of the Order of Rezction an

s
o
prs
}_l
<
o
ct
I—l
O
nl
[0}
5

The order of rezction and the experimental energy of activation
are two very important parameters that we must ‘mow in order to try
to postulate a mechanism for the adsorption and desorption of the

ges from a metal surface.

reaction—and—gives—infommation—about—the—trancition—ebate. The

experimental energy of activation gives us the strength of the bond
which binds the -atom or molecule to the metal surface. The actual
value can give us information on the type of binding that is involved.
In 1889 Arrhenius ( 82 ) postulated a relationship between the
rate constant kd and the experimentzl energy of activation provided

that this is independent of temperature. This law has been applied

to many chemical systems since this time and has been found to be
remarkably accurate. It states

-5 RT

here A is known as the frequency factor or pre-exponential factor

but is only a frequency in the case of first order reactions.
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FPIG. i i
T 49 Graph of (dn/dt)t Against Time Used to Measure the
Surface Coverage,
Rate of
Desorption
(an/at),

o
+'end
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t
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end

end t
_ g__n— dt = dl’l dt = shaded
(o = 8) = at j at area
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surface coverage after time t (shaded area under curve)

nunber of molecules desorbed.
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Eexp is the experimental energy of activation of the reaction,
The equation shows that in ocur case the rate constant is not a
constant but varies with temperature,

Taking logs of (4-35)

Ink, = Ini - ~§%E ceee (4-36)

differentiating eguation (4-36} with respect to temperature

d (In kd) - Eexn
d_T RT2 seco (4—37)

Laidler (83 ) tekes eguation (4~37) as his definition of the

experimental energy of activation.

The relationship between the rate of reaction and the con-

centration on the surface, the surface coverage,is given in

equation (4-38)

" . - _g'_ri = 71 X
rate of reaction = % = kd[FrtJ eeoe (4-38)

and here X 1is the order of the reaction, kd is the rate constant
which varies with temperature. [O];] is the concentration of the
reactants and for our purposes this will be the number of molecules
adsorbed on the surface, the surface coverage. The rate is the
rate of the rate determining step in the desorption process.

Combining (4-35) and (4-38)

X -BE RT
-g—l% = I‘d = A [O—tj e eXp/ L (4"‘39)

The concentration on the surface Crt has already been calculated

end is [GO- et]'
[cs] = [oo- 8l

X
an -E___/RT
= = A‘ [o.o - e-t] e exp ® 09 o (4—40)
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telking logs
én n)
1n(a~£> = In t 4+ x 1ln [o‘o-et] -~ “exp
m
RT eee. (4=41)
rearranging,
B b'd
—%%E = 1In A + 1n ( O_o - et) ( AZ)
(dn/dt) eee o 4_»1"

differentiating with respect to 1/T

x
Eexn _ a1 ( Ty et)
R 7 n an/at
a(1/m) eons (4-43)

N

Yow using equation (4-43) both the order of rezction and ihe

experimental energy of activation can be found. 4 graph of

( S, - et)x

In an/cdt against 1/T for various values of the order

of reaction x gives the order of reaction. The value of x which
gives the best straight line is the order of reaction. Using this
value of the order of reaction the same graph will give the

activation energy. The gradient of the line obtained is Z&E%XP/R

and from this the experimentel energy of activation can be calculated,

The value of the order of reaction cbtained may be checked by
a second methed using the variation of the surface coverage with
time (%32 ). The results from seversl experiments are used with a
G FACTOR OF
variation of the initial surface coverzges over them of%30~100
2 s ~
molecules per cm ., Grarhs of (CYO - et)/CTO against 1t are drawn
for each of the experiments. These graphs are shown in Fig. 50

for the first and second order reactions. By comparing the graphs

obtained whether the order is first or second can be estimated.
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Graphs Showing Variation of n/n  Against Time for a
First and Second Order Reaction.

FIG, 50

ZCOND CRDER

FIRST ORDER
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414

The general trends of the granhs give the iﬂformation required.

The desorption reaction is assumed to be first or second order.

The second order graphs have a more pronounced S share than the
first order gravhs. The first order curves are independent of

the initial surface coveragze whereas the second order curves move
slightly to higher temperatures with an incresse in ihe surface
coverzge., The shape of the second order curves is indevendent of
the surface coverage. The use of this alternative erprozch should

confirm the value a2lrezady cbtazined for the crder of the reaction.

3

However neither method is very eccurate and both methcds may be
needed to estimate the right order.

From equation (4-43) it can be seen that 211 the quantities

-3

have been previously calculated. The temperature has been cél—
culated and the reciprocal is eazsily found. The surface coverage
has also been calculated from the lmowledge of the rate of the
reaction and so the surface coverage divided by the rate at any
time t may be calculated. This term is equal to the reciprocal of
rate constant at a particular time and hence temperature, since

dT = dt. Rearranging equation (4-38),

" _ dnfdt

T X
d [ -6.] cees (4-44)
o t
Calculation of the rate constant allows us ito trace its change
with temperature. The pre-exponentizl term A can also be calculated
once the rate constant is known.
By this method of analysis, the temperature, the rate of the
e . ~
reaction, the surface coverazge, the rate constant, the order of the
reaction and the exverimental energy of activation have all been

calculated. The order of the reaction and the experimental energy
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of ectivation should corresoond for all the different experiments
for each of the peaks., This information can now be used to
evaeluate a mechanism for desorption,

4.3 RELATION TO TFE SURFACE REACTION

4.3, 1 Use of the ‘“bsolute Reszctiion Rate Theory

Consider the reaction
A + E ; C + D e o eeo (4"4‘5)

t is postulated that A + B initielly combine together to
form an intermediate X which then forms the two products. This

intermediate is known as the transition siate or activated complex.

A + B > X > C + D cees (4-46)

In meny cases for the reaction to teke place zn amount of
energy will have to be supplied. This means that the activated
complex will be higher in energy than the reactants. The activated
complex will then decompose to the products and so the products
will be less in energy than the activated complex. The activated
complex was first proposed by Byring ( 84 ) in 1935,

For the absolute reaction rate theory to be apvlied to this
system two postulaztes have to be made. These have been shown
to be valid by Petermann ( 42 ).

The first states that the reaciants must come together to
form an activated complex if the reaction needs activation energy
to start it., If the rate is dependant on a factor of e—cx]t an
activated state is formed and this is regarded as being at the top
of an energy barrier as shown in Fig. 51. The rate of the reaction

will be the frequency at which the zctivated comrlexes pass over
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FIG, 51 Potential Energy Curve for A Reaction Showing An
Inaginary Potential Box Containing The Activated
State,

Ldl
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A /7
Y,y > $— Zero level energy
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E
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Zero —> \Ei§§§§£;7/

energy level
for reactants

Initial State > Pinzl State
A4+ B4+C ces X4+ Y4+ 2 ¢o0
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this barrier, The top of the barrier is usually regerded as being
flat over a length d so that when the activaeted complex is in this
area it is said to exist.

The difference between an activated complex and an ordinary
molecule is that in one of the directions of vibration it falls
apert, To put this in enother way the normal vibrational frequency
in. the co-ordinate of decomrosition has an imaginary value.

The second postulate states that the activated complex and
the reactants are always in eguilibrium and that the activated
complex always decomposes at a definite rate, For reaction in

equation (4-46)

A + B =— X (activated complex) eoes (4=47T)

X —> C + D ceeo (4-48)

where A and B are in eguilibrium with X and then X breaks down

at a constant rate k., to form the products.

3

The general ecuation of the transition state theory is

w o KT 13 e'Eo/ R
@~ h F,F eoee (4-49)

the derivation of which can be found in most text books on the
subject (85 ). This is éssuming the transmission coefficient as
shown in Fig. 52 is equal to 1. Here the equation is similar to
(4-35). F' is the partition function of the activeted complex and
FA and FB are the partition functions of the reactants A and B (86 ).
Eo is defined as the difference bLetween the zero level energy pexr

mole of activated complex and that of the reactants as shown in

Fig. 52. Eo is the activation energy required at 0 X, the amount
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FIG, §2 Basic Equation of the Absolute Reaction Rate Theory.,

For Reaction

A + B —m> X

L _kr _ ’ ~E_/RT
f " h

partition function ratio

transmission coefficient

= 1

\%4
harmonice oscillator

k = R/N

o
h = 6.62 x 10721 erg sec
R = 8.314 joules deg !
No = 6,02 x 1023 mole“1

1 joule = 107 ergs
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energy required so that the reactants, 4, B, C ... can form

an activated complex. Using equation (4-424) with (4~49) we get

T dn/dt _XT P -EO/RT
3T T = 5T = e
N h Ty vee vere (4-50)

It can also be shown that

K. = dn/dt _ . ~AE/RT ASY/R
© oy -ey ] ’ ceee (4-51)
since
Ac® = -RTIn K_ cees (4-52)
and
e, = 2k ceve (4-53)
Compering (4-50) and (4-51) it can be seen that
o as®/r
— eee (4-54)

o . . . .. .
where A S~ is the entropy of activation. This is assuming that

the partition function is independent of temperature and

B, /RT

o m
- AE/RT o vees (4-55)

0 . N . ) .
where - AH is the standard enthalpy of the reaction. The com-
parison of the eguations cennot be made unless the temperature

independence of the partition functions ic mede. In this case

o)

An, = E ceoe (4-56)

and

As® = R 1n eves (4-57)

e |2
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(4-57) is nown as the Sackur-Tetrode equation.

ow taking logs and RE-ARAANG( NG (4_50)

E
o ook dn/dt
+ 7w = +lm — = 4+ InT-1n
gh - X
R FAn h [O‘O — et]

oo (4-58)

differentiziing with resvect to 1/T and rearranging

— X
Bjo - et] T

. EQ N SO, dn/dt
R }L

a[1/7) cees (4-59)

Using equation (4-52)(4-53) and AG® = AE° - TA S
hn < 1-m T—'o
As=m| 1n /2 _ _ 1n(3ﬁ->+ Lr
n RT
lo -8, ]
o t

ceeo (4-60)

Using the absolute rate theory approach further parameters
relating to the surface can be calculated such as the standard
enthalpy of the reaction, the entropy and the ratio of the partition
functions. However thermodynamic data needs to be calculated at a
perticular temperature. Ve take this temperature to be the tem~
perature of the maximum in the rate of desorption ageinst time
curve., This is the temperature of the maximum rate of reaction
and cen be regarded as the temverature at which the reaction takes
place. Once this temperature has been defined the values can be

substituted into equation (4~61)

o]
Beyp = BRI + AH cees (4-64).

The value of the standerd enthalpy of reaction is then sub-

stituted in equation (4-60) to find the value of the entropy. The
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value of the entrony can then be used to find the ratio of +he

~

partition function in equation (4-57).
The velue of the entropy and the ratio of the tartition
functions is used to iry and give an estimetion of <he mobility

of the adsorbed species and the trensition complex.

beda? Ilass Srectrometry

The information obtained so far is not cavable of giving a
complete plciture of whav is happening on the suvrface. When a

N

gas is adsorbed on the surface it may be adsorbed as the gas is

in the gas state, it mey be adsorbed with dissociation or it might

form complexes with the metal, Similarly when the gas is desorbed

maeny mechenisms are possible,

ct

The desorbed svecies need to be identified so tha
picture of the mechanism of desorption is found. In some cases
hl

more than one peak is desorbed and both the desorbed species in

this case need to be identified,

a2 comvlete

The svecies are identified with a mass spectrometer attached

to the apparatus near to the filament. The mass spectrometer has

a range of 1-200 atommess units and so any desorbed species in

this range could bte identified. The full specirum can be spanned

over a short time or one particular peak (mass number) can be

followed throurh the flash. This is very useful since the pressure

measured by the gauge is the total pressure and not the partial
pressure. The mess spectrometer means that the effect of the
desorption process on one particular peak cen be followed.
Unfortunately the mass spectrometer can not distinguish
between two atoms which gives rise to the same mass peak. For

instance peak 28 which can be nitrogen or carbon monoxide. To
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be able to try and work out the Percentage of this peak due to

eazch one of the masses the nast history of the system must be

v

mown.

The mass spectrometer needs to be used in a closed system
e
%]

he whole rance of the srtectrum is to be scenned since the

scen takes a period of itime 2nd som

)
O
'_b
ct
=
0]

3
5
8
=}

)]

3
o
d

rrefer-
entially pumped. Also some of the pezks will be opened to the
pumps for a longer time than some of the lower mass units and
this might effect the relative height of the peaks.,

Once the desorbed épecies have been identified it will
greatly help us to try and form z mechaznism for ihe desorption

and adsorpiion of the gas from the metal surface.

v

With the information obtained from the mass spectrometer
added to the information obtained from the numerical anzlysis we
should be able to postulate a reasonably accurate mechanism for
adsorption and desorption.

4e%.3 Intervretation of the Exverimental Parameters

Cnce the experimental results have been obtained they must
be related to the reactiion at the gas-metal surface and be able
to be explained by the reaction mechenism. The reaction mechanism
put forward must be able to explain all the experimentally obtained
parzmeters., One of the main assumpiions is that the desorption
process is the opposite of the adsorption process. Ve will assunme
this assumption to be true and take the desorption process to be
the reverse of the adsorption process, so tLatvif a molecule is
desorbed with dissociation we assume it dissociates as it is adsorbed,

The experimental energy of activation gives a measure of the

energy needed to break the bonds attaching the molecule to the
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surface. If this is of the order of a few izilojoules it indicates

the bond is of the weak v

K
oh
)
(o]

Jeels type, while if the activation
energy is greater than thie it indicates that the bonds are
stronger and that chemical bonds with electron interactions are

formed.

The order of reaction gives an indication of the number of
molecules involved in the razte determining sitep of the reaction.

This is usually assumed to be either one or two and thai either one

or two bonds are broken in the rate determining step., It is this

o
5
6}
-
(_'_
[N
[¢]
3

that would give an indication as to the nature of the t
state.

The temperature TO is taken to be the temperzture =t which
the reaction takes place. The reaction takes place over a snmall
renge of temperatures aznd so the temperature TO is taken to be the
temperature at the meximum rate of desorption and can be obtained
from the dn/dt against © graph. I{ is found as expected that To
occurs just before the meximum in the pressure against time graph,
This temperature is then used for calculating thermodynamic
relationships where the temperzture must be defined. The value
of the term RTO even for high temrveratures is only of the order of
a few kilojoules and this term would be comparable to the errors
expected in the experiment.

The entropy can be used as an indication of the mobility of
the molecules on the surface. The value cen show whether a
molecule is mobile and moves across the surface or whether it is
immobile. The value of the Gibbs free enexgy of Acriva7ion gives
an indication of the reasctivity of the reaction. The more negative

the Gibbs free energy the more likely the reaction would be to

proceed.
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The surface coverage shows how the molecules are adsorbed
on the surface., The change in the surface coverage with time
can show how one state is preferentizally adsorbed and whether
or not one state is being changed into a second adsorbed state.
A molecule may be physically adsorbed and then move around on
the surface until it finds a state where it can become chemically
adsorbed.

By using this approach parameters relating to adsorption
and desorption can be calculated and the desorbed species can
be identified. An accurate picture of the reaction on the
surface can be suggested with the large amount of information

obtained.

4.4 THEORETICAL AND EXPERIMENTAL ERRORS

4.4.1 Accuracy of Results

In order to determine the uncertainty of the results it is
necessary to calculate the errors due to the theoretical treatment
and the errors due to the experimental measurements. The maximum
possible error gives an indication of how good an experiment is
and gives a comparison between two experiments which give the
same experimental results. A knowledge of where the errors occur
and where the largest errors appear means that care can be taken

at these points in order to reduce them and possibly improve the

technique.
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4.4.2 Errors in Calculating the Temperature

The temperature is calculated from the measurements taken
off the oscilloscope. The values of the voltage and current are
found from the oscilloscope trace. To measure the voltage and
current we measure the difference between two lines on the
oscilloscope front. The accuracy with which this can be done
depends on several factors, the width of the line, the response
of the instrument and of the accuracy of the measuring device,
For the voltage the distance the trace rises varies along the
time base in one flash andbalso varies when comparing two flashes.
We can only take an approximate average value of the trace in-
crease but on a suitable volts/cm setting it usually rose about
5 cms, This could be measured using a rule to an accuracy o%
+ 0.1 cms, giving an error of 2%. The error in the volts/cm
setting was checked using a measured voltage input and found to
be very accurate on all settings and so the error due to this
both for the current and voltage, were negligible. The enlargement
féctor due to the use of the enlarger could also be measured to
an accuracy of 1 mm in 150 rm, an error of less than 1%. The
enlargement factor was 2.5, a one centimeter square was enlarged
to a 2.5 cm square. The total error involved in measuring the
voltage was 2%%. For a typical voltage of 5 V the error was
+ 0.125 volts,

The error in measuring the current was greater because the

increase in the trace used to measure the current was smaller,
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The change in voltage measured to give the current was very small.
A typical voltage change across the shunt would give a change of
2 cms giving an error of 5%, The resistence of the shunt was
given by the makers as 0.0075 + 0.00001 ohms, an uncertainty of
less than 1%. The other errors are similar to that of the voltage
trace and so the total error in the measurement of the current is
6%. A typical current of 5 amps would give an error of + 0.3 amps.
For the filament the resistance at room temperature was measured
as 0.4131 ohms, Using our estimations of measuring the resistance,
the resistance of the filament was 0.4131 + 0.04 ohms, The
resistance could be measured to an accuracy of 10%.

To find the resistivity we also need to know the cross sectional
areaz and the length of the filament. The length of the filament
was measured with a travelling microscope giving an error of 0.002 cm
in 6 cms a very small error indeed. The width was also measured
with a travelling microscope and the thickness was given by the
makers with an error of + 5%. The change in these parameters during
the flash can not be estimated and the values used all refer to room
temperature.

The total error in the resistivity will be 15%. For a

- - -6
resistivity of 40 x 10 6 ohms cm 1 the error would be + 6 x 10 = ohms

cm . In order to find the temperature we have to look up these
values on a graph.

A resistivity of 40 x 10—6 ohms cm-1 would give a temperature
of 1000 X. The error in the resistivity would give possible tem-
peratures of minimum 850 K and maximum 1160 K giving a total error

in the temperature of still 15%. However we only need to know that
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the change in temperature with time is a straight line and this
method enables us to show that. Since the method also enables
us to measure the temperature directly rather than meking as-
sumptions about the temrerature relationship between two similar
flashes it is a better method.

The temperature is also measured with an optical pyrometer
but not during the flash. The optical pyrometer shows the tem-
perature always reached a similar temperature maximum within + 50K
for a given current. The maximum temperature for a range of
currents were measured and the maximum temperature expected during
the flash could be calculated. This was compared to the temperature
calculated from the oscilloscope trace and in all cases they compared
favourably, they were always within 100 % of each other.

By measuring the temperature and checking the maximum temperature
the value of the temperature obtained is very reliable,

4.4.3 Errors in Measuring the Pressure

The pressure measurement in the system during the flash is
probably the most important part of the experiment. The factors
effecting the accuracy of this fall into two categories. The actual
measurement of the pressure and secondly the external effects which
alter the pressure due to the desorption from the filament. The
design of the apparatus and experimental precautions try to eliminate
the latter.  Assuming that the pressure rise is just due to the gas
desorbing we wish to estimate how accurately it can be measured.

The pressure increase is very rapid and the oscilloscope must
have a fast response time so it is capable of measuring such a quick

increase. Rough experiments indicate that the measuring device
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copes very accurately with fast pressure increases. So we can
assume the error in the response of the gauge is very small and
the pressure read off the oscilloscope corresponds to the time and
therefore temperature indicated.

The pressure trace suffers from mains interference which
appeared to come from the ion gauge control unit. This increased
the width of the trace slightly and effected the accuracy of the'
results slightly. The pressure itrace was transferred onto log
graph paper using the enlarger so that the pressure could be
directly read off the log graph paper. Limitations imposed by
the enlarger used meant that 10 cycle log graph had to be used and
since each cycle on the graph paper was not very large it meant
the accuracy in reading off the pressure suffered especially at
the upper end of the cycle.

In any one order of magnitude the pressure can be read off
to an accuracy of 1% in the lower range but in the higher region
an accuracy of 10% was the best that could be obtained. An average
value of the uncertainty of the pressure throughout any one range
would be + 5%. A pressure of 1 x 10_8 torr would have an error
of + 0.1 x 1078 torr.

4.4.4 Error in leasuring the Rate of Desorption

The terms involved in measuring the rate of desorption are a
constant, the pumping speed, the pressure, the rate of change of
pressure with time and the volume. The error in the pressure is 5%
and the error in measuring the volume is very large since only an

approximate method is used. The volume of the system was calculated
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to be 3.5 litres. A reasonable error in this would be 10%, The
measurements for the system were obtained either by direct
measurements or from the vacuum generators catalogue.

There is also a large error involved in the estimation of
the pumping speed. The pumping speed calculastion involves using
the pressure, volume and the time. The error in the pressure
measurement and the volume together would come to 20%. The time
can be measured accurately to 0.004 seconds. Over =z one secoéd
period of time the error is less than 0.1%., Total error involved
in measuring the pumping speed is 20% which seems a very conservative
estimate, |

The error in measuring dp/dt will also be large because
gradients are being measured. Fig. 54 shows the graphs and the
tangents to the graph. A small change in the gradient gives a very
large change in the value of dp/dt. The difficulties in drawing
gradients was the main problem although with great care reasonable
attempts were made. An accuracy of 10% is the best that could be
expected.

The total error in measuring the rate of desorption will be
500, This may seem very large but when we consider that we are
trying to count the number of molecules leaving a surface in a
certain time we would expect a very large error. It is more
valuable as an order of magnitude calculation and looked upon in
this light the error value is reasonable.

15

For a value of the rate of desorption of 3.38 x 10 molecules
per sec per cmz, the error value would be very small when we

consider the importance of the parameter we have just measured.
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4.4.5 Error in Calculating the Surface Coverage

The rate of desorption is used to calculate the surface
coverage. A graph is drawn of the rate of desorption against
time. However the values of the rate of desorption can vary by
+ 50% and this has an effect of increasing and decreasing the
area underneath the curve as shown in Fig. 55 .

The area under the graph is either increased or decreased
by 50% and so the total surface coverage is either increased of
decreased by 50%. A typical value of the surface coverage
8,28 x 1014 molecules per cm2 would have an error factor of + 4 x
1014 molecules per cm2. So in this case the total surface coverage
could vary from 0.4 monolayers to 1.2 monolayers with the most
likely value being 0.8 monolayers.

This shows the value of the technigue that it can detect very
low surface coverages with not too great an error involved.

4.,4,6 The Order of Reaction

The order of reaction itself is taken to be either one or two
and because of this one cannot consider it an error. We can
consider how the errérs in the other parameters effect the decision
as to whether it is a first or second order reaction.

When plotting the graphs one should, instead of placing a dot
where the point is, place a line which covers all possible values
due to the errors involved in all the other parameters as shown in
Fig. 56 . In some cases this might make it easier to judge whether

the reaction is first or second order.
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FIG. 56 Gravhs Used to Determine the Order of Reaction.
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4.4.7 The Experimental Energy of Activation

This is calculated from the gradient of the graph of the
change in the rate constant against the reciprocal of the tem—
perature. Once again the errors in the points need to be taken
into account, both the error in the rate constant and in the
temperature.

The error can be estimated from the graph. The best straight
line through the points was drawn to give the correct value of the
activation energy. Two other lines parallel ito this are drawn
through the two extreme points above and below the first line.

The diagonals of the rectangle are now drawn in and the gradient
of each of the diagonals calculated. This gives a maximum and
minimum value for the activation energy for the points drawn on
the graph. This is shown in Fig. 57 . The error in calculating
the activation energy can be found by comparing the maximum and
minimum values with the mean value. If this procedure is repeated
for many sets of values an average error for the whole experiment
can be found.

The error in célculating the activation energy was found to

be + 5% over the series of experiments.
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FIG. 57  Greph Used to Measure the Error in the Activation
Energy.
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5 _CARBON IMONOXIDE RESULTS

5.1 PUMPING SPEED

51,1 Theory

The pumping speed S in litres per sec is defined by

dp/dt = -5 P_/V ceee (5-1)

where V is the volume of the system and Po is the pressure.

Where

P =P ~-P
(o] e

- cees (5-2)

and Pequ is the equilibrium pressure, At equilibrium Po is zero
and so the change in pressure with time is also zero. The leak
rate is never zero because of degassing and although the leaks
can be minimised it is very hard to eliminate them completely.
At the equilibrium pressure some pumping is occurring and it is
only the calculated pumping speed which is zero. By integrating
(5-1) assuming the pumping speed is constant, setting P = P1 at

1t = t1 end P = P2 at t = t2 then

S
ln 2 equ’ - = = (t1 - t2) veoe (5=3)
If the equilibrium pressure is negligible compared to P2 and P1

the equation simplifies to

P
2 S -
ln—é'; = 'v‘ (t1 - t2) v o e e (5 4)

however this is not always valid.
4 graph of the left hand side of equation (5-3) against t
should give a straight line of gradient 2.303 S/V from which the

value of S can be found., By substituting the values into equation

(5-3) the value of S may also be found.,
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The pumping speed calculated is the total pumping speed due
to all processes which reduce the number of molecules in the
system. This includes the pumps, the pumping of the pressure
gauge, adsorption onto the walls of the system and any other
pumping mechanism,.

The pumping speed needs to be calculated so that the number
of molecules lost by pumping can be calculated and this is used

to compensate for the molecules lost, in the calculation.

5.1.2  Calculated Pumping Speed

The pumping speed is éalculated from the drop in the pressure
at the end of the flash., This is shown in Fig. 58 for a carbon
monoxide experiment. Ry substituting the values obtained into
the equation the pumping speed is calculated. Fig. 59 show; the
pumping speed falls as the equilibrium pressure is approached.
This graph of the change in pumping speed against pressure shows
the pumping speed falls off rapidly.

The pressure at the end of the flash varies over two or
three orders of magnitude and so it is possible to get a graph of
pressure against pumping speed using a series of desorption
experiments. This graph for a set of experiments is shown in
Fig, 60 ,

The pumping speed is not constant over the whole pressure
range and this should be taken into account when calculating the
rate of desorption., Fig. 61 shows, over an order of magnitude
above the equilibrium pressure)the pumping speed varies rapidly
and linearly over a short pressure region, Fig. 60 shows the
pressure against pumping speed graph and that the pumping speed

does not change greatly at higher pressures.
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FIG. 60 Grarh Showing Measured Pumping Speed Against
Pressure for a Series of Carbon lonoxide Expveriments,
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By plotting a graph of the variation of pumping speed with

Pressure the value of the pumping speed at any pressure can be
calculated and substituted into the equation. A constant value
Afor the pumping speed is obtained at pressures two or three
orders of magnitude above the équilibrium pressure.

- 5.2 EXPERTMENTAL PROCEDURE

5.2.1 Cerbon Monoxide

In initial U.H.V. studies carbon monoxide serves as a
valuable molecule for a variety of reasons. Carbon monoxide
does not contaminate the vacuum system unlike some other gases;
can be easily pumped by most vacuum pumps and gives realistic
readings on'the vacuum gauges used. Carbon monoxide is a
relatively simple molecule so that interpretation of the results
is relatively straightforward. For these reasons, many para-
meters relating to carbon monoxide have already been determined
from U.H.V., studies.

5.2.2 Pump Down Parameters

After the system had been purged out and baked the pressure
in the vacuum system was reduced to 5 x 10-11 mm Hg., Experiments
were now performed to investigate the maximum temperature
obtained when a particular current,read off an ammeter,was
used. The filament was flashed and by observing it through an
optical pyrometer the maximum temperature obtained during the
flash could be measured. This was repeated for a range of current
values. It was found for a particular current that the maximum
temperature obtained was nearly always the same within + 50 K.

The readings on the ammeter could now be used as a guide in

estimating the maximum temperature during the experiment.
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The background photographs that were ob&ained prior to
the CO adsorption are shown in Fig, 62 ., The essential
features are that there is only one clear background pesk
seen which is a very sharp peak on the high temperature flaéh
photograph and at lower temperatures this peak spreads out
but is not resolved into more than one peak. The background
is also seen to be relatively small at temperatures up to
2000 XK. A very large rise in background pressure occurs at
temperatures greater than 2000 XK to a steady pressure of

:> 10"7 mn Hg. |

The peak seen in the background is probably due to one
of the background gases but when the size of this is compared
to the peak obtained from carbon monoxide the ratio is foﬁnd
to be only about 1:100.

The large high temperature background peak could be res-
ponsible for masking any high temperature pezk from CO. In the
case of carbon monoxide no high temperature (> 2000) peaks were
found.

Adsorption of the background gases was allowed to take
place over a range of adsorption times similar to those to be
used in the experiment itself. This meant for any particular
adsorption time, the background spectrum was known and could be

allowed for in the calculation.

563 CALCULATED PARAVMETERS FROM THE OSCILLOSCCPL TRACE

5e¢3e1 Preliminary Investigation of the Peaks

The gas to be investigated was allowed into the system and
a series of experiments were performed. The adsorption time

was varied and photographs of the oscilloscope trace taken during
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a flash. The current and hence the rate of temperature rise
and maximum temperature was altered and a further series of
experiments was performed. This latter experiment allowed us
to obtain the best possible resclution of the peak.

A high temperature flash ( > 2000 X) was observed and
two peaks were seen. Bach of these occurred at a temperature
much less fhan the maximum obtained on the high temperature
flash which was 2200 K, No peaks were observed at very high
temperatures but it is possible any small peak could have been
masked by the background, A very low temperature flash showed
there were no peaks at very low temperatures even at very long
adsorption times. A trial and error method revealed the flash
current and temperature at which best resolution of the peaks
occurred. This was found to be at a meximum temperature at
the end of the flash of 1700 K.

Table 9 gives the data for a typical series of experiments
at various adsorption times. The table shows the temperature
maximum at the end of flash is approximately constant, varying
over only 60 K which is within the error calculated for measuring
the maximum temperature. The carbon monoxide was leaked into
the system whilst the system was being pumped and this is why
the adsorption pressure varies even thoush attempts were made 1o
Yeep it at 1 x 107! mm Hg. Attention to other details and

adjustment of the apparatus meant control of the adsorption

pressure wes significantly eesier at the larger adsorption times.

56362 The Temperature Rise

A typical graph of the rise in temperature with time is
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Table 9. Typical Data for a Series of Carbon Monoxide
Experiments.
Adsorption Estimated Initial Adsorption Reading
Time Final Pressure Pressure &c
In Minutes Tempﬁrature « 109 mm Hg | x 108 —_— Current
1 1920 22 15 16
2 1960 20 7.6 16.5
3 1920 20 18 16
5 1920 10 4.4 16
10 1960 2 15 16.5
15 1920 5 13 16
30 1900 3 10 15.5
60 1920 2 10 16
120 1920 2 15 16
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shown in Fig. 53 . The graph is linear over the first 0.6 secs
and flattens out at the maximum temperature., Graphs similar to
this were obtained for all flashes. All reach the maximum tem—
perature after about 0.6 secs and so the shape is similar, the
only change is the maximum temperature obtained and the gradient
of the graph during the initial 0.6 secs.

The temperature rise over the linear region i.e., the

first 0.6 secs is of the form

T=T0+'m cees (5=5)

where To = 300 X and b varies with the particvlar temperature
meximum but when the maximum temperature is 2100 K, b is equal
to 3000 X sec™ !,

For a temperature rise to a particular temperature maximum
in each case the graphs were found to be identical within the
limits of experimental error. Table 10 and 11 show a typical
set of values obtained when the temperature is calculated from
the oscilloscope trace. The voltage and current are worked
out from the values obtained directly from the oscilloscope
trace and the temperature is found after calculation of the
regsistance and resistivity.

5.%.3 The Pressure Rise

The pressure scale on the oscilloscope was logarithmic,
The output of the gauge was 0.2 volts per decade. By setting
the oscilloscope trace to 0.2 volts per cm, each cm on the grid
corresponds to an order of magnitude rise in pressure. To
improve the accuracy in the reading off of the results the

negative was enlarged onto semi-log graph paper so that each

centimetre on the oscilloscope grid covered one order of magnitude
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FIG, 63 Graph Showing the Temperature Increase Against Time,
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Table 10. Data Used to Calculate the Temperafure Rise 1.
Time in yoltage Current | Resistance Resistivity Temperature

secs in volts | in amps in ohms x 10% ohm o in K
0 1.44 4.90 0.2938 13 290

0.04 1.48 4.88 0.3032 18 410
0.08 1.52 4.86 0.3127 23 510
0.12 1.54 4.84 0.3181 26 590
0.16 1.58 4.80 0.3291 35 840
0.20 1.62 4.78 0.3389 40 970
0.24 1.64 4.76 0.3445 43 1060
0.28 1.66 4.74 0.3502 46 1140
0.32 1.70 4.72 0.3601 51 1280
0.36 1.72 4.70 0.3659 59 1510
0.40 1.76 4.65 0.3783 64 1660
0.44 1.76 4.58 0.3845 70 1840
0.48 1.76 4.58 0.3845 70 1840
0.52 1.76 4.58 0.3845 70 1840
0.56 1.76 4.58 0.3845 70 1840
0.60 1.80 4.58 0.3959 73 1920
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L Table 11. Data Used to Calculate the Temperature Rise II.
Time in | Voltage Current . istivi
Secs in vo?ts in amps Resistance iejoét;;;ti-] Tem?iriture
0 1.32 2.97 0.4444 13 290
0.04 1.34 2.96 0.4511 17 390
0.08 1.36 2.95 0.4610 23 - 510
0.12 1.37 2.95 0.4644 26 590
0.16 1.39 2.94 0.4711 30 700
0.20 1.4 2.93 0.4778 34 800
0.24 1.42 2.93 0.4846 38 930
0.28 1.44 2.92 0.4914 43 1060
0.32 1.46 | 2.91 0.5017 49 1230
0.36 1.47 2.90 0.5051 52 1300
0.40 1.48 2.89 0.5138 57 1450
0.44 1.49 2.88 0.5173 - 59 1510
0.48 - 1.50 2.88 0.5208 61 1560
0.52 1.50 2.88 0.5225 63 1640
0.56 1.51 2.88 0.5243 64 1660
0.60 1.51 2.88 0.5243 64 1660
0.64 1.51 2.88 0.5243 64 1660
0.68 1.51 2.88 0.5243 64 1660
0.72 1.51 2.88 0.5243 64 1660
0.76 1.51 2.88 0.5243 64 1660
0.80 1.51 2.88 0.5243 64 1660
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on the logarithmic scale. The oscilloscope scale had previously
been checked to ensure it was accurate.,

A diagram of the photograph of the oscilloscope display
‘and an actual photograph obtained for a flash are shown in
Fig. 64 . The total pressure is corrected for the background
Pressure rise throughout the flash so the pressure increase ob-
tained is due to the desorption of the sample gas only.

The variation of pressure with time is shown in Fig. 65
together with the background pressure and also the actual pressure
rise due to CO only.

Table 13  shows the variation of the pressure rise due
only to the CO with adsorption time. The higher temperature
peak is present throughout the range whilst the lower temperature
pezk appears after five minutes adsorption time. The lower tem-
vrerature peak will be referred to as the ©< peak because it is
desorbed at temperatures less than 1000 K and the higher tem~
perature peak, the /3 peak, The surface coverage of both pezks
increases with adsorption time. With an adsorption time of 120
minutes the pressure increase for the /9 peak is of the order of
three orders of magnitude and the oc peak over two orders of
magnitude.

Graphs of the actual pressure rise due to desorption of CO
against temperature for both the o€ and A peaks are shown in
ig. 67 »

The o€ peak does not appear until after five minutes adsorption
time which means the P peak can be analysed for short adsorption

times and the experimental parameters thus found for the }3 peak
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Table 12. This Table Shows the Measured Pressure, the Pressure Rise
tinus the Equilibrium Pressure and the Actual Pressure Rise
Due to the Desorption of Carbon Monoxide For a B Peak.
Time Temperature Measured Pressure Actga] Pressure
. ) Pressure Rise Rise Dge to
in secs in K 9 9 Desorption of
x 107 mm Hg | x 107 mm Hg | Carbon Monoxide
x |07
0 290 2 0 0
0.04 390 2 0 0
0.08 440 2 0 0
0.12 510 2 0 0
0.16 660 2.2 0.2 0 No
0.20 740 2.4 0.4 0 Peak
0.24 970 2.4 0.4 0
0.28 1040 2.4 0.4 0
0.32 1140 2.4 0.4 0
0.36 1200 2.7 0.7 0.3 N
0.40 1340 4.0 2.0 1.0
0.44 1450 7.5 5.5 3.0
0.48 1550 12 10 7.5
0.52 1600 18 16 12
0.56 1660 20 18 14.5
0.60 1660 18 16 : 13
0.64 1660 15 13 10.5 ﬁ Peak
0.68 1660 10 8 5.7
0.72 1660 6.5 4.5 2.5
0.76 1660 5.2 3.2 1.2
0.80 1660 4.7 2.7 0.7
0.84 1660 3.7 1.7 0.2
0.88 1660 3.5 1.5 0.1
0.92 1660 3.5 1.5 0
0.96 1660 3.5 1.5 0
1.00 1660 3.5 1.5 0
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FIG, 64, Oscilloscope Trace Obtained for a Typical Carbon
lonoxide Exveriment,

)
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FIG, 6 Graph of Pressure Against Time, Showing the Background
and the Actuel Rise in Pressure Due to Carbon Monoxide
Desorption,
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10‘6"
Actual rise in
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Table 13.

The Increase in the Peak Height Due to the Desorption

~215-

of Carbon Monoxide with Adsorption Time.

Adsorption Actual Pressure Rise due to CO
Time
in mins oc peak max P peak max
pressure x 109 pressure X 108
1 1.3
2 1.45
5 1.44 6.3 .
10 5.8 11.3
15 12.2 59.0
30 20.4 74.0
60 46 104.0
120 343 175.0
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are used to eitrapolate the /3 peak into the area when the o<
and /3 peaks overlap,

A schematic diagram of the increase of the overlap between
the ©¢ and p vpeaks is shown in Fig. 66 . In the region
where the two peaks overlap the contribution of each peak to
the pressure rise needs to be assessed so this could be used in
the analysis of the results.

54 TEE CALCULATED FARAMETERS

541 The Rate of Desorption

Fig. 68 shows a graph of the pressure rise due to the
desorption of CO against time together with a graph of dp/dt
and also rate of desorption both plotted against time. The rate
of desorption was calculated by substituting in Equation (4-32),
This meximum value of the rate of desorption for the /3 peak
was found to be 3 x 1O12 molecules cmm2 sec“1 at one minute
adsorption time and 4.2 x 1012 molecules — sec™! at two hours
adsorption time.

Tn the case of the ©C peak the rate of desorption was found
to be lower than for the B peak and the meximum value of the

15

rate of desorption after 2 hours adsorption time was 1 x 10
=2 =1
molecules cm sec .

A graph of (dn/dt)t against t is shown in Fig. 69 . Values
are shown in Table 14 for the rate of desorption for a flash
which shows both an o€ and a A peak; both peaks are clearly
resolved.

The graph of rate of desorption against time for both peaks

is used to calculate the surface coverage.
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Schematic Diagram Showing Rise of o< and B peak
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Graph of Pressure Rise Against Temperature for an o<

and (3 Peak,
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FIG. 68 Graph Showing 1) P against t, 2) dP/dt against t,
5) dn/dt azainst t.
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Graph Showing the Rate of Desorption Against Time for
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Table 14. Rate of Desorption Data for the o¢ and p Peak.
Time dn/dt o¢ peak dn/dt A peak Temp
in secs x 10712 x 10714 in K
molecules sec”| molecules sec™!

0 0 300
0.04 0.28 400
0.08 3.3 440
0.12 33.0 520
0.16 53.1 670
0.2 10.4 740
0.24 4.3 é60
0.28 0 0 1030
0.32 0.04 1140
0.36 0.08 1200
0.4 1.1 1350
0.44 10.2 1460
0.48 24.1 1590
0.52 84.8 1600
0.56 0.11 1630
0.6 0 1650
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5.4.2 The Surface Coverage

The surface coverage is calculated by counting all the
holecules which have been desorbed from the surface during the
flash. This is done by integrating numerically dn/dt, i.e. by
calculating the total area under the curve. The number of
molecules remaining on the surface at a particular time t is
calculated by subtractiing from T, vwhich is the total surface
coverage, the number of molecules which have been desorbed at
timege, this gives S the number of molecules left on the
surface at time t. 6 is given by the area under the curve from
t =0 tot=1t. The graph of rate of desorption against time
is shown in Fig. 69 .

Values are shown in Table 15 of thé variation of surface
coverage with time and the ratio of the surface coverage to the
total surface coverage S oe The ratio of O%/gb - can be used
to estimate the order of reaction.

Table 16 shows the variation of the total surface coverage
with adsorption time for both the oc and B peak, The surface
coverage of the Y2 peak varies from 3/100th of a monolayer at
one minute adsorption time to 1/6th of a monclayer at two hours
adsorption time. The o¢ peaks surface coverage changes from
1/10000th of a monolayer after five minutes adsorption time to
1/10th of a monolayer after two hours adsorption time. A graph
of total surface coverage, the sum of both the o€ and B peaks,

against time is drawn in Fig. 70 »
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Table 15. Surface Coverage Data.
Time in | Surface Coverage Surface Coverage
secs of E?; o< peak of E?Zel [ peak —g—:—z-
x 10 molecules | x 10 molecules

0 3.07 1
0.04 3.02 .983
0.08 2.68 .873
0.12 1.38 .449

o peak

0.16 0.18 .059
0.20 0.002 .0006
0.24 0 0 0
0.28 1.56 1
0.32 1.55 .998
0.36 1.54 .989
0.40 1.44 .925
0.44 1.01 .649 B peak
0.48 0.54 .348
0.52 0.04 .027
0.56 0.01 .008
0.60 0 0
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Table 16. Increase of Surface Coverage with Adsorption
Time for the =< and 3 Peaks.
Adsorption Surface Surface
Coverage Coverage
Time M;zzﬁgjgrs Moﬁ2$§§zrs
1 0.0037
2 0.0048
5 0.0001 0.017
10 0.0008 0.031
15 0.003 0.15
30 0.008 0.17
60 0.011 0.29
120 0.15 0.61
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5¢4.3 Desorntion Kinetics

The kinetics are defined by the equation
Jx
k at a given temperature is the rate constant of the reaction.

k = (an/at) /Lo - o1* = Ae"E/RT eene (5=T)

ln(dn/dt)t/]:o‘o—e_:[xz Ini - = veee (5-8)

A graph of the left hand side against 1/T should be a
straight line for the correct value of x, the order of reaction.
The correct value of x, which will be either 1 or 2 can be

found.

The slope of the line is E/R and so E can be found and
finally using equation (5-8) A can be calculated. The rate
constant can also be found and the change of this with tem-
perature is shown in Teble 17 and Fig. 71 .

The order of reaction was found by a second method of
plotting a series of graphs of Cft/cr o against t for various
values of CTO. The shape and general trend of these graphs
suggested the order of reaction was first order for both
desorption peaks which supported the value of the order of
reaction obtained by the other method. The graphs of ln(dn/dt)t/

L T - 6]~ against 1/T are shown for the & and 3 peak in
FPigs. 72 and T3 respectively. The graphs of g/ T, against
t are shown in Fig. T4 .

The possibility of mixed order kinetics was also investigated.
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Table 17. Rate Constant as a Function of Temperature.
Temperature 1/T K Rate

K « ]0—4 Constant

740 1.35 -

970 1.03 0.747
1040 0.96 2.255
1140 0.87 5.485
1200 0.83 20.76
1340 0.74 76.66
1450 0.68 216.28
1600 0.62 241.09
1660 0.60 241.93
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FIG, 71 Variation of Rate Constant with Temperature for the o

Peak after Adsorption Time of 120 Minutes.
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FIG, 74 Graph ofgfﬁ[gro against Time for the oL and P Peaks.
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The equation for mixed first and second order kinetics is

(in/at), = k,0p + kK, otz cees (5=9)

where k1 is the rate constant for the first order desorption and

k2 is the rate constant for the second order desorption,
(dn/dt)t/(yt = k, + k,0 cees (5=10)

A graph of the left hand side against Crt for a series of values
of CT% 211 at the same temperature in each of the runs should give
a straight line if mixed order kinetics are responsible for any
spread in the value of the order of reaction. This graph showed
a spread in the points with no clear straight line through the
points and this suggested any discrepancy in the order of reaction

calculated was due to errors in the number obtained.

5.4.4 The Sticking Probability

The sticking probability was calculated from the ratio of the
number of collisions made by the molecules in the adsorption time
to the number of molecules on the surface. The number of molecules
on the surface was given by the surface coverage and the number
of collisions was calculated from the kinetic theory. By sub-
stituting the values in the equation, the sticking probability
was found to be 0.2, i.,e. approximately one in every five collisions
lead to a2 bound molecule,

When calculating the surface coverage the total number of
molecules on the surfacé was used, that is the sum of both the &¢

and ﬁ peaks.,
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5.4.5 Activation Energy

The experimental energy of activation was found by
measuring the gradient of the graph of 1n [(dn/dt)t/(cjb-(at)%]
against 1/T. The gradient is equal to Aerxp/2.305R. This is
done for the correct value of the order of reaction. The graphs
when x = 1 for the ©¢ and ﬁ peaks are shown in Figs. 75
and 76 respectively. The values obtained for the activation
energy are shown in Table 18, |

The values obtained for the «C peak for 5 and 10 minutes
adsorption time are subject to a large error because of the
small number of points on the graph, It was thought the_values
obtained are from the extremes of the graph and not very
accurate but it is possible they could be due to a change of
activation energy with surface coverage. The average values
for the activation energy were 34.7 k joules mole'—1 for the
peak and 183%.9 k joules mole ™! for the p peak. The values ob-
tained would suggest both peaks are due to chemisorbed species
but the o€ peak may indicate physisorbed material with an
unusually high adsorption energy.

By substituting into the Arrhenius equation the pre-
exponential function can be calculated. The pre-exponential
functions were found to be 10'% &7 and 10 &~ for the p and

¢ peaks respectively.

5¢5 THE TEERNODYNAMIC PARAMETERS

5¢561 The Temverature and the Enthalpy of Activation, é&ﬁ#:

We take the temperature of the reaction to be the temperature



23

FIG. 75 Graph Used to Calculate the Experimental Energy of
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FIG, 76 Graph Used to Calculate the Experimental Energy of
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t

(an/ at),

1n © =5,

o}

100 T

10

10

'Y
v

-
-

1071

0.6 0.7 0.8 0.9 1.0

1/7 % 10° in K~




-236~
Table 18. The Spread of Activation Energies.
Adsorption A Eoxp O PeAK A Eoxp B Peak
tTme n
minutes in k joules mole™] in k joules mole”]
1 185
o2 155
5 (60) 168
10 (48) 193
15 33 193
30 33 231
60 28 185
120 28 147
Average 32.7 184
Error + 5 + 30
NTAND ARD DEViAT'O“ =5 T24%°5
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of the maxima in the rate of desorption against time graph.
For the & peak this temperature is found to be 700 K and for
the ﬁ peak 1600 K,

The enthalpy differs from the experimental energy of
activation by a term RT, st;f was found to be 20.4 k joules

mole-1 and L&HZ? = 170.5 k joules mole-1.

5.5.2 The Entropy

The entropy of activation gives information about the state
of order or disorder which exists on the surface i.e. whether
the molecules are mobile or stationary.

The entropy is found by substituting the values in equation
(4-60). The entropy of activation of the p peak at 1600 K was

found to be 5Jc>u¢é$1{_1 mol-‘l and for the o< peak at 700 X

~ 6T seads k™! mo1”t,
Using the Sackur Tetrode equation which is equation (4—- 57)

the ratio of the partition functions can be found. For the CC

peak

(F/F)e = 1077 veee (5-11)
and for the/}peak

/2,), = 10%° cere (5-12)

A sumary of the experimental results 415: given in Table 19,

5.503 Mass Spectrometer Results

The Tesults obtained for the desorption of carbon monoxide
from tantalum are shown., Standard gases were used to establish the
linearity of the mass scale, with slight discrepancies of m/e

> 100 (error not more than + 2 mass units).



Table 19.
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Summary of Data Obtained.

Parameter

Temperature of Maximum
desorption rate, TO

Order of reaction

Rate constant at T0

Experimental energy
of activation

A factor

F/F)

Entropy

Enthalpy

o< peak

700 K

First

30 sec”!

32.7 k joules mole

107 sec”!

1077

~LCOseuks K mole”

1

1

20.4 k joules mo]e_]

B peak

1600 K

First

23 sec”]

184 k joules mole™!

10]4 sec—]

1

5.30ua&5K—] mole

170.5 k joules mo]e—1
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The backgﬁound spectrum obtained from the system before
the carbon monoxide experiments is shown in Fig., 77 . The
mass 28 peak is the largest from the "boiled off" nitrogen.
Other relatively small peaks are seen at mass 2, 14, 16, 17, 18
arising from traces of hydrogen and water.

The spectrum of Fig. 77 was obtained whilst carbon
monoxide was being adsorbed. The size of the mass 14 peak due
to atomic nitrogen can also be used as an indication of the'
amount of molecular nitrogen contributing to the mass 28 pesk.
From this it was estimated 905 of the mass 28 peak was due to
the carbon monoxide.

A spectrum after the flash is shown in Fig. 77 where
any increase in any of the peaks is due to any desorption from
the filament., The only peak which increased was the mass 28
peak and all other peaks remain the same within the limits of the
recording apparatus. The effect of the system on the desorption
mass spectrum must be carefully considered. The mass spectrum
takes several minutes.to run and if the pumps are still open to
the system one desorbed species could be preferentially pumped
and reactions with the wall of the cell could effect the desorbed
species. Also the lifetime of some of the desorbed species
must be taken into account. From the evidence of the mass spectrum
the only peak to increase was the mass 28 peak due to the desorp-
tion of carbon monoxide. The mass 12 and 16 peaks appear to
increase very slightly but this may be due to variation in pressure
and response of the recording device., The other peaks except for
a slight trace of’nitrogen were not detectable. There was no

peak at the upper end of the spectrum indicating that no tantalum
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Mass Svectira of the Desorption of Carbon Monoxide.

Background
2 14 18 28 32 44
n/e
Spectrum when carbon
monoxide was being
adsorbed
i
: 28
n/e
Spectrum during flash
28



~241=

was being desorbed in species such as TaCO, TaC or Tal0, No
dissociation was seen to occur and no complex radical formation
with the tantalum. The only desorbed species found was the
carbon monoxide molecule.

Two pressure peaks were seen in the flash desorption of CO
from tantalum. Mass spectrometric scans during the flash showed
that desorption of carbon monoxide molecules only was occurring
throughout each desorption pezk. Only the pezak at m/e = 28
showed measurable changes throughout the flash,

All the peaks seen on the mass spectrum were followed
through the flash, The only peak which increased appreciably
when the filament was flashed was the mass 28 peak. A very slight
increase was seen in the 12 and 16 peaks but even on a low
sensitivity the increase was only very small and little information
could be gained from this.

The mass spectrometer could be used as a partial Pressure
measuring device. Ixperiments prior to the flash had shown that
the ion current when the mass spectrometer was set on the mass
28 peak was propoitional to the pressure. A straight line was
obtained when a graph of the ion current was plotted against
Pregsure. The mass spectrometer could be used in place of the
trigger gauge and the same method of analysing the results should
give the experimental parameters., The trigger gauge is still
preferable to the mass spectrometer as a pressure measuring device
because it is capable of accurately detecting much lower pressures
and the response time is much quicker.

The only peak seen to increase appreciably during the flash was
the mass 28 peak and the peaks 12 and 16 increased only slightly.

The other peaks followed 2, 14, 27, 29 and 44 showed no increase

at all.
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5.6 ANALYSTS OF THE REBSULTS

5.6.1 Introduction

The informetion obtained needs to be combined so that we can
meke feasible deductions about the reactions taking place on the
surface. A detailed discussion is given in later sections but the
main conclusions can be summarised zs follows. The Presence of
two pezks in the desorption spectra show there are at least two
desorbed states. The mass spectrometric results show only one
species, mass 28, is desorbed during both pressure peaks; i.e,
carbon monoxide in the mblecular form is being desorbed from two
differently bonded states on the surface. The direct surface
studies indicate the surface is tantalum only, both before and

after the reaction.

5.6.2  QObserved Changes in the Pilament

Direct observations of the filament were made by electron
microscopy and X-ray diffraction. These both indicated that no
compounds of tantalum had been formed on the surface. The electron
microscope showed»only changes in crystal structure and etching
due to the heat treatment as exvected. The X~ray diffraction
pattern was identical to that of the unused filament with the
exception that the lines were somewhat blurred because of the
crystals formed on heating.

Previous evidence from a field emission microscope suggests
that dissociation occurs when carbon monoxide is adsorbed. The
carbon monoxide pattern was found to be converted to an oxygen
pattern after a few seconds at 1550 K (94).

No high mass peaks up to m/e = 200 were found when the mass

spectrum was analysed and this shows no tantalum compounds were
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desorbed during the flash, Results for the desorption of carbon

nmonoxide from cther transition metals have shown no dissociation

occurs on the surface (96),

5.6.3 Iinetics of Desorption

In these experiments the sticking probability for carbon
monoxide on tantalum was found to be 0,2, This compares favourably
with the value of 0.14 obtained by Gasser (97) for the adsorption
of carbon monoxide on tantalum, Similarly the sticking probability
was also found to be independent of temperature.

Gasser found the meximum surface coverage was 3.3 x 1O14

14

molecules cm_2 compared with 7 x 10 from the present study.
With a surface roughness factor of unity Gasser's value corresponds
to a carbon monoxide/surface tantalum atom ratio of 1:4.

The order of reaction was found to be first order for both
the ©¢ and /3 peak. Gasser found the order of reaction for his
desorption curves also to be first order over a much reduced tem-
perature range. Similar behaviour has also been observed for the
carbon monoxide-tungsten system(96).

The experimental energy of activation was found to be 33 k
joules mole” ! for the ©< peak and 185 k joules mole”! for the Je
peak. The high value of the activation energy for the B peak
suggests it is chemisorbed with some form of chemical bond holding
the molecule to the surface. The ©< peak may also be chemisorbed
but the low value of the activation energy could allow the
possibility of it being physisorbed. These are similar orders of
magnitude to the adsorption energies for the o< and /A Peak on
other transition metals (96). King (23) found activation energies

. -1
for carbon monoxide on tungsten of 220 k joules mole for the ﬁ

peak and 100 k joules molem1 for the <K< peak,
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The pre-exponential function was found to be 1014 sec_1 for
the B peak and 107 sec™ for the o< peak. A value of 100 sec™!
for the pre-exponential factor has frequently been assumed in

evaluating Arrhenius activation energies in similar studies (92).

5.6.4 HNature of the Adsorbed Species

The desorption spectra indicate that there are at least two
desorbed species, the ©C ang ﬁ states. Similar states are
found for the desorption of carbon monoxide from tungsten (23).
The }3 peak for tungsten is split into several peaks but this is
probably due to adsorption on different crystal faces,

The << state for tantalum does not appear until the B state
is firmly established on the surface. This is similar to the
results obtained for the behaviour of carbon monoxide on tungsten
by Redhead (92). Conversion from the o< state into the B state
is a possibility after adsorption. The carbon monoxide molecules
which are adsorbed in the oC state move around the surface until
an unoccupied ﬁ state is found. At low adsorption time most of
the molecules would be desorbed from P states, The oc sites do
not fill up appreciably until most of the ﬁ sites are filled. It
was assumed that there are 1015 sites per cm2 but this is only a
very apprroximate value and the precise number of ﬁ sites on the
surface is unknown, The possibility of conversion from the ocC
state to the F state for the adsorption of carbon monoxide on

tungsten has been considered by King (23).

Field emission studies have been performed by Klein ang Leder (94)

for the system carbon monoxide on tantalum. " They found three states

which were desorbed at temperatures of 125 K, 650 K and one at

greater than 900 K. Our investigations started at temperatures



245

above 125 K but two peaks were found, one which occurred with a
maximum rate of desorption at 700 K, and one with desorption
meximum at 1600 K. Xlein found that at higher temperatures the
tantalum oxide field emission pattern was obtained and at 2000 X
a clean field emission pattern was obtained.

When & tantalum filament is heated above 2400 X in an atmos-—
phere of carbon monoxide then an irreversible adsorption of carbon
monoxide takes place. This was explained by Scheer and Fine (99)

in terms of the eguation,

Ta + CO ——> Ta0 + C

and both these and Klein (94) have found that no carbon is thermally
desorbed during the experiments,

Using an omegatron mass spectirometer Madey (100) has investi-
gated the possibilities of isétopic mnixing when 120180 and 150160
are adsorbed on tungsten., No evidence of isotopic mixing was found
but King (23), using a more sensitive instrument, found an extremely
small amount of CO2 when carbon monoxide was desorbed from a
tungsten surface.

The mass spectrometric evidence suggests the desorbed species
from both the o€ and l3 peaks is carbon monoxide., No evidence for
the desorption of a tantalum oxide or carbide was found. This is
similar to the resulis obtained for the desorption of carbon
monoxide from tungsten and this system is regarded as the ideal
system which represents the complete non-dissociative chemisorption
of a diatomic molecule on the surface. However King (23) has
questioned this and has presented results which are consistent with

the dissociative adsorption of the ? peak. The results from the

present study are that the desorbed species is molecular carbon
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monoxide and no dissociation occurs on the surface.

5.6.5 Possible Adsorbed Structures

The B peak was found both with low and high surface coverages
but the ©< peak was only found at relatively high surface coverages.
The oc¢ peak was found to be weakly bonded to the surface, but the
;3 peak was tightly held. A normal pre-exponential factor was
found for the B peak but a low value of 107 sec™! was found for
the o< peak, ILittle change in the entropy was found for the ﬁ
state but the o€ state produced a large negative change in the
entropy. Tor both peaks the only desorption product was molecular
carbon monoxide. The conclusions made from these observations are;
below,

The B peak is adsorbed without dissociation and tightly held
to the surface and this is shown by the high value of the activation
energy. The carbon monoxide is initially bonded to the ﬁ gites
and willbbe immobile., The small entropy and normal pre~exponential
function suggests that the B site will be immobile.

The ©¢ pegk is only weakly bound to the surface, this is shown
by the lower value of the activation energy. The carbon monoxide is
adsorbed and desorbed without dissociation. The low pre-exponential
function and large negative value of the entropy suggests that the
CC gtate is relatively free and mobile on the surface. The late
appearance of the oc peak at relatively high adsorption times could
be attributed to the mobile o< adsorbed carbon monoxide at low
surface coverages moving around the surface until it finds and
becomes attached to a more firmly bound ﬁ site. As the [3 sites are
filled more and more CC adatoms are unable to find a ﬁ site on

which to adsorb and are desorbed as oL -CO,.
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An analogy can be made between the bonding on the surface and
metal carbonyls. In metal carbonyls the carbon monoxide molecule
has three different structural functions (102). The structures

are

1R (e O

(a) | () ()

Tungsten has a metal carbonyl with the formula W(CO)6 where
the six CO are placed octahedrally around the tungsten with a
W-C bond length of 2,06 A. Tantalum forms a carbonylate ion with
the structure [:Ta(CO)6:]-.

Lanyon and Trapnell (101) have suggested the following

structures for the p peak when carbon monoxide is adsorbed on

tungsten
c 0 0 c<—o
[ I |
M —— M PARN M —— M
M—M

(2) () (c)

The generally accepted structure for the A site adsorption
is (b). Our results cennot support any structure but since the
carbon monoxide is found to be undissociated,model (a) seems
unlikely, The ©< peak is regarded as a single site adsorption.

Purther information is needed before a model of the adsorbed

carbon monoxide on the surface can be made. For carbon monoxide
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infra-red spectroscopy could give this information.,

A review of the information pertaining to the infra-red
studies of carbon monoxide adsorbed on metal surfaces has been
made by Eischens and Pliskin (104). It is suggested that infra-
red bands ebove 2000 cm‘“1 represent a linear M-C~-0 structure and
bands below 2000 cm"1 were due to a bridging carbon monoxide
group.

Blyholder (103) has investigated the adsorption of carbon

monoxide on various transition metals. The main bands found are

for
-1 . -1
v 1940 cm 1890 cm
Cr 1940 o™ 1880 cm™ !
Co 2000 o™ 1880 cm‘1. -

The bands below 2000 cm"1 could be due to a linear structure
adsorbed in special sites such as corners and edges.

For most transition metals a broad band was found in the
region 2100 cm”1 to 1700 cm-'1 which is similar to the results ob-

tained for the infra-red spectra of metal carbonyls.



249~

6 DESORPTION OF HYDROGEN IROM TANTALUM

6.1 EXPERTIENT AL, TROCEDURE

6.1.1 The Iiydroren Sample

The preparation of the hydrogen sample has been previously
described. The sample in the bulb was 99.8% pure which was an
increase of over 5% on the cylinder hydrogen sample., The
sample was sealed in the bulb at a pressure of 30 mm Hg and.thé
bulb was joined to the vacuum line by the glassblower Mr Herrick;.

Hansen ( 38 ) has found when hydrocarbons are adsorbed on an
iridium surface and flash desorbed, hydrogen is the main product
observed. Knowledge of the behaviour of hydrogen in vacuum
gsystems will be helpful if we are to use hydrocarbons in the
éystem and obtain hydrogen as one of the decomposition products.

Hydrogen is found in the vacuum system as one of the back-
ground gases. When the titanium sublimation pump filamenis are
degassed, the gas desorbed is found to be mainly hydrogen.
Hydrogen is known to be pumped and held by hot metal filements
and these concentrzte the hydrogen and prevent it from being
removed from the system.

Besides these reasons hydrogen is a very reactive and useful
gas and knowledge of its behaviour will help in catalysis and
other gas metal systems.

6.1.2 The Pump Down for Hydrogen

The apparatus was checked to make sure it was leak free and
purged out with "boiled off™ nitrogen several times to ensure the
gas in the vacuum system was nitrogen. The sorption pumps were
used to pump the system down to a pressure at which the ion pump

and sublimation pump could be started. The pressure was reduced
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using these pumps to 8 x 108 um Hg.

The apparatus was baked at 500 K for 72 hours so desorbed
gas could be removed from the sides of the system and from the
filament and leads. The pressure rose very quickly when the
heating began and care had to be taken to make sure the automatic
cut out did not switch off the pump.

When the temperature,after the bake out,was reduced to
room temperature the pressure in the system was 5 x 10‘11 mm Hg

which was measured on the trigger gauge.

6,1.3 The Background

For verious maximum temperatures at the end of the flash
the background spectra are shown in Fig. 78 . One or possibly
two poorly resolved pezks are seen at very low temperatures. The
background peak is relatively large at very short adsorption times
and strongly resembles the shape of the hydrogen peak obtained in
the experiment, It is quite possible the background gas could
consist of a lot of hydrogen because a very large hydrogen peak,
much greater than the mass 28 peak, was observed on the mass
spectrometer when the filament was flashed. The size of the back-
ground peak was about 10% of the peak obtained during the
experiments, The resolution of the desorption spectrum could not
be improved because the minimum maximum temperature was being used
at the time.

6.2 PARAMETERS CALCULATED FROM THE OSCILLOSCOPE TRACKE

6.2.1 Preliminary Investigation of the Peaks

Experiments were performed and the results analysed so that

the best resolution and peak heights could be obtained. Flashes
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to various maximum temperatures revealed the only peaks seen
were low temperature peaks. The peaks were at a temperature
maximunm so that the lowest maximum temperature obtainable was
‘used.

The hydrogen was adsorbed very rapidly and too high an
adsorption time at high pressures would result in a pressure
rise during the flash which was toco high for the trigger gauge
and the gauge would cut out. By trial and error methods the
adsorption times and pressures were found at which the gauge
did not "cut out',.

4 typical desorption trace for hydrogen is shown in Fig. 79.
The main feature of this is only one desorption peck is seen at
very low temperatures. The pressure rises and falls very rapidly
from 1072 mm Hg to 10”2 mm He in 0.08 seconds and this occurs
after a very short adsorption time of 1 minute at a pressure of
5 x 107 m Hg.

Table 20 shows the data from a typical set of adsorption
experiments,

6.2.2 Temperature Rise

Jo peaks were found at very high temperatures, The tem-
perature rise was only a low temperature flash up to a maximum
temperature of just over 1000 K. Fig., 80 shows the rise of tem-
perature with time.

Table 21 shows the figures used in calculating the tem-
perature rise for a flash. The temperature was calculated as in
previous chapters.

The change in voltage across the known resistance was only

very small and the lowest sensitivity on the oscilloscope had to
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FIG. 79 Oscilloscope Trace Obtained for a Tyvical Hydrogen
Experiment,

/f\
|

| N




~254-

Table 20. A Typical Series of Adsorption Experiments
Adsorption faximum Equilibrium Maximum Number
Time In Temperature Pressure Pressure During oc
Minutes K in mm Hg Flash in mm Hg Current
1 1380 3 x 1077 7 x 107 4
-9 -5
2 1390 3 x 10 1.25 x 10 4
3 1380 3 x107° 1.13 x 107° 4
5 1360 4 x 107 1.23 x 107° 4
~9 -5
10 1390 2 x 10 1.5 x 10 5
15 1370 3 x 1077 3 x107° 4
-9 -5
30 1380 3 x 10 4.2 x 10 4.5
o -9 -5
60 1380 2 x 10 4.7 x 10 4
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FIG. 80 A Typical Temperature Against Time Curve Obtained

in the Hydrogen Ixperiments,
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Table 21. Data Showing Relationship Between Temperature
and Time
Time Current | Voltage Resistivity Temperature
in secs | in Amps | in Volts X 10—6 ohm m—] in K

0 1.86 1.0 13 290
0.04 1.84 1.05 16 350
0.08 1.82 1.08 18 410
0.12 1.79 1.13 20 450
0.16 1.76 1.17 23 510
0.2 1.73 1.22 30 700
0.24 1.70 1.26 33 760
0.28 1.65 1.3 36 860
0.32 1.60 1.33 44 1080
0.36 1.60 1.36 46 1140
0.4 1.60 1.38 48 1200
0.44 1.60 1.4 49 1230
0.48 1.60 1.41 50 1250
0.52 1.60 1.43 51 1280
0.56 1.60 1.44 52 1300
0.6 1.60 1.44 52 1300
0.64 1.60 1.45 52 1300
0.68 1.60 1.45 52 1300
0.72 1.60 1.46 53 1340
0.76 1.60 1.46 53 1340
0.8 1.60 1.47 53 1340
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be used. Even so, the chenge in the trace was very small and
this was a source of error in measuring the temperature.
The temperature rises linearly 900 K in 0.4 secs, this

gives an equation describing the rise

T = 298 4+ 2250 t cese (6=1)

where A =2250K sec—1.

6.,2.3 The Pressure

The pressure rise is very rapid in this experiment, some

4 to 5 orders of magnitude in 0.08 seconds. Tables 22 and

23 show an increase in pressure for the flash together with
the time, pressure minus the background pressure and the actual
pressure rise due to the desorption of hydrogen. IFigs. 81"

and 82 show typical hydrogen desorption spectra for different
adsorption times.

Only one desorption peak can be clearly seen but this could
be a combination of poorly resolved peaks. The peak occurs very
soon after the start of the flash and is desorbed by the time
the temperature has reached 700 K. No peaks were detected at
between room temperature and where the peak occurred and no
peaks were observed at higher temperatures.

6.3 CALCULATED PARAMETERS FOR ITYDROGEN

6631 The Rate of Desorption

The graph of actual increase in pressure due to hydrogen
desorption against time is shown in Fig. 83 . The gradient of
the graph was calculated and a table of the values used to
calculate the rate of desorption is shown in Table 24 . The

hydrogen desorption experiments present a problem with working
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Table 22. Data Used to Calculate the Actual Pressure Rise
Due to Hydrogen I

Time Pressure Pressure minus Pressure - P0
the equilibrium

in secs 9 9 - Background
x 107 mm Hg PO x 107 mm Hg « 109 mm Hg
0 3 0 0

— OO0 OO OODOOOOOOOODOOOOODOOOOOO0O
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Table 23. Data Used to Calculate the Actual Pressure Rise
Lue to Hydrogen II

Time Pressure Pressure minus Pressure - PO
in secs 9 the equilibrium - Background
x 107 mm Hg P 109 9

o X mm Hg x 107 mm Hg
0 3 0 0
0.04 5 2 1
0.08 3000 2997 1797
0.12 20000 - 19997 15499
0.16 47000 46997 42997
0.2 40000 39997 39697
0.24 28000 27997 27932
0.28 21000 20997 20967
0.32 15000 14997 14997
0.36 11000 10997 10997
0.4 8000 7997 7997
0.44 5800 5797 5797
0.48 4000 3997 3997
0.52 3000 2997 2997
0.56 2000 1997 1997
0.6 1200 1197 1197
0.64 600 597 597
0.68 . 300 297 297
0.72 200 197 197
0.76 130 127 127
0.8 80 77 77
0.84 50 47 47
0.88 40 37 ‘ 37
0.92 32 29 29
0.96 27 24 24
1.00 23 20 20
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FIG. 81 A Tvvical Hydrogen Desorption Spectra, I
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FIG, 83 A Gravh of the Pressure Increase Due to the Desorption

of Hydrogen Against Time,
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Table 24. Data Used to Calculate the Rate of Desorption
Time Pressure dP/dt dn/dt

in secs | x 109 mm Hg | X 107 mm Hg sec_] X 1O~]4 molecules sec_]

0 0 0 0

0.04 1 125 4.69
0.08 1797 850 31.92
0.12 15497 6850 305.47
0.16 42997 6850 395.65
0.17 45000 0
0.2 39697 -3500 38.95
0.24 27932 -2500 19
0.28 20967 -2000 10
0.32 14997 -1250 5
0.36 10997 - 750 2
0.4 7997 - 600 0
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out the pumping speed. IMany pumps behéve differently to hydrogen
than most other gases. A further complication is the hot filament
which is also acting as a pump to the hydrogen. The pumping
speed was calculated from the decrease of pressure with time at
the end of the flash and the value obtained used to estimate the
correction for the number of molecules lost by pumping. Howeve?,
how reliable this method is when calculating the pumping speed

for hydrogen is questionable. The decrease in the preséure after
the initial rise indicates the pumping speed should be large and
this is in agreement with the value calculated.

Fig. 84 shows a graph of dp/dt against time and Fig., 85
shows the rate of desorption against time graphs for a number of
adsorption times.

For an adsorvition time of one minute the maximum rate of

15 molecules cmm2 sec"1 and this increased

desorption was 6.6 x 10
to 4 x 1O16 molecules cm_2 sec—1 at an adsorption time of one
hour.

6.3.,2 The Surface Coverage

The area under the rate of desorption againsi time curve,
Fig. 85 was calculated and the results tabulated in Table 25 .
The hydrogen is rapidly adsorbed and soon forms a monolayer
coverage.

Table 26 shows the decrease in surface coverage with tem-
perature and it can be seen that most of the hydrogen is desorbed
by the time a temperature of 700 K is reached. A graph of the

change in surface coverage with time is shown in Fig. 86,
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PIG. 85 Variation of the Rate of Desorption.
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Table 25. Variation of Surface Coverage With Adsorption
Time
Adsorption Time Maximum Surface Coverage
in Minutes x 1071° molecules cm™®

1 0.48
2 0.82
3 0.88
5 0.943
10 0.957
15 1.11
30 1.33

60 1.7
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Table 26. Variation of Surface Coverage During the Flash

i o x 10714 o -8, o -8, | .
0 0 t emperature

. 7 x 10714 _

in secs | Molecules cm Molecules cm_Z Monolayers in K

0 0.00 9.57 0.95 290

0.04 0.12 9.45 0.94 350
0.08 1.81 7.76 0.77 410
0.12 6.49 3.08 0.30 450
0.16 8.83 0.74 0.07 510
0.2 9.31 0.26 0.02 700
0.24 9.49 0.08 0.008 760
0.28 9.55 0.02 0.002 860
0.32 9.57 0 0 1080
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Change of Surface Coverage with Adsorption Time.
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6e3e0 The Sticking Probability

The results obtained for the sticking probability are shown
in Table 27. On a clean surface the sticking probability is
found to be 0.57 but is probably even higher than this. This
is the average value of the sticking probability over the first
ninute and also the error involved in estimating the surface
coverage is larger at short adsorption times and therefore
initially the sticking probability could be much larger. The
sticking probability falls with adsorption time and a graph
showing this is Fig. 87,

6.3.,4 The Order of Reaction

Graphs of 1nl:(dn/dt)t/(cro - 6] against 1/T for x = 1
or 2 were drawn and these are both shown in Fig. 88. The second
order grarh gave the best straight line in each case and order
of reaction was concluded to be second order. This was confirmed
by using‘graphs of O, - © t/(ro against t which are shown in
Fig. 89. The rate constant for the desorption reaction at a
particular temperature is equal to (dn/dt)t/( S, - 6)2 and at
490 X was found to be 11 x 10~ 14 moleculem1 cm2 sec-1. The
values of the rate constant at verious temperatures calculated
for different experiments are shown in Table 28, The differences
in the values could be due to the inaccuracy in measuring the

temperature.

6.%3.5 The Experimental Energy of Activation

A graph of 1n k against 1/T is shown in Fig. 90 and the
slope of this gives the value of &E., Over a series of experi-
ments the value of A E calculated lay between 46 k joules mole-1
to 84 k joules mole~! and this is shown in Table 29. The

average value for the experimental energy of activation was found
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Table 27.  Sticking Probability Results
Time for Calculated Surface
Adsorption Egr]n??;ggs Coverage Sticking
In Minutes < 10714 x 10714 Probability
molecules cm molecules cm
1 8.4 4.8 0.57
2 16.8 8.2 0.49
3 25.2 8.8 0.35
5 42 9.4 0.22
]0. 84 9.5 0.11
15 126 11al 0.088
30 252 13,3 0.052
60 504 1750 0.033
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FIG, 87 A Graph Showing the Change in the Sticking Probability.
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FIG., 89 Gravh of O‘O - e/cro Against Time for Various
Adsorption Times,
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Table 28. Rate Constant at Various Constant Temperatures
Adsorption Rate Constant in cmé mole”| sec”)
Time
In Minutes at 350 K at 490 K at 700 K
x 102 x 104 x 104
1 1.21 8.36 24.29
2 0.035 13.56 301
3 3.11 12.44 48.29
5 4.08 7.05 42.40
10 2.51 11.87 111.0
15 0.02 15.3 278
30 0.02 12.24 148
60 0.012 11.01 380
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FIG, 90 Graph Used to Calculate the Activation Energy of
the Reaction,
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Activation Eneragy Data for Hydrogen

Adsorption Activation maximum surface
Time Energy coverage 1T2
in mins in k J mole”! molecules cm
-15
x 10
1 53 0.48
2 84 0.82
3 72 0.88
5 78 0.943
10 66 0.957
15 63 1.71
30 46 1.33
60 57 1.7
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to be 65 k joules mole” ', All lay within a range of + 20 k
joules mole"1,

The hydrogen is adsorbed rapidly and one would expect a
low value of the activation energy.

By substituting the known values into the Arrhenius equation
the pre-exponential function was found to be f66 molecule_1 cm2
sec-1, a low value of the pre-exponential function. The

Arrhenius equation for the reaction could be written

6.3.6 The Thermodynamic Parameters

The maximum of the rate of desorption curve occurred at a
temperature between 450 K and 510 K. The average value was 490 X
and the thermodynamic parameters are calculated at this tem-
perature. The enthalpy was found to be 62,2 k joules mole“1 at
490 K.

The entropy was found to be-383 joules deg"1 mole ', The
ratio of the partition functions was found, using eguation (4-57),
to be 10°0.

Table 30 gives a summary of the calculated parameters,

6.3.7 Mass Spectrometer Results

The products of the desorption were analysed using the
quadrupole mass spectrometer. The background spectrum prior
to allowing hydrogen into the system is shown in Fig. 91. The
major peak is the nitrogen 28 peak. There is a small 44 peak
and a series of véry small peaks 12, 14, 16, 17, 18. This
spectrum was taken at a pressure of 1 x 10"8 torr, the lowest
which could be obtained with the mass spectrometer on the system

and the attenuation on the controls was set as low as possible.
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Kinetic and Thermodynamic Parameters

A Eexp

Order of Reaction
AHC
7%

As®

-k at 490

n
A

F/F

65 k joules mole™!
2nd

60 k joules mole™!
490 K

-383 joules deg_] mole

6 2

-1
(V\O‘C cm

10

14

1.8 x 10714 cn? mote™!

1620
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FIG, 91 Mass Spectra Obtained for Hydrogen T,
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When hydrogen was allowed into the system a very large
mass 2 peak was obtained and the remainder of the peaks with
the exception of mass 28 were negligible. The nitrogen 26 peak
could be detected but was very small, This spectrum is shown in
Fig. 91 . The ratio of the two peaks was, hydrogen 70 to
nitrogen 1. This gave an indication of the purity of the hydrogen
being adsorbed on the surface, The percentage of impurity gasés
in the system was less than 2%. A spectrum was taken while the
hydrogen was adsorbing and found to be identical to the spectrum
in Fig. 91 .

The hydrogen gas was allowed to adsorb and the gas was

allowed to pump away and another background spectirum taken. The
background spectrum before the flash is shown in Fig. 92 . The
hydrogen peak is greatly reduced and the background gases remain
in approximately the same proportions they were in before the
hydrogen was allowed into the system. No new peaks were seen and no
great difference in any of the other peaks except the hydrogen mass
2.

The filament was flashed and the spectrum taken. The scan
of the mass spectrometer takes a lot longer than the flash if we
are to get it to record on the recorder. The leak valve between
the pumps and the reaction vessel is closed and the filament is
flashed. The spectrum of the hydrogen desorption is shown in

Fig. 92 . The only peak which increases greatly is the hydrogen

2 peak. The height of some of the other peaks vary but not by a

great amount and this may be due to the recording system. Over
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a series of scans for the same peak and pressure there was a
slight variation in the heights of the peaks. Table 31 gives
a list of the peaks and increase in the various peaks due to
the desorpiion of the hydrogen. This table gives the average
over a2 series of experiments at varying adsorption times.

Attempts were made to investigate any change in the mass 1
peak, However the mass 1 peak could not be detected and whether
or not there was any change in this it is difficult to tell.

Tn order to obtain further information the mass spectrometer
was set on a particular peak and this peak was followed through
the flash., This was a very good technique since it allowed ob-
servation of the change in the peak when the temperature was
raised. The mass 2 peak was followed through a flash and -the
result of this is shown in Fig. 93. This peak increases rapidly
when the temperature of the filament is increased. Due to
1imitations on the minimum current obtainable extremely low tem-
peratures below 700 K were not obtained. Other peaks were followed
through the flash. The mass 28 peak being the second major peak
on the desorptionbspectrum was followed and no change in this was
seen, this is shown in Fig. 93. The change in the mass 12, 14, 16,
17 and 18 peaks were also observed but no changes could be noticed
in the size of these peaks due to the flash.

Throughout the experiments only the hydrogen mass 2 peak
was seen to increase, lone of the other peaks increased and no
very high mass peak, indicating desorption of a tantalum hydride,
wes seen. The mass 1 peak would have given us a lot of information
about the desorbed species but the mass 1 peak could not be

detected,
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Table 31. Analysis of Mass Spectra for Hydrogen
Background Peak Height Increase | Percentage
Peak Peak Height | During Flash | in Peak Increase
2 5 16 11 100
14 1 1 -
15 0.5 0.5 -
16 0.5 0.5 -
18 0.5 0.5 -
28 23 22.5 -
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FIG, Chenge of the m/e = 2 peak and m/e = 28 peak During
a Flash,
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6.4 TNTERPRETATION CF THE RESULTS

6.4e1 The Adsorption of Bydrogen

The hydrogen was rapidly adsorbed on the tentalum surface.
This was shown by the high value of the surface coverage at low
adsorption times. The value of the sticking probability was
initially found to be 0.57. 4s the surface coverage increases
this value drops rapidly as the hydrogen is quickly adsorbed and
after two hours adsorption time the sticking probability is
measured at 0,033, Values of the sticking probability cited by
other workers are lower than the 0.57 found in the present study.
Eley (105) found the sticking probability on a clean surface to be
0.17 and Eisinger 0.2 (106).

The low value of the activation energy of desorption found
is a combination of the binding energy of the hydrogen and the
activation energy for adsorption. The rapid adsorption of hydrogen
suggests that the activation energy for adsorption is very small
and in this case the binding energy is nearly equal to the
activation energy for desorption.

6.4.2 Direct Observation of the Filament

The filament was analysed after the experiments using X-ray
diffraction and electron microscopy. Apart from the expected
changes in crystal structure on the surface the results showed the
filament was tantalum. The results of direct observation of the
filament for hydrogen were identical to those obtained when the
filament used for 'the carbon monoxide experiment was analysed. The
crystal structure obtained was similar to that of Tapujoulade (41 )

who used a nickel filament.
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6.4.,3 Information from the Desorption Spectrum

Only one cdesorption peak could be clearly seen although
previous workers have found more than one peak for hydrogen
desorption on other metals (107) (108). As Fig. (80) indicates
the observed peak shape suggests that more than one peak was
present but not resclved.

The pezk was desorbed in the temperature range 300-1000 K
and the rate of desorption maxima occurred at 490 ¥, The
desorption of hydrogen from meny other transition metels has been
investigated. Generally more than one desorption peak was found
but all the peaks were desorbed below 1000 K. Rigby (109)
observed three peaks when hydrogen was desorbed from tungsten which
he designated the o€, /3 y and ﬁ o A1l of these peaks were
desorbed between 300 and 900 K. Ageev (107) after a long adsorption
time observed two poorly resolved peaks for the desorption of
hydrogen from tungsten. At low adsorption times of less than
three hours he observed only one peak. Yates and Madey (108)
observed several weakly bound states of hydrogen on (100) tungsten
but in the flash desorption spectra they could see only two major
peaks,

6.4.4 Kinetics of Desorption for Hydrogen

The reaction was found to be second order. This was also
found by Ageev (107), Hickmott ( 48) and Hansen ( 38 ) for tungsten
and Lapujoulade ( 41) for nickel. Lapujoulade and Hansen assume
that the second order kinetics mean that the hydrogen exists as
atoms on the surface.

The activation energy for the desorption reaction was found
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to be 64 k joules mole_1 at the high surface coverages used.
Hansen ( 38 ), Lapujoulade ( 41 ), Hickmott and Eley (105) have
all found that the activation energy varies with surface coverage.
The activation energy for hydrogen on nickel was found by
Lapujoulade to vary linearly with surface coverage from a value of

AE = 120 k joules mole” ! at a coverage of 1012 atoms —
to a AE = 20 k joules mo].e“1 at 1015 atoms., A value of the
surface coverage used in the present study gave AE = 52 k joules
molem1 from Lapujoulade's graph which is close to the 64 k joules
mole_1 measured. On a tungsten surface Eley found on a clean
surface the activation energy was 263 k joules mole—1, but this fell
rapidly to a value of 92 k joules mole-1 at a surface coverage of |
0.52 monolayers.

Hansen investigated the behaviour of hydrogen on tungsten,

iridium and rhodium. He assumed a linear variation of the activation

energy obeying an equation

AE = AE - ocn cees (6-3)

o

where ©C is a constant, n the surface coverage and ZSEO the
activation energy at zero surface coverage. Hansen found for
tungsten ﬁsEo = 35 kcals mole_1 and ©C = 28 x 10'“2 cal/mole/
molecule/cmz, for indium ZAEO = 24, oc. = 14 and for rhodium ZXE% =
18 .and ©¢ = 24.
Hansen for hydrogen desorbed from tungsten found a value for

the pre-exponential function of 2 x 1077 - molecule"1 sec™ T,

This was in close agreement with the value of the frequency factoxr

calculated from the two dimensional hard sphere collision theory of

3,6 x 1072 cm® molecule_1 sec*1. This is also close to the value
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of the pre-exponential function calculated for the desorption of

4

hydrogen from tantalum in the present study of 10 cm2 moleculem1

sec"1.

Lapujoulade found that the pre-exponential factor varied with
the activation energy of desorption.

Using 4 E = 64 k joules mole“1 for tungsten he obtained a

value log A == =5,

6.4.5 HNature of the Desorbed Species

The species desorbed during the flash were analysed using
the mass spectrometer. The only peak in the mass spectrum which
increased in height when the filament was flashed was at m/e = 2.
Various peaks were tuned in and observed during the flash and
efforts were made unsuccessfully to tune into the m/e = 1 pezak,
o high mass peaks m/e == 200 were foﬁnd indicating that no
tantalum hydrides were desorbed.

The only species detected dﬁe to desorption from the filament
during the flash was molecular hydrogen. Although attempts were
made no atomic hydrogen was traced.

6.4.6 Synthesis of the Results

The value of the activation energy for desorption indicates
that the hydrogen is weakly chemisorbed on the surface. The hydrogen
is rapidly adsorbed on the surface suggesting that it has a very
small activation energy of adsorption. If this is so the activa-
tion energy for desorption will be nearly equal to the binding
energy holding the hydrogen on the surface and most of the energy
supplied for desorption will be used in breasking the bonds of the
hydrogen with the surface.

Ageev, who used a time of flight mass spectrometer for his




~290-

work on hydrogen, has stated that it should be possible to neglect
desorption of hydrogen atoms the fraction of which was less than
1%,

The mass spectrometer evidence in the present study indicates
that the hydrogen is desorbed as hydrogen molecules and we have
found the reaction to be second order.

Lapujoulade has shown that the entropy of activation decrease
with increasing surface coverage. Considering the translational
degrees of freedom on the surface he concludes that his values
show that at low surface coverages both the activated complex and
adatoms are immobile but as the coverage increases the adatoms
become increasingly more mobile., This variation of mobility
supports earlier ideas of Sweett and Rideal (110).

In the present study comparatively high values of the surface
coverage were used. Lapujoulade% coverages varied over four
orders of magnitude but in the present study they varied over
only one order of magnitude close to a monolayer coverage. A
great change in the activation energy was not observed although
a small gradual trend could be seen, the value of the activation
energy decreasing towards high surface coverages. To affect the
value of the entropy the activation energy must change by more
than a few kilojoules and so no change in entropy was found.
Further work needs to be performed at lower surface coverages if
the entropy change and hence change of mobility of the adatoms 1s

to be investigated,
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7 DSORPTION OF ETHYLENE FRO:: TANTALUM

T.1 TITRODUCT ION

7.1.1 The Ethylene Semple

The experiments with carbon monoxide have given an indication
of the value of the experiments and the technique., They have
shown the accuracy of the experiments and given an indication of
the problems expecited both in using the apparatus and in analysing
the results.

Ethylene was the first of the hydrocarbons to be studied.
Ethylene is a simple but very reactive hydrocarbon taking part
in addition and substitution reactions with other compounds.

The ethylene has two carbon & % oms and four hydrogen atoms
and this means if it were to decompose, it could do so by ;everal
routes each one leading to different products. There is also the
possibility of other reactions involving addition to the un-
saturated double bond and only an investigation of the system
and analysis of the products will tell by which pathway the
reaction took place,

The ethylene sample was prepared by purifying cylindexr
ethylene., The cylinder ethylene contained impurities which were
the products of the ethylene decomposing mainly along with small
amounts of the other background gases. After purification it
was found that the mass 28 peak was relatively much larger but also
were the radicals with a mass very close to ethylene's, i.e,
mass 26, 27, 29 ana 30,

The ethylene sample in the bulb was at a pressure of 30 mm
Hg., This ensured there was enough ethylene for several runs at

various adsorption pressures.
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7.1.2 The Pump Down for Ethylene

The ethylene bulb was attached to the apparatus and the
apparatus purged out with nitrogen. The apparatus was checked
to meke sure there were no leaks and pumped down with the sorption
punps to a pressure below ‘IO-'4 rmm Hg when the ion pump was
started, The ion pump reduced the pressure into the 10~ m Hg
range overnight and the apparatus was baked-out for seventy~=two
hours over the weekend at a temperature of 510 K. The degassing
of the various parts of the apparatus made the pressure rise
sharply and care had to be taken so the ion pump did not "cut
out". The filament and titanium sublimation pump filaments were
flashed during the bake-out.

When the heaters were turned off and the temperature returned

to room temperature the pressure was in the 10"11 mm Hg range and
a minimum pressure in the 10—12 mm Hg range was reached before

the experiments were begun.

7.1.3 The Packground Spectrum

The background spectra were taken so that the increase in
pressure due to the background geses during the flash could be
observed. The background spectra obtained at various maximum
temperatures of the flash are shown in Fig. 94 . The background
pressure begins to rise at a temperature of about 1500 K, below
this there is no noticeable increase in preséure. A very low
temperature flash below a maximum flash temperature of 1500 K
revealed no increaée in the background pressure a2t any adsorption

time.
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Te2 CALCULATED PARAMZTERS FROM TIE 0SCILLOSCOPE TRACE

Te2.1 Prelininary Investigation of the Peaks

Observation of the flashes show that there is at least one
pezk in the desorption spectrum. This peak occurs at about
1300 K but the maximum varies slightly. The desorption traces
obtained are shown in Fig. 95 . Only one broad peak is clearly
seen.

Te2e2 The Temperature Rise

The preliminary photographs of the ethylene flashes show
that all the desorption due to the adsorption of the ethylene
gas is over when the temperature reaches 16800 K. A graph of the
rise of temperature with time is shown in Fig. 9

A graph of temperature against pressure is shown in Fig. 97 .
gince the temperature is linear with time for a large portion of
the graph the pressure against temperature graph is the same
shape until the maximum temperature is reached.

A table showing a typical temperature rise with time is
shown in Table %2 . The temperature rises from room temperature
to 1840 K in 0.6 seconds.

Tlashes were performed using a maximum temperature at the
end of the flash of 2200 K down to 1300 K and it was found that
the best results for ethylene desorption occurred when using a

maximum temperature of 1800 K.

Te2:3 The Pressure Rise

The pressure ;ise in this experiment is over three orders
of magnitude at large surface coverages but only one order of
megnitude at low surface coverages. Thie pressure rise gives at

least one major peak and takes 0.4 seconds. A typical oscilloscope
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FIG., 95 Desorption Spectra Obtained for Ethylene.
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FIG. 96 A Typical Temperature Against Time Graph Obtained
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FIG. 97 A Pressure Against Temrerature Curve Obtained for

an Ethylene Desorpiion Experiment.
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Table 32. A Typical Temperature Rise Against Time Used for
Ethylene
Resistivity Temperature
Time in secs ‘ o 6 .
in ohmm * x 10 in K

0 13 290
0.04 15 330
0.08 18 430
0.12 22 490
0.16 27 _ 610
0.20 31 725
0.24 36 870
0.28 40 990
0.32 45 1130
0.36 51 1280
0.40 56 1410
0.44 61 1530
0.48 64 1660
0.52 67 1740
0.56 68 1760
0.60 69 1830
0.64 70 1840
0.68 70 1840
0.72 70 1840
0.76 70 1840
0.8 70 1840
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trace showing the increase of pressure with time is shown in
Fig, 98 . Table 33 shows the increase of pressure against
time together with the background pressure. The last column
gives the total pressure rise due to the desorption of the
ethylene only. Table 34 gives a summary of the data over a
series of runs for ethylene desorption. The maximum temperature
at the end of the flash varies slightly between the runs buﬁ

the maximum temperature is always about 1800 K.

Throughout 211 the flashes only one desorption peak is
seen vhich is desorbed over a temperature range 900 K to 1700 K.
The pezk of the curve occurs usually mid-way between these two
temperatures.

When the temperature was reduced in order to obtain a
better resolution of the peak it was found that there was still
only one peak seen and if this one peak was a combination of
two peaks they were so close together they could not be clearly
resolved by this method.

Fig., 99 shows a graph of the total pressure rise due to
the desorption of the ethylene against time. The background
pressure as a percentage of the total pressure varies but at
higher pressures the background correction is only roughly 1%
of the total pressure.

Te3 THE CALCULATED PARAMETERS FOR ETHYLENE

Te3.1 The Rate of Desorption

Table 35 shows the values used to calculate the rate of

desorption for a typical flash.
15

The maximum rate of desorption in this case is 3.2 x 10

molecules sec ] cm_z.
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'IG. 98 Oscilloscope Trace Obtained for a Typical Bthylene

Desorvtion Ixveriment.
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Table 33. Pressure Rise Due to
Ethylene Pesorption Only
Pressure Background Pressure Rise Due
Time 9 Pressure to Ethy!ene
x 107 mm Hg x 109mm Hg Desogpt1on
x 107 mm Hg

0 1 0 0
0.04 1.2 0.2 0.2
0.08 2.2 1.2 1.2
0.12 5.6 4.6 4.6
0.16 11 10 10
0.2 57 56 56
0.24 300 299 299
0.28 1100 1099 1099
0.32 2400 2399 2399
0.36 3700 3699 3699
0.4 4000 3999 3997
0.44 3500 3499 3494
0.48 2400 2399 2383
0.52 1200 1199 1160
0.56 680 579 520
0.6 400 399 330
0.64 260 259 180
0.68 220 219 120
0.72 210 209 50
0.76 205 204 35
0.8 200 199 20
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Table 34, Data for a Series of Ethylene Desorption Flashes
Adsorption Pressure Temperature Time of peak | Temperature
Time max. of peak max. max. max.
in Minutes | x 109 mm Hg K in secs K
1 199 1215 0.4 1780
2 270 1570 0.4 1960
3 330 1410 0.4 1840
5 580 1410 0.4 1840
10 750 1215 0.4 1780
15 999 1230 0.28 1960
30 1300 1570 0.4 1960
60 2000 1380 0.4 1840
120 2998 1380 0.48 1780
150 3999 1410 0.4 1840
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Table 35. Data for the Rate of Desorption Calculation
Time Pressure dP/dt dn/dt
in secs | x 108 mm Hg | x 107 mm Hg sec”! | x 1078 molecules sec”!
0 0 0 0
0.04 0.07 0.17 0.006
0.08 0.35 0.7 0.029
0.12 1.4 2.6 0.15
0.16 1.6 2.6 0.20
0.20 2.0 2.6 0.30
0.24 3.3 10 0.57
0.28 10.9 32.5 1.80
0.32 39.9 100 5.89
0.36 109.9 197 13.31
0.40 199.9 197 18.14
0.44 259.9 197 21.36
0.48 299.8 0 16.08
0.52 249.7 -250 4.00
0.56 149.6 ~250 2.5
0.60 94.5 - 95 1.5
0.64 54.0 - 87. 0.5
0.68 28.8 - 45 -
0.72 15.0 - 25 -
0.76 9.0 - 10 -
0.80 6.5 - 7.5 -
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A greph of dp/dt against t is drawn in Fig. 100 . A
craph of the rate of desorption against time is shown in
Fig. 101,

7.3.2 The Surface Coverage

Pig., 101 shows a greph of the rate of desorption against
time which was vsed to calculate the surface coverage. The
area under the curve was calculated end this gave the surface
. 2
coverage in molecules per Cm .
A typical set of results is shown in Table 36 , A graph
of surface coverage against time is shown in Fig. 102 ,
The variztion of surface coverage with various adsorption
time is shown in Table 37 . This shows how the surface coverage
. 13 2 e .
rises from 2.2 x 10 ° molecules Dper cm at one minute adsorption
. 14 2 1 .
time up to 4.3 x 10 " molecules per cm at 2% hours adsorption
time. A graph of this veriation is shown in Fig. 102 showing
the increase in surface coverage against adsorption time for
ethylene.

7.3.3 The Sticking Probability

The total numbér of collisions can be worked out theoretic-
2lly and this is compared to the number of molecules on the
surface and the sticking probability calculated. Table 38 shows
a typical set of values.

yith a clean filement there is a very high sticking
probability of 0.91. This drops steadily as the adsorption time

" increases to 0.12.
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rIG. 100 Graph of dp/dt Against Time for Ethylene.
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PIG, 101 Rate of Desorption Graph Used to Calculate the

Surface Coverage for Ethylene.
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Table 36. Surface Coverage Data
Time Rate of Desorpfqon Surface Coverag?2 o Temperature
in secs mo1ecu1e§]§ec in mo]ecu1$§ cm Z;T in K
x 10 x 10 0
0.12 0.056 9.29 1 520
0.16 0.42 9.28 .998 620
0.20 6.36 9.18 .988 720
0.24 32.5 8.43 .907 810
0.28 45.9 6.78 .729 930
0.32 58.2 4.53 .487 1030
0.36 44.8 2.28 .245 1110
0.40 35.4 0.63 .067 1215
0.44 1.93 0.03 .003 1280
0.48 0.0 0.00 0 1340
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FIG. 102 The Variation of Surface Coverage with Adsorption
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Table 37. Change of Surface Coverage with Adsorption
Time
Adsorption Surface
Time Coverage
in Minutes in molecules cm 2
x 10714
1 0.22
2 0.30
3 0.35
5 0.75
10 0.9
15 0.8
30 1.5
60 2.5
120 3.4
150 4.3
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Table 38. Sticking Probability Dafa
Time for Calculated Surface
Adsorption number of Coverage Sticking
. Collisions 14 o
In Minutes % 10—14 ] x 10 ~ Probability
molecules sec molecules cm
1 0.24 0.22 0.91
2 0.48 0.30 0.62
3 0.72 0.35 0.48
5 1.20 0.75 0.625
10 2.40 0.92 0.38
15 3.60 0.83 0.23
30 | 7.20 1.5 0.20
60 16.0 2.5 0.15
120 28.80 3.4 0.12
150 36.00 4.3 0.12
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So on a clean filament the ethylene is readily adsoxrbed
and nine out of ten collisions lead to adsorption. As the
surface coverage increases and more and more gi1le.s vecome
occupied the sticking probability drops and after two hours
only one in ten collisions lead to adsorption,

A graph of sticking probability against adsorption time
is drawn in Fig. 103,

Te3.4 The QOrder of Reaction

It would seem an easy choice to pick between first and
second order reactions. Xowever, for ethylene, graphs of log
rate constant against the reciprocal of the temperature give
approximate straight lines for both first and second order
reactions. It is very difficult to choose using this method
only. These graphs are shown in Fig. 104.

The second method to work out the order of reaction, plotiing
graphs of(ro - et/cro against time, where o is the surface
coverage, suggest the order of reaction is second order but this
is not conclusive. These graphs seem to have more second order
characteristics than first order. The series of graphs for
ethylene are shown in Fig. 105.

Prom this it was concluded that the order of reaction was
second order. However the proof is not conclusive so we must
bear in mind that there is a chance the reaction could be first
order. The experimental energy of activation was calculated using
the order of reaction being second order.

Values of (dn/dt)t and o, were calculated at a constant

t
temperature for a series of experiments. A graph of (dn/dt)t/(jc
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FPIG, 103 Variation of Sticking Probability with Adsorption Time.
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FIG. 104 Gravh of Log Rate Constant Against the Reciprocal

of Temperature Used to ind the Order of Reaction.
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FIG. 105 Grarhs of Q7 = 6/ o7 Against Time,
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against @7, was plotted to test for mixed order kinetics.

t
There was some spread in the results but the graph passed
throuch the origin suggesting that the reaction is definitely
not first order. The gradient of the gravdh would give the rate
constent for the second order reaction. This graph is shown

in Pig. 106,

A graph of the rate constant against the recinproczl of the
temperature should give a straight line if the experimental
energy of activation is constant and does not vary with surface
coverage, A graph of the rate constant against temperature is
drawn to obgerve the effect of temperature on the rate constant,
This is shown in Fig. 107.

For the series of experiments the rate constant shoulé be
a constant at a particular temperature aﬁd Table 39 gives a
series of values of the rate constant at a constant temperature.
The rate constant does vary but is constant within a reasonable

experimental error.

T.3.5 The Experimentael Inergy of Activation

Fig. 108 shous the graph of the In[ (an/at),/( o, - 6)*]
against the reciprocal of the temperature. The gradient of this
graph is equal to the experimental energy of activation divided
by R. There is a spread of experimentzl energies of activation
over a range from 42 kx joules mole“1 to 126 k joules mole“1 with
many of the values being close to 84 k joules mole~1. The
average value 1s found to be 79.5 k joules mole_1 and all the
values lie inside a range expected from the érror calculations.

Table 40 gives the range of experimental energies of

activation together with the adsorption time at which they were
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Gravh Used to Test for Mixed Order Kinetics,

(anfat)y = ky + kz(()‘t)T

(O ),
k1 = First Order Rate Constant
k2 = Second Order Rate Constant
¥ ¢ } ¥
5 10 15 20

Surface Coverage (CTE)T x 16717

molecule cm_2
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Variation of Rate Constant with Temperature.
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Table 39. Rate Constant at Constant Temperature for a
Series of Ethylene Desorption Experiments
15
Rate Constant x 10
in molecule™! cm? sec”]

600 K 1000 K 1280 K 1500
0.0012 0.073 5.53 142
0.0024 0.016 1.80 147
0.007 0.023 21.44 609
0.0027 0.059 0.264 1.16
0.0078 0.062 5.004 115
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Graph Used to Calculate the Activation Inergy.
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Table 40. Spread of Activation Energies
Adsorption Activation
Time Energy in
in Minutes k joules mo1e_1
1 85
2 79
3 88
5 55
10 96
15 78
30 82
60 80
120 92
150 54

Average = 79 k joules mole”! + 13.4 k joules mole™!

Standard Deviation = 13.4
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obtained.

A histogram to show the spread of activation energies is

shown in Fig. 109 .

The value of the experimental energy of activation is a
hiéh value for a physisorbed peak and rather low for a
chemisorbed peak, however it is known some chemisorbed species
have very low experimental energies of activation.

The value of the pre-exponentiazl function in the Arrhenius
equation is found by substituting in the values of the known
functions., The value of the pre-eiponential function was found

0 -1

to be 101 cm2 molecule_1 sec .

The generally accepted value of the pre-exponential function

13

for the Arrhenius eguation is 10 7, This is close to the value
obtained. The Arrhenius equation for this reaction at a tem-
perature of 1280 K is

10 e-79500/RT

k = 10 eeee (7-1)

7e3.6  Thermodynamic Peremeters

The temperature'at which we consider the reaction to teke
place is the temperature where the rate of decorption is meximum,
4 survey of the experiments show that there is a spread of tem—
peratures between the experiments but most give a temperature
close to 1300 X and the average value of 211 the values is 1280 K.
This is the temperature at which we will consider the reaction to
take place.

The enthalpy is calculated by substituting the known values

into the standard thermodynemic equation. This gives
I8540= AE +9840 ceee (7-2)

A value of the enthalpy of 67859 joules mole_1.
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FIG. 109 Histogram Showing the Spread of Activation Energies.
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By substituting the known values into the equation the
entropy of the reaction can be calculated., This gives a value
for the aﬁmmyof,%755<m34 mole”'. This value can
now be used in equation (4-57) and the ratio of the paxrtition

functions found.

FI e——-é\-js /%'5 92"3 ee oo (7"’3)
)

the ratio of the partition function is

F! -25
A B

= 10

-

The free energy of AcTivATion was found to be 50 k joules
mole_1.
Table 41 gives a summary of the calculated parameters for

the ethylene experiments.

Te3eT liass Snectrometer Results

The vacuum system was purged and pumped dowm and a back-
ground spectrum obtzined. This is shown in ¥Fig. 110, There is
a large background peak at 28 which is due to the "boiled off™"
nitrogen with which the system was purged. Other peaks were seen
at 12, 14, 15, 16, 18, 20 and 44. The largest of these smaller
peaks prior to allowing the ethylene into the system was the
18 peak but this was only a gquarter the size of the nitrogen 28

Peak.
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Table 41. Summary of Calculated Parameters
TO 1280 K
Order of Reaction | 2nd
Enthalpy 67.8 k joules mole™!
Activation Energy 79 k joules mole ]
A Factor 15'2 i mote™! sec”!
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FIG, 110 Mass Spectra for Ethylene I,

Background Spectra of the Clean System
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The spectrum when the ethylene sample was allowed into
the system is shown in Fig. 110. Table 42 gives a summary of
the increase in each of the peaks. The peaks which increased
are the 2, 12, 14, 15, 16 and 28, These peaks are from
ethylene and the fragmentation of the ethylene into C, CH?, CH5
and CH,., The 28 pezak was due to the ethylene CzH

4 4
it would be due to the nitrogen in the background and possibly

but part of

some carbon monoxide., The mass spectirometer was not sensitive
enough to resolve these three compounds, all of which have an
atomic mass of 28, The very large MS9 mass spectrometer which
was used to analyse the sample after purification was able to
distinguish between these three peaks,

Prior to the flash the gas is pumped out of the system and
a background spectrum obtained. This is shown in Fig. 111.

When the system is flashed there is an increase in the mass
2,14, and 16 peaks., This is shown in Fig. 111 and a summary of
the increases is shown in Table 43. Also the data from a second
run is shown in Table 43. The major increases are in the mass
14 and 15 peaks. Thé mass 28 peak also increases but the mass
28 peak was initially large and the percentage increase in the
peak is only 3 units in 30 units, a relatively small rise com=-
pared to the 14 and 15 peaks, The hydrogen mass 2 peak increases
by a small emount,

No peaks at 26, 27 and 29 were detected in the mass spectrum
even though when the ethylene was analysed on a more sensitive
mzss spectrometer these peaks were found. The peaks which were
observed to increase were the 14 and 15 peak. The 14 peak was

probably due to dissociation of ethylene into two CH2+ radicals,
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Table 42, Mass Spectrometer Data Taken While Ethylene Sample
is Adsorbing
Background Peak Height Increase | Percentage
eak Peak Height | During Flash | in Peak Increase
2 4 5 1 0.1
12 1 5 4 0.5
14 4 90 86 14.2
15 1 5 4 0.5
16 5 10 5 0.6
17 10 10 - -
18 20 15 - -
20 1 5 4 0.5
28 33 680 647 84.1
32 1 5 4 0.5
44 2 10 8 1.0
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FIG. 111 Mass Spectrun for Ethylene II,

Background Spectrum Frior to Flash
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Mass Spectrometer Data for an Ethylene ¥lash

Desorpiion Ixperiment

Peax | Deckground Peak Feight Increase | Percentage
Peak Height | During Flash| In Peak Increase

2 2 5 3 17

12 5 5 -

14 4 10 6 33

15 5 11 6 33

16 6 6 -

18 1 1 -

28 34 31 3 17

32 1 1 -

44 2 2 -

2 4 1 b 21

12 5 5 -

14 3 8 5 33

15 4 9 5 33

16 4 4 -

18 1 1 -

28 41 4% 2 13

32 2 - -

44 1 - -
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The mass 15 pezk is probably due to the existence of a CH5
radical, The presence of the radicals indicate that some of
the ethylene is dissociated on adsorption or decomposed on
desorption. The increase in the mass 28 peak is seen in all
cases but is proportionally very small when considering the
size of the peak. The mass 28 peak rise could be due to
desorption of ethylene or the desorption of two CH2 radicals
which combine to form an ethylene molecule, The increase in
the mass 2 will be due to desorption of hydrogen which once

again suggests some dissociation takes place,

T.4 INTERPRETATION OF RESULTS

Tedol The Adsorption of Ethylene
J

On a clean tantalum surface the sticking probability -was
0.91 which is a very high value indicating that most collisions
with the surface lead to adsorption. The value of the sticking
Probability drops steadily to 0.12 at relatively long adsorption
times. The initial value of the sticking probability is very
high but the fall in sticking probability is what would be
expected as the adsoiption sites are filled. The number of
molecules on the surface after 150 minutes adsorption time is
found to be 0.4 x 1014 molecules cm—z. There are approximately
1015 adsorption sites on the tantalum surface. The ethylene
molecule is a comparatively large molecule and when adsorbed may
occupy more than one adsorption site.

Te4e2  Direct Observation of the Filament

X-ray diffraction data indicates that a change in the filament

has tazken place during the treatment. The X-ray diffraction
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pattern is changed and when analysed it was found to be the
X-ray diffraction pattern of tantalum carbide. 4n attempt was
made to see if the tantalum carbide was a surface layer oxr
whether the whole filament was tantalum carbide. An attempt
was made to "photograph' the filament end with the X-rays but
unfortunately the filement was too thin and too fragile to give
any resultis,

The electron microscope pictures of the filament used for
the carbon monoxide experiments showed a smooth surface with
clear crystal boundaries. The pictures of the filament after
treatment with ethylene were quite different., The crystal
boundaries caused by the heating could still be seen but at low
magnifications the surface did not look smooth but appeared to
have many small scratches on it. At much higher magnifications
what appeared to be a fibrous coating was seen as shown in
Fig., 42. This indicated that the ethylene had reacted with the
surface and caused some change., Once again observation of the
end of the filament was attempted but again experimental dif-
ficulties meant that no information was obtained.

When the filament used for the carbon monoxide experiments

was removed from the apparatus it was still a metallic silver

colour. The ethylene filament was much darker and so even casual

observation of the filament indicated some change,
The electron microscope evidence showed that the ethylene
had affected the surface and this was supported by the X-ray

diffraction data which showed the surface of the tantalum 1o be
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tantalum carbide. Vhether all of the filament had been changed
to tantalum carbide or just the surface could not be discovered.

Tede3 Information From the Desorption Spectrum

Only one clear broad peak is seen in the desorption spectrum.
Ho other clearly resolved pezks could be seen but there was a
suggestion of a very smell lower temperature peak at high adsorp-
tion times. Attempts were made to make the pezk larger and better
resolved but no peak, which it would be posgible to analyse, was
obtained. The broad peak is desorbed in the temperature range
300 - 1600 K with the meximum rate of desorption at 1380 K.

Two peaks are seen in the flash desorption spectrum of
ethylene adsorbed on iridium at 300 K (38)(58). The pezks are
desorbed in the temperature range 400 - 900 K.

T.4.4 Kinetics of Desorption for Ethylene

The reaction was found to be second order and the activation
energy for the desorption reaction 80 k joules mole_1. The pre-
exponential function was found to be 1010 cm2 molec:u.lem1 sec“1.

Robertson has investigated the decomposition of ethylene on
niobium (26). The reaction was found to be first order at low

pressure but to have zero order kinetics at higher pressures. The

equation which described the decomposition reaction was
2.2 -1
P = 10 eXp (“'57 k J mOl /RT) o ¢eo (701)

The parameters are measured when the ethylene is decomposed
in the presence of the hot filament and so cannot stirictly be
compared to the values obtained in this work since the techniques

are different.
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Tedeb Nature of the Desorbed Species

The peaks which increased during the flash are the 2, 14, 15
and 28, The major increacses are seen in the 14 and 15 peaks which
are probably due to desorption of CH? and CH3' The mass 28 peak
increases and this could be due to desorption of molecular
ethylene or recombination of two CH2 radicals. The mass 2 peak
will be due to molecular hydrogen.

Each of the peaks was followed through the flash and the
increase in each could be seen. Other peaks which should be
present in the ethylene mass spectrum, but were not detected, were
also followed through the flash,

lo high mass peaks, m/e == 200, were found which suggests
no tantalum hydride or carbide were desorbed. It was stated in
the carbon monoxide chapter that no carbon or tantalum carbide
had been found to desorb from a carbided surface (94 ).

For the desorption of ethylene from niobium (58 ) and
iridium (38 ) the only gaseous product found was hydrogen.
Hydrogen was the only product found when acetylene was desorbed
from niobium and iridium and butadiene was desorbed from niobium.

Tedeb Synthesis of the Results

The change in the surface of the filament complicates the
reaction. Where do we stop investigating the desorption of
ethylene from tantalum and stert investigating the desorption of
ethylene from tantalum carbide? Robertson has considered a
similar problem for the decomposition of ethylene from niobium,

He found that ¥b.C filaments gave very similar results to the

2

clean niobium surface but the IbC filaments did not give similar
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results. Experiments with a carbon filament had suggested that
the deposited carbon would be unlikely to affect the results
obtained.

We were unable to say if the carbide was a surface layer
or if it had penetrated the bulk of the material. If the whole
filament was tantalum carbide then the whole experiment could be
effected. The resistivity of tantalum carbide varies greatly .
from that of tantalum and so the temperature calculation could
be seriously effected,

For the carbon monoxide and hydrogen it was assumed that the
desorption reaction is the reverse of the adsorption reaction.
For ethylene dissociation occurs at high temperatures and so if
ethylene is adsorbed it will be dissociated at the temperatures
required for a flash desorption reaction. It is the decomposition
of hydrocarbons that has been studied and it was found that the
only product found was hydrogen ( 58 ). Hansen found a small
quantity of ethylene desorbed at 100 X ( 38 ).

The large quantity of carbide on the surface suggests that
our investigations had been concerned with the desorption of
ethylene from tantalum carbide., The broad desorption spectxrum
is probably due to a combination of many peaks with similar

reaction kineties.,
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