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I. INTRODUCTION

The interaction of a gas with g metal surface has been
of scientific interest because of its importance in a variety
of problems, such as catalysis, corrosion and electron emis-
sion. As a result of this interest, much work has besen done
on the chemical, physical and electrical properties of clean
surfaces. Clean surfaces are essential for investigating the
interaction of extremely dilute gases with solids.

Flash desorption spectrometry 1s a sensitive tool for
investigating the interaction of dilute gases with macro-
scopic wire samples. It consists of rapidly heating a metal
filament on which adsorption has taken place at a given tem-
perature and pressure. As the filament temperature increases,
the rate of gas evolution in the closed system increases,
resulting in an increase of the gas density. From the tem-
perature dependence of this increase, one can obtain informa-
tion concerning the rate processes which control the transfer
of molecules from the adsorbed phase to the gas phase. The
maximum increase in the gas density is a direct measure of
the quantity of gas that was initially present on the metal
surface. This technique is also suitable for observing the
effect of surface coverage on these rate processes. If the
adsorbate is capable of a complex sequence of reactions, as

may be the case with hydrocarbons, a sensitive mass spec-



trometer may be used to identify the desorption products. A
study of isotopic mixing in the adsorbed layer is useful for
better defining the nature of the adsorbed species, and here,
a mass spectrometer is essentlal.

These dynamic measurements of the adsorption of gases on
metals are important not only for studying the nature bf the
adsorbed species, but also for better defining the adsorbing
surfaces, and, hopefully, gaining an insight into what char-
acteristics of the adsorbent are important in adsorption.
This technique together with other powerful technigues, such
as field emission microscopy and low energy electron dif-
fraction, offers a route to a thorough understanding of sur-
face phenomena.

This project is an application of the flash-filament
principle to the study of the adsorption-desorption char-
acteristics of simple diatomic molecules (H2, N2 and C0) on
tungsten and the catalytically active transition metals

iridium and rhodium including a study of isotopic exchange

in dilute layers of co-adsorbped H2-D2 and 14N2-15N2 mixtures.



IT. LITERATURE REVIEW
A. General Background

The literature covered in this review will deal mainly
with the study of adsorption phenomena in ultra high vécuum
systems. Techniques for the production of ultra high
vacuum (<1O'9 torr) have only been developed within the last
fifteen years and the review will be limited to this period.

Apker (1) was the first to apply the flash filament
technique to determine pressures beyond the limit of the
ionization gauge. At that time, all his observations were
not understood in detail, but he realized the importance of
surface phenomena in vacuum technology and vice versa.
Becker and Hartman (2) used the ionization gauge developed
by Bayard and Alpert (3) to study the adsorption of nitrogen
on tungsten. They made use of the sensitivity and speed of
this ionization gauge to study the initial stages of adsorp-
tion and the variation of sticking probability with surface
coverage. Becker (4) summarized in a review article his
findings on the variation of sticking probability with sur-
face coverage for a variety of gases and vapors. The char-
acter of his results suggested that the uptake of some gases

by a metal surface is not a simple monotonically decreasing

function of the amount present on the surface. Kisliuk



(5, 6) has derived vealuss for the sticking wrobability as-
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crticle, descrived the mescnenism of desorption of several

diatonic molecules from tungsten. From this article, it was



clear that a sensitive mass spectrometer was essential to
ldentify the desorption products, even in the case of simple
diatomic gases, such as H,, N,, CO and 0,. Apker (1) real-
ized that the mass spectrometer would play a valuable role
in investigating surface phenomena, tut 1t was not so used
until 1960, when Hickmott (11, 12) useAd a small ion- |
resonance mass spectrometer to ildentify the desorption
products and the products of the interaction of these
species with the glass envelope of the reaction cell. Becker
Becker and Brandes (13) used a mass spectrometer to investi-
gate the reactions of oxygen with tungsten containing
carbon. Eisinger (14, 15) used the flash filament tech-
nique to investigate the properties of hydrogen and oxygen
chemisorbed on a single crystal tungsten ribbon. He also
measured the worx function of the tungsten ribbon during
adsorption of hydrogen by determining the ribbon's photo-
electric threshold when it was illuminated by ultraviolet
light.

Redhead (16) and Ehrlich (17) investigated the desorp-
tion of carbon monoxide from polycrystalline tungsten fila-
ments. The desorption spectrum they obtained was quite
complex, consisting of four binding states with different
heats of adsorption. There is a primary chemisorbed state
B, with an activation energy of desorption of 80 kcal per

mole and a weaker state a, with a desorption energy of 20



kcal per mole, which forms as the rate of growth of B dimin-
ishes. Ehrlich (17) found no additional weak binding even
at low temperatures. The more tightly bound B state is

attributed to carbon monoxide chemisorbed in the bridged

0
I
A< '
structure (viz, M° M), and the a state, to the linear
h
structure ( ﬁ ). The B peak itself is made up of three sub-
M

peaks, which are attributed to surface heterogeneity.
Hickmott (11) found in his study of hydrogen desorption
from tungsten that the temperature of the cathode in the
detector had to be less than 1100°K to prevent dissociation
and hence rapid pumping of molecular hydrogen. Instead of
using a common ion gauge with tungsten filaments, he re-
placed one of the filaments with a lanthanum-voride coated
tantalum filament. The low work function of this emitter
enables the gauge to operate at a temperature below llOOOK,
so that the formation of atomic hydrogen by thermal dissocila-
tion is sufficiently reduced that both ion gauge pumping and
production of contaminants from reaction between atomic
hydrogen and glass are reduced to easily manageable levels.
Pasternak and Weisendanger (18) investigated the inter-

action of hydrogen and nitrogen with a molybdenum ribbon by



means of the flash filament technique, with modifications
designed to reduce the problem of contamination and to im-

. prove the resolution of overlapping peaks. They used a high
steady flow rate and a conventional ion gauge mounted in a
half-liter flask to reduce heating and degassing of the
glass envelope. One of the main modifications was theause
of high heating rates, approximately IO,OOOOK per second.
Adsorption of hydrogen above BZOOK yielded single pressure
peaks in the desorption spectra, whereas adsorption at 225°K
yielded two pressure peaks one at BSOOK and the other at
55OOK. The low temperature peak increased with adsorption
time, whereas the height of the high temperature peak re-
mained essentially constant. Moore and Unterwald (19)
studied the interaction of hydrogen with tungsten and molyb-
denum ribbons, with the sample mounted adjacent to the
ionization cage of a mass spectrometer. They estimated the
heat of adsorption of hydrogen on tungsten to be 7 kcal at

6 = 0.6, by comparing desorption peaks at various tempera-
tures for a given amount of adsorbed hydrogen.

Arthur (20) was the first to apply the flash-filament
principle in conjunction with field emission microscopy (21)
to investigate the surface reactions of hydrocarbons and
hydrogen on iridium. He studied the adsorption and subse-

quent dehydrogenation of ethylene, acetylene and ethane



on iridium. Harvey (22) used this technique to study the
decomposition of a sterically hindered acetylenic hydrocarbon
on rnodium.

Weisendanger (23) studied the chemisorption of hydrogen
and nitrogen on a polyerystalline platinum wire by analyzing
the desorption spectra obtained on flash-heating the filament
after adsorption from a gas stream of constant flow rate. He
identified the desorbed gases by comparing these desorption
curves with equivalent ones obtained with a tungsten fila-
ment in the same ultra high vacuum system under identical
conditions.

Madey, Yates and Stern (24) used an omegatron mass
spectrometer to study the kinetics of isotope mixing in car-
bon monoxide adsorbed on tungsten. They found that rapid
isotopic mixing occurred at temperatures above 850°K. No
evidence was found for dissociation of CO into mobile ad-
sorbed carbon and oxygen atoms. A four-center bimolecular
exchange intermediate on the surface was postulated which is
consistent with a model for molecular CO adéarption, involving
surface bonding through both the carbon and oxygen. They
(25) also investigated the isotopic mixing in nitrogen
chemisorbed on tungsten. The molecular identity of the low
temperature state was confirmed by the absence of 14N15N in
the desorption spectrum. The strongly held B-nitrogen was

completely isotopically mixed on desorption. A study of the



B-peek revesled two overlapping vinding states associated
w.tn suriace reterogeneity in the tungsten substrate.
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Medana and Saini (29) also investigated the adsorption-de-
sorption characteristics of hydrogen on polycrystalline
tungsten. To observe the contributions of different crystal
faces, they desorbed the gas from the adsorbent by slow
heating (~2-3 deg/sec ). The adsorbent was a cylindrically
shaped tungsten sheet with a geometric surface area of 30
cmz. The sample was heated by means of induced eddy currents
which makes it difficult to determine accurately the range
of temperatures for the desorption of different chemisorbed
species and does not permit the corresponding desorption
energies to be calculated. They observe six different peaks
all attributed to hydrogen which desorb in groupings of two
in the three temperature regions ?7-190°K, 190-3000K and
300-600°K.

Delchar and Ehrlich (30) studied the effects of surface
structure on the adsorption of nitrogen by contact-potential
measurements on macroscopic planes cut from single crystal
tungsten. On the (100) face room temperature desorption re-
veals only one state, B, in which nitrogen is bound as atoms.
On the less reactive (111) face, they found two states, a and
B and at higher concentrations, a seéond B state 1s isolated

by flash desorption. No adsorption on the (110) face was

observed at 300°K snd P = 10~/ torr.

Methods of analyzing desorption spectra for the kinetic

parameters have been described by many investigators.



11

Smith's (31) treatment of the thermodesorption of gases from
solids is analogous to thermoluminescence, where the energy
to free electrons from traps is determined. He treats the
case of desorption into a constant volume and the case where
there is a large leak into a vacuum. The most extensive
treatment has been that of Ehrlich (32), in which he tfeats
both the kinetic and experimental problems assocliated with
the flash filament techmique. He describes the procedure

for deriving both qualitative and quantitative information
on the kinetics of gas desorption. He also analyzes the ef-
fect of the ionization gauge on desorption measurements. In
a.recent review article, Ehrlich (33) has surveyed the modern
methods used in studying surface kinetics, namely flash de-
sorption, field emission microscopy and the role played by
vacuum technology in these investigations. Redhead's (34)
method of analysis deals mainly with the determination of the
kinetic parameters from the shape of the desorption spectrum.
The activation energy of desorption is estimated from the
temperature at which the desorption rate is a maximum for
first--order reactions and from the change of this temperature
with surface coverage for second-order reactions. - The order
of the reaction is determined from the shape of the desorp-
tion rate versus time curve. This treatment is also appli-
cable to the desorption of ionically trapped gases. Carter's

(35) treatment of desorption energy spectra is similar to
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Rednead's (34), but in addition, te treats desorption from
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analysis and impurity partial pressure monitoring. The

. methods of kinetic analysis used were insufficlently precise
to permit quantitative estimates of good precision of the
variation in activation energies witn surface coverage.

From the work of Ebhrlich, Hickmott and Redhead it was
known that each of the three gases hydrogen, nitrogen and
carbon monoxide exhibited at least two binding states when
adsorbed on tungsten as indicated by the multiple peaks in
the desorption spectrum. These were designated as a, de-
sorbing at low temperature, and 3, desorbing at high temper-
ature. In the case of carbon monoxide it was further known
that the B-peak was split into at least three components
and it was suggested, by comparison with infrared spectra
of chemisorbed carbon monoxide, that the B-group of peaké
resulted from the desorption of bridged-bonded molecules
from the various crystal faces exposed on the surface of the
adsorbent. It was also known that the desorption of B-hydro-
gen and B-nitrogen from tungsten was kinetically second order
and kinetic parameters (frequency factor and activation
energies) of apparently good quality were available for these
systems at low coverage. The desorption of a-nitrogen was
kinetically first order, but the kinetic data in this case
were of much poorer quality. The desorption of a-hydrogen

appeared to be kinetically first order, but the data in this

case permitted littie more than a subjective judgement.
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Hycroger 1s tre s.mplest cherisoroing elemens, and a

ct

furdementel study o its clhisnisoroiion Ls thnerefore of zZreat
theoretical interest. Une crnemlisorpiicn of hydrogen on

transition .etels 1s glso of great tecnznical iaterest beceuse
I,

of its relation To cetelytic hydrogenstion, cet.lytic ammonia

-

syntresis, and fuel cell overation. Lnyd:

Loy

ogen crnemisorption
also exn.oits & wide variety of pnsrozensz, including multiple
vinding stetes, marked verisv.on in adsordtion enthaloy with
surface ccvarage and marked varliatlion 1in surface modilitly
wish temperature. The dissoclation of hydrogen oy hot fila-
nents {as in coanventional ion gauges) With corresponding
punping end conteminaxnt productiorn, is much more pronounced

in trs case of nydrogen than in other simple distomic gases,
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such as nitrogen and carbon monoxide, so that an experimental
procedure developed for the study of these less reactive
gases must be modified for investigating hydrogen. This
modified procedure 1s then suitable for studying many other
systems.

The Group VIII transition metals include the metals that

are most active 1in catalytic hydrogenation and ammonia

synthesis. Two of these metals, iridium (m.p. = 2443°C, 8, = |

0
3.80 A,

3.84 &, f.c.c.) and rhodium (m.p. = 1966°C, a,
f.c.c.) were selected for the present study, because both are
active in a number of catalytic reactions and thelr surface
oxide decomposes at relatively low temperatures. Nickel
would have been more desirable to use; since 1t 1s active in
a wider variety of catalytic reactions and hence a large
amount of experimental data is available on its catalytic
behavior. Unfortunately its melting point is too low (m.p.

= 1455°C) for use in flash desorption.

As a result of this past work, the present study was
carried out to gain a thorough understanding of the flash
filament technique by supplementing the work of previous in-
vestigators and extending this investigation to mére catalyti-
cally active metals.

The system nitrogen-tungsten was used as a calibration
of the flash filament technique. Also, since it exhibits two

binding states, it was investigated to gain further informa-
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tion on the kinetics and energetics of desorption from
these binding states. The behavior of a co-adsorbed
mixture of 1LPNZ and 15N2 on desorption was investigated to
gain additional information on the nature of the adsorbed
species.

Carbon monoxide does not dissociate on adsorptioﬁ, but
it does exhibit multiple binding modes on tungsten. Since
iridium and rhodium have a different crystal structure than
tﬁngsten and since there exists some infrared data for
carbon monoxide adsorbed on rhodium, the desorption char-
acteristics of carbon monoxide from tungsten, iridium, and
rhodium were investigated to observe the effect of crystal
structure (interatomic spacing) on these binding modes.

The most extensive work was carried out with hydrogen.
The experimental ftechniques, particularly those concerned
with ion gauge operation, were investigated to determine
thelir efféﬁt on the desorption spectrum of hydrogen. A
general method of analysls, accounting for the variation of
the activation energy of desorption with surface coverage
was developed and applied to hydrogen desorption data.
Hydrogen-deuterium exchange was investigated to complement
- the results obtained from kinetic analysis of the desorption

of each component.
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ITI. FLASH DESORPTION SPECTROMETRY

Flash desorption spectrometry is in principle a simple
technique for gaining information about the rate processes
which govern the transfer of molecules from the adsorbed
phase to the gas phase. If a metal sample, in the forh of
a wire or ribbon, is rapidly heated in a closed system at a
low background pressure, then the pressure increase in the
system is a direct measure of the total number of molecules
which have desorbed from the sample. The temperature de-
pendence of this gas evolution yields information on various
adsorption parameters, namely, the number of desorbing phases,
the activation energy of desorption and the kinetic order of
the rate controlling step in the desorption process.

In a closed system, the number of molecules desorbed
from the filament on heating can be obtained from the ideal
gas law,

_ VUAP
N, = %TA (1)

where n, is the number of adsorbed molecules per cm2, V is
the volume of the system in liters and A is the surface area
of the filament in cmz. In practice, no system is completely
closed, since some molecules are removed from the system by

the pressure measuring devices.
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The rate at which the number of molecules in the gas
phase changes on heating the sample depends on the rate law
followed by the desorbing gases, the heating schedule, the
rate of removal of gases from the system and the rate of
supply of gas from the reservolr. 1In a flash desorption
experiment, the rate of change of the number of molecules

in the gas phase is

an _ _, dn _ 8
G- A -vNTL (2)
where N is the number of molecules in the ambient, -A %% is

the number of molecules released into the system per second
from a filament of surface area A, S is the pumping speed of
all gas sinks in liters per second and L is the leak rate of
the test gas from the reservoir in molecules per second. We
have assumed that, during the interval in which desorption
occurs, gas flow from the walls and readsorption by the sample
is negligible.

Since the mean free path of the molecules at this pres-
sure is much larger than the dimensions of the cell and
tubulation, the desorbing molecules must undergo many
collisions with the glass envelope before they reach the
detector. Hence, we will assume that the molecules have
equilibrated with the glass walls.

In an actual experiment the gas density is measured by

a detector at some distance from the reaction cell. This
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2]
O]

varation of sample and detector is cdue to the size of the

tector and tne recessity to minimize electrical inter-

o
@
ct

Tersnce. Tne detector and cell are mounted in two separate
T.asis connected by larg: bore tudulation. As a result of
trhis tubulation, density gradients may exist during ad-
sorvtion =rd cesorvtion. Tnis problem is treated in detail
in Secvion XII..

If we let T = To, wnere TO is tTne temperature of the

o

glass envelope, then Trox the idezl gas law we obtain

= (3)

Substituting t .is resuit into zcuztion 2 gxnd rearranging,

we find
; I LuT
dn o ¥ AP L S, ‘ol ()
¢t AXTO 4z ' \
D= . . - .. 4P 7
LTt sTeedy state prior.to tre flesn, & = 0, gﬁ = 0 gnd P =
at av
Po. Tnls implies tret
LkTO
P = —
0 S (5)

=P - P , we obtain
O
7. v [ép ., 8 1 :
- = - P+ = 2 /6
iz~ EkT, (gv VA \6)



20

-V S
-An = ART AP + V.r APAt (7)
0 t
o}
where -An = no - N.

Equation 7 gives the amount of material desorbing from
the surface as a function of time, corrected for the amount
lost by pumping. To obtain the kinetic parameters ofi
interest from the dependence of An on time, obtained from
.Equation 7, we assume that the isothermal rate of gas

evolution is given by the Polanyi-Wigner equation,

k
-dn _ vy, n -AH (
It k exp[m] (8)
where n is the number of molecules adsorbed per cmz, Vi is

the frequency factor and k is the kinetic order of the re-
action. Let x = % and suppose that t = f(x). Presumably t
can be made nearly linear in x, but for completeness, we will

assume that it is an arbitrary function of x.

Then
-1
_@.z-@.-d—ﬁz ! ] gﬂ
it = dx at = " [f (x) | & (9)

Substituting this in Equation 8 and rearranging, we obtain
-dn _ K o —pH
ix -V f (x) eXpl:R {[ (10)
Let n = 6 n s where n, is the number of molecules per cm2 in

a monolayer.

Then
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(11)

Substituting this in Equation 10 and rearranging, we obtain

" nrlr{l'lf"(x) exp [— AT}{ {[ dx (12)

We suppose that ARH is a function of o, presumably’

AH k-1
nearly linear in 6. Let 5 = g(6), andv, n ™" =y.
Then
-de _
== = pfr(x) exp E—g(e)ﬂ dx (13)
0
e X
-I %‘2 =MJ' ' (y) exp Eg(@)){l dy (14)
eo '~ Xy
Integration of the left hand side yields
Ie o 1n %o k=1 (152)
- = 8]
k-1 %k-l - ek-l
~o

Evaluation of the right hand side of Equation 14 is somewhat

more complicated. Let y = x + u; them u = 0 when y = x and

u=Xx_ - X, Wnen = X .
o) ’ y o]

Then
(16)

X =X

X
F‘f ' (y) exp l:-g(e)szldy = -[JI of"(x+u) exp [—g(e)(x+u):[du
%o

o
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Most of the value of this integral will come from values of
u near zero, and we can therefore use Taylor series termi-
nated after two terms advantageously. We set

' (x +u) = £'(x) +u £"(x) (17a)

g(8)(x + u) = xg(e) + ulxg)' ~ (170)
and substituting this into Equation 16, obtain,

X_-X X _-X
) )
- "(y) -g(e) = - (-xg) '(x)
ufo f'ly)exp [g e ﬂdy 4 expl(-xg J'o [f‘ x) +
uf‘"(x):[ exp E-u(xg)']du (18)
= - uexp(-xg)l:f'(x) 1-exp|_-(}(<i;;fxo‘xﬂ
X -X
+ f‘"J‘ u exp I:-u(xg)'] du (19)
o)

B uf"(x)?ingg) [1 - exp[-(xg)’(xo-x):l

" (x)(xg)"

_(xo-x) exp [—(xg)'(xo-x):[
+ —— { (xg) "

exp[—(xg) ' (xo-x)]
- +

[’ Bxgwf}

(20)




23

- .prtx)expl-xg) |, , _£"(x) - {1 + (xg-x)£"(x)
xg) ' £'(x)(xg)’ £'(x)
"
+ f.fx(xxg . }exp [-(Xg)'(xo-x)]:{ (21)
Now
fe
Y, % 1ae
ainl_ %o ¢f] 7 gk & (22)
dx )
|
k
Go(p
e
But - —% %@ is given by Equation 13 and - I gﬁ by Equa-
0 X ©
%
tion 21.
Hence.
6
[ e
dln eo wk
ax - - x)f"(x) £"{x)
H {1+ e Tt )
exp[}(xg)'(xo-x{[ (23)

If we neglect all terms other than 1 in the denominator, al-

though they can be determined, then Equation 23 reduces to

0 oK

~ (xg)' (24)
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Now x = 1/T, g = %? and AH depends on 6

Hence,

: o, 1
(xg)' = g+ xg' = F + gy

o

AH
5 )

QJIQ:
<D

(25)

o

]
In an actual experiment, 1ln -f do is experimentally avail-

5 &

0

able once a value of k 1s assumed, and can be plotted against

X = %. For small values of 6, where AH 1s essentially

1
constant, and if % = g + bt, (where, b = ga% ), then Equation

21 can be integrated to yield, if we neglect all terms other

than 1 inside the brackets,

n

o _-AH { R } . _
—_— i e P =
In 1n < = 1in ——E——Ap 7T if k=1 (26a)
Tt
n _-n Ry .
n 92— = -2, ln{ d 1/7T if k=2 (26Db)
nno RT AH-—dT—

If either the left side of Equation 26a or 26b varies
linearly with %, then the reaction is correspondingly first

or second order, and the slope of the linear plot is -%g .

Equations 26a and 26b are obtained assuming that AH and v
are independent of surface coverage. Experimentally it is

found that both AH and v are essentially constant at low
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coverages. For nitrogen on tungsten (8), AH is constant for
all coverages while for.hydrogen on tungsten (11), AH is

12 molecules/cmz,

constant up to a surface coverage of 30 x 10
but decreases at higher coverages. Hence, the results

given by Equations 26a and 26b are no longer valid for

large values of n, when the heat of desorption is a function
of surface coverage. The deviation from linearity of plots
derived from Equations 26a or 26b is a measure of the vari-
ation of the activation energy of desorption with increasing
surface coverage. If we assume a linear variation in the
heat of desorption, i.e. AH = AHO - an, then o can be

obtained from Equation 24 and 25. When determined this way,

a 1s somewhat inaccurate due to the difficulty in obtaining

%%. There are at least two other ways to determine a.
Substituting AH = AHo - an into Equation 8, yields,

AH -an
-dn _ 2 o)

Y (27)
for a second order reaction. This expression cannot be
integrated analytically. But a can be determined by solving

d2n

Equation 27 at the point of inflection, i.e. =5 = 0, of the
dt

desorption curve for large initial coverages and using AHO
and VY obtained, for low coverages, from Equation 26b. This
method is also inaccurate for the reason mentioned above.

In the second method, the parameters AHo and y are again
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established from low coverage experimencs aand & minimum
search routiie (Section XIII) is carried out with respect

to a, using & computer to integrate numerically Zquation 27.

This latter metnod ives gool agriement vetween tre ex-
verimentel zad Tre generzted veluss.

Continuous recording of tre pressure rise during s
flasn desorpcion experim%nﬁ N33 revesled tnet the adsorption
crocess is complex &s indicated by the presence of multiple
veaks in tne lesorption spectrum. In most cases only oz

of the tinding states can ve trezted by tne zbove analysis:

T3 are usually tre.cerct in szall smounts and/or are

the otre
not zdeguzte.” resolved. Trhe sct.vation exn3rzy of these

Ther states can e escimzated Irom the temperature range
over walcnh dssorption occurs.

Herce, Tlacsn Tilament desorption spectrometry can be
used to 4 sermine the Kinetics arnd energetics of the rate
convrollinz step in th= lesorption process, tie variation
of the activation energy oI desorption with surface coverage

and the quantity of meterieal whicn is adsorbed.
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IV. EXPERIMENTAL PROCEDURES

A. Introduction

Recent developments in the fleld of wvacuum technology
have made the generation and preservation of clean surfaces
a routine procedure. It can be shown from kinetic theory
that extremely low pressures are required to maintain a
clean surface; at 10'6 torr, enough molecules strike the
surface in three seconds to form a complete monolayer, where-

10

as, at 10~ torr, clean surfaces can be generated and

maintained for a period of several hours. Since the number
of atoms on the surface 1is about 1O15 per cmz, impurity
concentrations of 1% either in the test gas or sample sur-
face may markedly alter the adsorption characteristics of
the system under investigation. Surface impurities can
generally be removed by high temperature heating and since
the impurity level of the test gas 1s determined by the

quantity of residual gases, the advantages of investigating

adsorption phenomena in ultra high vacuum systems are evident.
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B. Ultra High Vacuum Techniques

Pressures in the ultra high vacuum range (below 1077
torrl) are essential for the measurement of the properties
of clean surfaces and for investigating the interaction of
extremely pure gases with these surfaces. These 1nvest1ga-
tions of surface phenomena can be most conveniently carried
out in glass systems of small volume (about 2 liters).

Such ultra high vacuum techniques have only become
known within the past twelve years. In 1953, Alpert (37)
described in detail the methods used for obtaining ultra-
high vacuum. His chief contribution was the introduction
of an ionization gauge which could measure pressures as low
as 10—1:L torr. This lower limit is determined by the
photoelectron current from the collector caused by soft
x-rays emanating from the electron bombarded grid and is
referred to as the x-ray limit of the gauge. Venema (38)

was able to obtain a pressure of ].O'12

torr by means of a
specially designed mercury diffusion pump. The omegatron,
originally developed by Sommer, Thomas and Hipple (39) for
measuring atomic constants, was used by Alpert and Buritz

(40) as a mass spectrometer for measuring the partial pres-

l1 torr = 1 mm of Hg.
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sures of the‘residual gases in an ultra high vacuum system.
The omegatron paved the way for the development of more
sophisticated partial pressure analyzers (higher sensi-
tivity and better resolution) that could be used with ultra
high vacuum systems.

The ultimate pressure in any vacuum system 1s estéblished
when the rate of removal of gas by the pumps and the rate
of production of gas from all sources are equal. The rates
of processes controlling gas production all increase greatly
as the temperature is increased. It is therefore possible,
by baking out the apparatus for a suitable period, to
markedly reduce the amount of gas absorbed on walls, gauge
parts, etc. so that, at experimental temperatures, the rates
of supply of gas from these sources is markedly reduced and
" much lower limiting pressures can therefore be achieved.
Evolution of water from the glass is the dominant source of
gas during bake-out. This water, which is chemically bonded
to the glass (41, 42) is adequately removed by normal baking
(35O°C-4000C) although the depletion process is not a simple'
desorption.

The various components of the vacuum system and the
associated electronic equipment are shown schematically in
Figure 1 and the actual physical arrangement bf the components

is shown in Figure 2.
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The vacuum system was constructed of borosilicate glass
(Corning 7740). It consisted of two, two-stage mercury dif-
fusion pumps in series backed by a rotary forepump.

Following the diffuslon pumps were two cold traps, separated
from the working area by a magnetically operated ground

glass valve. The entlre system beyond the first trap can

be enclosed in a portable oven and baked to 35OOC to drive
off the adsorbed gas. Gases to be used in adsorption

studies were kept in glass ampoules provided with a break-
tip and separated from the working area by Granville-Phillips
variable leak values. The working area qontained a desorp-
tion cell, two ion gauges and a mass spectrometer.

The desorption cell shown in Figure 3, was a flask with
five outlets commected to a mass spectrometer, two ion
gauges, gas supply and diffusion pumps. It was constructed
with a reservoir just above the filament assembly which could
be filled with the proper coolant to maintain the filament at
a fixed temperature during adsorption. Liquids used for this
purpose were liquid nitrogen (~100°K) and water (300°K). Two
types of reservoirs were used in this work. One was the
conventional cold-finger design (Figure 3), similar to the
one used by Arthur (20) and it was used to study the desorp-
tion of hydrogen, nitrogen and carbon monoxide. The other
consiéted of a speclially designed dewar, containing the

tungsten leads, which could be sealed to the reaction cell.
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This design minimized the cold surface exposed to the re-
acting gases and the area of the cold surface was further
indepehdent of the level of coolant in the dewar. This type
of reservoir 1is 6etter sulted for studying the decomposition
of hydrocarbons and other condensable gases.

Three types of total pressure gauges were used with
this system, the cold-cathode magnetron gauge developed by
Redhead (43), a Nottingham gauge (44), which is a modified
form of the hot-cathode Bayard-Alpert (3) gauge, and a
modulated ion gauge developed by Redhead (45, 47). The
magnetron gauge is a cold-cathode lonization gauge with axial
magnetic field and radlal electric field which is capable of
measuring pressures in the range 1072 to 1071% torr. The
gauge 1s operated with an anode voltage of 6000 volts and a
magnetic field of 1000 gauss. It has been shown (43, 46) that
the relationship between ion current and pressure, at the
normal operating point, 1s linear in the pressure range
10'5 to 5 x 10-10 torr. At lower pressures, the relationship
is I, = CPn, where the exponent n is approximately 1.5. The
magnetron gauge has a sensitivity about 45 times greater than
that of a standard ilonization gauge. Since it contains no
hot filaments, it 1s capable of measuring pressures of
hydrogen and other active gases, which would be decomposed

by the hot filament of a thermionic ionization gauge. All of

these advantages appear to make the magnetron gauge ideally
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suited for investigacing tr: iateraction of active gases,
sucsn &s ethylene, acetylere and hydrogen witn metal surfaces
by the flesh filament techni -e. There are, however, yet

more imoporitaant Limitat ons. 3edrnead (47) claims that cold-

neasuremernts decause of tihelr higr pumping sysed which can-
not e casily reducsd. ZEnbrlizh (32) has shown chat & high
purding sweed is advantageous in resclving overleapping veaks

DUT 1S not conducive to a cusntitative anslysis of the

desorption spectrum. We ruvs dtserveld a varladie pumping

soeed Tor tne nazretron zeuge wricrn s dependent on the
stite of conterxination of the gzuze. Immediectely afcter

out after ex-
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tne 1ca current were observed in tre

alnost all ccnditions. Tnes.. oscil

Sre vressure-current cheracteriscics (Secvion XITI)

mey be due tTo & jumd in Tregquerncy fron oxne made of oscillation
to another as revorted by Feakes and Torney (L8). The
nzgnetron grage was investigated as a possiple detector in
Tlasn filement exderiments, but 1T was observed .hat the

gauze instabllity and oscillatory vehavior of the loa cur-

rent maede it uasultecle for tails purpose.
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The Nottingnem lonization gauge differs from the con-
ventiorzl Eayard-Alpert (3. A.) type gauge in that the
cylindricsl grid is closed at top and bottom and a secord

i
Il

, acting s a screen gridi, is insvalled around all the

[

(e}

electrodes. <The purpose o closing the cylindrical grid is
to prevent trne ions, wita & compornent of velocity parasliiel
to the collector, from esteping to tae rsgatively charged

his increases tnre ccllection efficlency of tne

+]

glass wall.
lons. The screen grid snielis the gesuze Trom the well po-

tentia... I: the present case, tne screen grid was a platinum

TO an externzgl lesi. Urne screen Zrid was overated at =

crezsed trne averaze path lenzih cf tre eleccrons, tnereby in-

creasing tne orovzbility of & collision with tre ambient gas

the resction cell

@]
]

molecu.es. Tne loxn gange was conmected ©
by 25 mm tudbulation T0O incresgse trne coanductance between the

re.cvion cell enc detecvor. Trnese modifications incresse

trz gensitivity of this gauge by & Tecoor of two or tirree
over the conv:iational B. A. gauze.

The Nottingnam iorizaticn gauge was normally overated
with a grid-to-filament vo.tage of +150 volts and a f.lament-
to-collector voltage of +45 volts. Under these conditions

the ion current from this gzauge was a linear function of the

ion current “rom the magnetron gauge (Section XIII).
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If we assume the sensitivity of the magnetron gauge to be
k.5 amps/torr for nitrogen (49, p. 377) then the sensitivity
of the Nottingham gauge is 25 torr'l for nitrogen, in good
agreement with Redhead's (47) value or 22 torr™! for the
modulated B. A. gauge.

An additional feature of the lonization gauge is 1its
ability to act as a pump. If the gauge is connected to the
system through small tubulation, then this pumping action
may result in misleading pressure indications in both steady
state and transient measurements. The removal of gases by
an ionization gauge may proceed by several mechanisms.
Initially the clean surfaces of the electrodes and/or the
glass envelope may adsorb certain gases. The gauge may act
as an ion-pump, in which the ions formed outside the grid
are trapped at the negatively charged electrodes or walls.
The hot filament of the gauge may cause thermal dissociation
of some gases, with dissociation products removed by attach-
ment or recombination at the walls of the gauge.

In flash desorption experiments it is necessary to re-
duce the pumping speed of the lon gauge to a minimum. The
ionic pumping speed of the gauge can be reduced by decreasing
the electron emission current. Reducing the electron current
not only decreases the pumping but also reduces the tempera-
ture of the filament, thereby reducing the thermal decomposi-

tion of chemically active gases. But reducing the electron
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curr:nt also'decreases the ion current proportionately for

a given pressure, and assoclated with this small ion current
is a longer response time of the electrometer when measuring
pressure bursts. Ideally, one would like an ion gauge that
has a low temperature of operation for a relatively high
emission current and/or an electrometer that has a fast
response for small ion currents (~10'9 amps) .

The other ion gauge that was used in this work appeared
to meet all the ideal requirements mentioned above. The
electrode structure of the modulated B. A. gauge is mounted
in a half-liter flask coa;ed with stanmous oxide. The
larger dimensions of this gauge minimized heating of the
glass envelope, thereby reducing the outgassing of the
gauge. This gauge differed from the Nottingham gauge in the
emitting temperature of the filament for a given electron
current. Two low work-function filaments were used in this
gauge. One was a tungsten filament coated with thorium
oxide which delivered 40Oua electron current at ~1050°%K and
4 ma at ~1400°K. The other filament was a platinum ribbon
coated with a mixture of lanthanum oxide and barium oxide,
which when properly activated, delivered 4Oua at ~900°K and
4 ma at ~1200°K. This gauge was normally operated with a
grid-to-filament voltage of +135 volts and a filament-to-

collector voltage of +45 volts. Under these conditions the
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ion current from this gauge was a linear function of the
ion cﬁrrent from the Nottingham gauge. The gauge factor
for nitrogen was taken to be 20 tor‘r"l (Section XIII).

A more complete understanding of the vacuum conditions
can be obtalned by incorporating a sensitive mass spectrom-
eter into the vacuum system. There are several advantages
to using a mass spectrometer rather than a total pressure
gauge; first, composition of both residual and desorbing
gasés can be obtained, second, mass spectrometers do not
usually have an x-ray 11m1t, and third, the ionic pumping
speed is usually much lower than that of an ion gauge.

The mass spectrometer used in this work was a deflec-
tion type developed by Davis and Vanderslice (50). This
instrument consists of an electron-bombardment ion source,

a 90O sector type magnetic analyzer and a 10-stage electron
multiplier ion detector. It 1s capable of measuring pressures

1h torr, resolving adjacent masses up to mass

as low as 10~
100 and detecting masses up to mass 200. For quantitative
analysis of the desorption spectra using the mass spectrometer
as the detector, focussed on a given species, the output of
the electron multiplier was connected to a high speed
plcoameter (Keithley 415). With this arrangement, one was not
only able to identify the products formed on flashing but also

the temperature at which desorption occurs and hence, some
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information about the kinetics and energetics of the rate-
determining step. It was also possible to obtain the rela-
tive quantities of the desorption products and their depend-
ence upon surface coverage, since the ion current is directly
proportional to the molecular density.

The system was evacuated in the folloWing way. Tﬁe
vacuum system was initially pumped down to about lO'7 torr
with the diffusion pumps. The oven was then placed in
position and the temperature raised to BOOOC slowly enough
so that the pressure in the system did not increase abové
10"5 torr. When the pressure had decreased to about 1 x
10'7 torr, the oven was removed and the pressure further de-
creased by an ordef of magnitude. All the metal parts in the
system were then extensively outgassed. Following this out-
gassing the oven was put in place and the whole system,
including the second trap, was heated to 350°C. During this
baking cycle, the filaments in the ion gauge were operated at
1l ma emission current. This current was high enough to
prevent adsorption on the filament and low enough to prevent
overheating of the glass envelope. After the pressure in the
system decreased to less than 10’7 torr, the oven was shut
off, and the ion gauges were carefully outgassed. In this
way, most of the gas given off by the gauge was removed by
the diffusion pumps, since the system was too hot for ad-

sorption to take place on the walls. The oxide coated fila=-
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ments produce'large quantities of carbon monoxide during
activation, so that activation during bakeout drastically
reduces the time required to activate them. In the case of
the oxide-coated platinum filament, the lower the pressure
of activation, the lower 1s the final temperature of opera-
tion. After outgassing the gauges, the second trap waé then
cooled with liquid nitrogen and the ovens were removed. The
sample filament was then outgassed. The pressure in the
system as indicated by the magnetron gauge was usually 2

-10 11 torr after a few

x 10 torr and it decreased to 5 x 10~
hours, where it could be maintained for a period of weeks.
Over such a period of time, the total pressure may not vary
by more than-iO-ZO%, but the ordering of the residual
components may be completely altered. Hence, it is evident
that a mass spectrometer is extremely useful in analyzing the
varying composition of residual gases and the effect they
have on the adsorption of the test gas.

Pressures in the ultra high vacuum range have become a
routine procedure in investigating surface phenomena. The
above discussion in no way exhausts the fascinating subject
of ultra high vacuum, but it does illustrate the basic
principle of vacuum work, namely, the ultimate pressure in
the vacuum system is dictated by a balance between rate of
removal and rate of evolution of gas. A mofe detailed dis-

cussion of vacuum technique and of the various components

used in vacuum systems is—given in references 49, 33, 51.
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C. Temperature Measurement and Control

For kinetic studies of surface reactions, it is es-
sential to know the filament temperature as a function of
time during adsorption and desorption. The temperature of
the filament can be determined by using the filament aé a -
resistance thermometer. It is also desirable to be able to
vary the rate at which the filament is heated and to
terminate the heating at a predetermined temperature.

The filament was heated by constant current obtained
from the power supply shown in Figure 4. With this circuit,
it is possible to vary the heating rate from ~40°/sec to
~400°/seé. The voltage drop across the filament is moni-
tored on a recorder during an experiment. The voltage drop
across the filament, for a given current, is a direct measure
of the resistance and hence, the temperature of the fllament.
The final temperature reached by the filament in a given
experiment was determined as follows. The voltage drop
across the filament was monitored by a dc-level detector
(trigger circuit) shown in Figure 4. When the voltage drop
reached a predetermined value, the relay in the trigger
circuit closed, switching the current from the filament to
a dummy load. The final temperature is determined by the
current applied to the filament and the voltage level of the

trigger circuit. The voltage level 1s adjustable from 0.5
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and 3.19 x 10'3 reciprocal degrees, for tungsten, rhodium
and iridium respectively.

In flash desorption spectrometry, it is assumed that
the temperature of the filament during an experiment is uni-
form over the whole length except for small portions near the
ends of the filament which are welded to the tungsten leads.
If the temperature were not uniform, then multiple peaks
may arise from a single species on the surface, because dif-
ferent sections of the filament are heated at different rates.
Ehrlich (32) has actually measured the temperature distribu-
tion during a flash and in steady state by measuring the
voltage drop across potential probes attached to the filament.
He found that throughout the temperature range ZOOOK-IDSOOK,
the filament temperature is considerably more uniform during
the flash than in steady state. More precisely, the further
away the filament is from steady state, the more uniform is
the temperature distribution and this can be accomplished by
using current densities of 6 x lO3 to 1 x 104 amps per cm2.

Prior to an experiment the filament was cleaned by
resistive heating and then allowed to cool to the temperature
of tpe bath. At the end of the adsorption period, the fila-
ment was heated, resulting in a desorption spectrum. The
temperature of the filament only slowly approaches that of

the bath when the cleaning sequence is terminated. For a

2

tungsten filament, 1.27 x 10°° cm in diameter and approxi-
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mately 18 cm. long, an intervai of two minutes is required
for the temperature of the filament to come within thirty
degrees Qf a room temperature bath and about four minutes
for a liquid nitrogen bath. Hence, quantitative measure-

ments can only be made at the end of this cooling period.
D. Flash Desorption Experiments

The tungsten, iridium and rhodium used in this work
were obtained from Engelhard Industries. The iridium and
rhodium were specified to be >99.9% pure. A spectrographic
analysis of the bulk metal from which the wire was drawn
Indicated that the major impurities in the case of iridium
were: Pt <.02%, PAd = .046%, Rh <.016%, and Fe <.01% and in
the case of rhodium were: Pt <100 ppm, Ir <90 ppm, Si <70
ppm, Ca <56 ppm, Mg <36 ppm and P4 <20 ppm.

The hydrogen used was Beagent Research Grade obtained
from the Baker Chemical Company in one liter flasks with
break-off tips. The deuterium was obtained from Volk Radio-
chemicals in 100 ml. flasks with break-off tips and was
specified to be 99.8% pure. 15N2 was prepared by hypobromite
oxidation of enriched ammonium sulfate in which the nitrogen

was specified to be 99.78% 15N. The nitrogen was collected

in ampoules with break-off tips. The carbon monoxide was
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Assayed Reagent Grade obtained from the Matheson Company
in one liter flasks with break-off tips.

The system was pumped down in the usual manner. Par-
ticular care was taken in outgassing the ion gauges and in

activating ﬁhe low work-function filaments. When the
10

system pressure was 3 x 10 torr or less, the Granville-
Phillips valve was closed and the gas ampoule was opened.

The filament was flashed to a high temperature and then held
at some lower temperature at which no adsorption occurred.
The ground glass valve, which isolated the cell from the
pumps, was adjusted so that the pumping speed was extremely
small. The valve to the gas supply was then carefully opened
until the pressure in the tube increased to about 1 x 10_8
torr. When the pressure in the cell had stabilized, the
filament was then cooled and held either at 100°K or 300°K
for varying periods of time to allow adsorption to occur.

The rate of adsorption and cooling of the filament could be
followed on a recorder. Following the adsorption period, the
filament was flashed at the desired heating rate, and the
total ion current, partial ion current and voltage drop
across filament were recorded as functions of time using a
linear time sweep of either one or two inches per second de-
pending on the heating rate. In a given experiment only two

of these variables were recorded on a Moseley 136A two pen

recorder. At the end of the desorption cycle, the filament
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in size as the adsorption period was prolonged. This other
peak has been identifled with a mass spectrometer as carbon
monoxide, which agrees with the findings of Hickmott and
Ehrlich (10). Becker, Becker and Brandes (13) and Hickmott
(11) have independently shown that the carbon monoxide re-
sults from a complex sequence of reactions involving carbon
dissolved in the tungsten fllaments of the ion gauge,
hydrogen and oxygen from the glass walls. They also showed
that the carbon could be completely removed from a tungsten
filament by heating it to 2500°C for 24 hours in an ambient

6 torr. This technique was applied to the

of oxygen at 10~
ion gauge filaments, and eliminated the peak due to carbon

monoxide.



A. Desorption of Hydrogen
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ir3tv Tlesh desorprilion expverimencts of hyairogen
from a rrodium [illament were carried ~utl in & flow system
using the Nolttingham ion zgauge To moaitor the pressure
burst. It was not immadlately covious why this exper.-
mertal technigue should not wors, ocust it will be shown to
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sociateld wiih mesasuring aydrogen dressures wWith an ion gauge

were eodarentyy minlnlzed oty operating tne Nottlngnam gauge
&t & reduced emission current. ..1so, trne effect ol con-
taminetion By residuel gases vwas minimized Dy estzolishing

& vressure OI nyarogen in tae sysctem 200 to 1000 times greater
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igure 5. It is obvious that the pumping speed
is not triviael from the rapld decay of tne dressure bursc.

The pumoing speel is cdetermined as fcllows. Rearranging
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L some point in thz desorption process, tne amount of mate-

risl descoriing from she surfacze will be negligible and hence
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we can set

2

0 in EZquation 6a.

This implies that

d(log AP) _ 1 s (28)
at 2.303 V

The pumping speed 1s ovtaln=d from the slope of the plot of
log A? versus time for tne backside ol the desorption curve.
fon PN +1 .- - Tz 6 S — o) "1 s
For the curve .o rigure 0, § = 1.83 sec ~, wnich corresponds
to an avparent pumping sveed of 3.65 liters per second in a
two Liter system. The amount or mzteriagl desorbing from tne
filamer.t &s & function of time, corrected for the amoun: lost
by vumplng can then be calculated by Ecuation 7. Tne cor-
rected curve 1s &1lso shown in Fizure 5 . This correcied curve
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18 than anslyzed vy zcuascions 20a snd 20b and the resu.ts cre
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A AT An T AT S A - . A =N ~713 Wea
2ra orier plol is 9.0 kcal ver mole, and tnis value wes
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covereze.
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9.6 kcal per mole was considzsrably lcss than 31 keal per
mole obtaived by Hickmott {(1l) for hydrogen on tungsten.
The behavior of desorviion spectra similar to Figure 6,
which were oC.alired &s a Tunctlion of increasing initisgl

coverages, indicated first-order desorption kinetics (32),

iy

tre kKinetic enalysis of the corrected desorption
cLrves irdicgted & seccad-crder pro-zess.
These ovservsztions can ve interovreted by & model wnich

Fal

takes 1nto sccount tne effect o

l—l)

& large pumnplrng spsed on
the descrption spectra.

Regrre” zing zcuaxtion L, we odhtai:
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Tnen,
an v (dAP)
ol AKTO dt

Integrating Equation 33, yields

v
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rurvper consideration of the experimerntal technicgue re-

veals that even though the Nottingham ion gauge 1s operating

at & reduced emission current, 20 microzmps,

the temperature
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. e 0., . . \ .
of tne filament, 19007K, 1s considerably above the tempera-
ture for dissociation of molecular hydrogen, wnhicn is zbout
Or TY 2 ) ] T s 1
1100°K. EHickmott (12) and Langmuir (52, 53) have shown that

gconlc aydrogen 1s efficiently trapped by zlass. Hence, the

large punving speea ovserved for hydrogea in the preseat
sysvem 1s Gue vo tne dissociation of molecular nydrogen on

Fal

the ion gauge Tilament and subsecuent removal of tne atomic

nyirogen DYy the glass envelogpe. Tnis mechanism was sub-

staatiated Oy odserving tne decrease in the gpartisal pressure

Notiingnam ion gauge on thne system, it was then possiovle to
systematica.ly 1nvestigate the effect of ion gasuge overation,
varticularly Tilament temperature and emission curreat, on
the desorvrtion spectrum of nydrogen. The effect of emission
current was decermined by using the oxide-~cosgted platinum
ilament to monitor the pressure burst for a given adsorption
incterval at various emission currents. The resulis are shown
iz Figure 8. It 1s evident from the linear plot with slope
unilty, tnac thne flux of energetic electrons, emission current,

coanfined in & small volume in the ion gauge exhibits no
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Jetectable vumding of molieculzar hydrogen. The range of

emicsion curreats coverec Dy tnese results is 10 microamps
to 10C microsam:s. AT nigner exmlssion currents, and hence
higher tenjeratures, it 1s dilflicult to separate Lor .¢c Dump-

ing frex duniinz due to Taerral dlssociavicn of mol:cular

nydrogen and subiegusni trevping of the atomic nydroger.

irnvestizzted using t.oe taorila-costed filament To monitor the
oressure ovurst. As can be sgz2e8n from the results in Table 1,
term letermined under trnese conditions is con-
s:Cerably less and essentially zomstant, compared To the

enpsrent »Humping ccrm odtalined when crne Nottlngram loun

geugs is or.

cungsten filament is slightly above Tans tTemperature of oper-
ation of the oxide-cozved platinumn Tilament Hut consicerably
below trnaet of the turnzsten Tilaments ina tre Nolttuingnam ion
e. It wes impossidle to determine gccurately the temper-
avare of the filament using & vyromever, dus U0 & SUELIOUS
oxide conductive coating on tne inside of the ion gsuge. The

nt at various emission cur-
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It is evident from Figure 10,
thet the pumping actlon of cne ion gauge at higher emission

currents reduces the peek height considerably. This reduction
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in peak height becomes apprecigble for emission currents

greaver than 0.5 milliamps. Also shown in Figure 10 is the
value of An obtzined from Equation 7, for four desorption

curves av various emission currents. The amount lost oy

pumping was sdout 7% for the curve obtained using 10 micro-

-y

cenps end zoout L0% for 10 milliamps emission. Even For

tions recuired for desorption curves ob-
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tained &t nign emission currents, tne corrected amount of
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.esorved from tne surface sgrees quite well (~5%)
WwWiTh data obtained atv reduced emission currencs.

ous, conventional nov filament ion gauges are 1ot suli-
zo.e Tor cuantitative anslysis ol the desorption of aydrogen

Trom wevels. We pave found tnat two types of oxide cozied

anaiysis of tns desorpiion of nydrogen.

rption spectrum of nydrogen Irom tungsten

O

1>

, Typicel des

*

&v low surfece coverage is snown in Figure 1i. Thne curve 1is
tae nornzlized surface coverage obtained from the change in
trne ilon current as the filament is Tlashed. The pressure
ourst was recorded by the ion gauge with the oxide-coated
oliatinum filament operating at 20 microamps emission, nence,
no correction Tor pumping was recuired. Tnis curve was then
enzlyzed for both first and second order kinetics by Equa-

tions 26z and 26b ard the results are shown in Figure 12.
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From the linearity of the second order plot, it was con-
cluded that the rate-controlling step in the desorption of
hydrogen from tungsten is a second order process which sug-

gests that the hydrogen is on the surfsace as independent

mobile hydrogen atoms. The activation energy for desorption
was determined from the slope of the second order ploﬂ to be
35 kcal per mole. From Equation 26b, the frequency factor V,
was found to be 2 x 1077 cm? molecule sec™t. As a check

on the consistency of the method, Equation 8 was numerically
integrated using a computer and the values obtained for n,,
AH and y. The calculated points (open circles) are shown on
the measured desorption curve of Figure 1l.

12 molecules per

For surface coverages less than 50 x 10
cmz, the second order plots were linear with constant slope
indicating that for low surface coverages, the activation
energy for desorption changes negligibly during desorption.
Figure 13 shows typical normalized desorption spectra of
hydrogen from tungsten for increasing surface coverages. The
temperatures at which evaporation begins and at which de-
sorption is complete, shift to lower values for larger

initial coverages. This behavior is characteristic of a

second-order desorption process (32). For values of n
12

o

greater than 50 x 10 molecules per cmz, deviations from
linearity of second-order plots, Figure 14, become apparent

and the slopes decrease indicating a lowering of the activa-
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tion energy. Tnls deviation from linearity is a measure of
tne variation of tns activation energy of desorption with
increasing suriazce coversgt. Lo We &3sume a linear veriation
in tne h.al of dasorpiion, tann is, Al = AHO - ai, Lhen the
veracmeter o can ve cetermined using AH_ and V obtained fron

ate &t low initlal covera.3s, unere the cusntity on is
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trun. of both nydrogcn and deuterium
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from tungssen 1xnitlally at 1007K contained two peaks as shown
in Figure ".5. These specira were wioelned by recording the
output of tne mass spectiromsuar, tuned to either hydrogen or
deuteriur; tris eliminated thne possibility thet one of the
vecks nizynt De aue To scme contaninsnt species presentrin the
resicduzl zases. No wttempt was ralde fo obtain low tempsra-
ture descorption data at reduced punping, since reduced pump-
ing is not ccalucivs Lo resclving variislly overlapping pesks
(32, 35). 4is is evideant fronm Figure 15, even at relatively

TAC Dears are nocv well resolved.
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&% LOow Tenveresture exists in two distinct Torms witn di
ernerzizs. Nelcher 07 Tnese veaks can e analyzed in
Tre merner cescrived previously. It 1is pelieved that the high
temperature pesk, winlcn we =rzll designate s tne 3 form, 1is
due to the same 3decies wnich desords Irom tungsten dosed at
K, e¢ad 1s tnerelore prasent on Tne surface as atoms. The
low temperaiurs «-nsak decomes apprecietle wnen the 3-peak is
gpcroximately 80% saturatei. From the relative peak heights
of a gxrd 3 in Figure 15, it zpdears thet votn species are
vresent oa the surface in ecqual amounts. Hickmott (11) also
ovs ;rved two forms of adsorbed nydrogen on tungsten, dut the

low temperature = Orm was never presenc in amounts comparable



~

to the 8 form. He felt that the low temperature peak was
due to molecular hydrogen on the surface.

A typical flasn desorption curve for nydrogen adsorbed
on iridium is shown in Figure 16, in which chanre in cell
pressure, cue to nydrogen desorpition, is recorded as a
Tuncition ol Tilament temperaturc. Tne change in cell pres-
sure wss measured oy the ioa gauge witn the tnoria-coztzd
tungsten Tllament operacing at 20 microamps emission. It
is evident Trom tne decay oF The pressure dburst that tre
Tunping 1s 1notv negligible. The vumping term was detvermined
Trom zZcouation 2°. The desorpoion curve correcrted for tne
amount ol material lost by pumpiag is.also snown in Flgure
16. Figure 17 is the snalysis of the corrected pressure-

c-&nG seconcd-order Linetics, and

D]
cl

velpersture dete oy ootn fir
Snoxs Thet the data at low surface coverage, le&ss than &40 X
ALl - - - - . - -
-0 moleculas Yer cm , are well represented Dy seconc-oréer
desorprion xinevics with an sctivation energy for desorption
of &K = 24 kecal per mole and a Treguency factor, v = 2.2 X

- —2 __2 - o= —1 "1 . 1. 2 1 =,

10 TemT molecu.es “sec T. At higher surface coverages,

eviations Irom linearitfy in plots analogous to Figure 17

£

-

indicate that The activation energy for desorption is =
Junction of surface coverage. Thne variation in the activation
energy with surface coverage was obtained in the manner

previously described for hydrogen and tungsten. AHO and v
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were established for an initlal surface coverage of 38 x

12 -2

10 molecules per cm2 as 24 kcal per mole and 2.2 x 10

molecules per cm® molecules ™ sec™l. A value of a = 1441 cal

12 molecules per cm2 was then obtained for

12

per mole per 10

initial surface coverages ranging from 38 x 10 to 230 x

1012 molecules per en?. Taking 1400 x 1012

atoms per’}cm2
as the mean surface density of iridium, the decrease in
activation energy of desorption becomes noticeable, that is,
plots analogous to Figure 18 begin to deviate noticeably
from linearity, when the number of hydrogen atoms adsorbed
exceeds one per seven surface iridium atoms, and the maximum
adsorption observed at BOOOK corresponds to one hydrogen
atom per three surface iridium atoms.

When hydrogen was adsorbed on iridium at 100°K, two
peaks were observed in the flash desorption spectrum;
typical results are shown in Figures 18, 19 and 20. In Figure
18, both the output of the mass spectrometer tuned to mass’
two and the output of the ion gauge were recorded simultane-
ously during an experiment. From the excellent agreement of
the two curves, it is evident that the two peaks recorded by
the ion gauge are due to hydrogen and not to some contaminant
species. The low temperature a-peak becomes appreciable
after the B-peak has reached 70-80% of saturation as shown
in Figure 20, which is similar to the behavior of hydrogen

on tungsten at low temperatures; Hence, hydrogen is adsorbed
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on iridium at low temperature in two forms. The high temper-
ature, ZBOOK, at which tne c-peak occurs, as contrasted to
280°K in the case of tungsten, makes it unlikely that tre
peak from iridium 1s due to molecularly adsorbed hydrogen,
that is, to hydrogen molecules held to the surface by van
der Wezls forces, =nd would sugzest rather that i1t is due to
avomic nydrogen adsorded with a binding energy less than in

tre case of J-anydrogen. The atomic nature of tne B-pnase
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Tixed current, curing the experiment. The rnodium sempie used
To obtalin taese results was tne middle section of & 50 centi-

nmeter lengoh of 5 mil rhodium that was annealed at 1525OK

Arnzlysis of the pressure-temperature data by Equation 26z
snd 260 indicates that the data at low surface coverage are
¢l revresented by second-order desorption kinetics with an
achivation energy of desorption of 18 kcal per mole and a

. A - 2 -1 -1
freguency factor of 1.3 x 10 3 cm  molecules “sec ~. The

Fi)

erizlysis of the data at higher coverages by second-order

kinetics, F.gure 22, does not exhibit the pronou.ced devia-
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tions from linearity observed for iridium and tungsten. The
maximum initial dose of hydrogen was approximately 100 x
lo12 molecules per cmz. The variation of the activation
energy of desorption with surface coverage, was obtained as
previously described. The best agreement between calculated
and experimental points was obtained using AHO = 18.5'kcal
per mole, py= 1.3¥0.2 x 1077 cm® molecules tsec™t and o =

24+2 cal per mole per lO12 molecules per cm2 for initial

12

surface coverages ranging from 20 x 10 to approximately

100 x 1012 molecules per cmz. This value of a corresponds
to a decrease of only 2.5 kcal/mole from the initial value
for the amount of gas adsorbed at saturation namely 100 x
1012 molecules per cmz.

The heat treatment given the filament prior to its use
in flash filament experiments apparently has an effect on
the adsorption-desorption characteristics of hydrogen and
this can best be illustrated by comparison of some results
obtained from filaments that have different thermal histories.
Figure 23 shows desorption spectra of hydrogen from rhodium
dosed at 100°K for two different filaments. One of the fila-
ments was amnealed with direct current, whereas the other
filament was used as it was received from the manufacturer.
In the case of the untreated filament, the a and B state are

approximately equally populated, whereas in the case of the

dc-annealed filament, the a state is only 50% of the B state.
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Ehrlich (30) has shown that the adsorption of nitrogen on
tungsten is very dependent on surface structure. It is
not unlikely that the adsorption of hydrogen would be
similarly dependent. Thus, the differences in surface

coverage for hydrogen on rhodium, 100 x 1012

molecules
per cm2 and hydrogen on iridium, 230 x 1012 moleculesfper
cmz, and the differences in the activation energy of
desorption, namely 18 kcal per mole for rhodium and 24
kcal per mole for iridium are attributed to the effect of
surface structure resulting from the dc-annealing of the
rhodium filament. Unfortunately these conclusions can
only be inferred since the flash-fllament technique is
not amenable to observing specifically the effect of

surface structure on adsorption. A field emission study

of the adsorption of hydrogen on rhodium would be

desirable, since this technique is better suited for

observing the areas where adsorption predominates.
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B. Hydrogen-Deuterium Exchange

The cesorption ol nydirogen Irom tungstel, iridium and
rnodium initially at rcom Ttemperature proceeds by a second-
oréer Yrocess Which strongly sugrests that the hydrogea is
on the surface &s indepenient moobile hydrogen atoms. The

fron the ¢ -3dzor tion of & nmixture of H, and D, on the

2 2

metale at room temperature should further clarify the

—
‘\)
1!

—

e (38)

-3

The mess spectrometer ion currencs wiil reflect the differ-

i n ] + +
59 oD and D2; where Iy > IHD
2
asd IB are the corresponding ion currents, we ootain Tinally
2

ences in mesn veloci ies of H



+
+ I 2
p . im, D2 1.63 ki PD'(l)%PD (
- i ——=1:1. 5 |3 T3 39)
I I P P
H2 H2 H H

The results of the hydrogen-deuterium experiments on the
three metals are summarized in Table 2. It was observed that
even the low temperature of operation of the oxide-coated
filament in the ion gauge, resulted in an increase in the
amount of HD present in the ambient. As a result of this,

HD and D

all desorption spectra of H were obtained using

2’ 2
only the mass spectrometer to record the pressure change and
the small amount of HD present in the ambient under these
conditions is due to exchange occurring on the mass spectrom-
eter filament (Figure 25).

It i1s evident from Table 2 that the isotopes in the
desorbed phase are statistically distributed within experi-
mental error, while the ambient distribution is clearly non-
statistical. This result is also consistent with a mobile
adatom model for hydrogen adsorbed on these metals. The
almost statistical distribution, Figure 25, of hydrogen
isotopes in the ambient in a previous investigation of
hydrogen-deuterium exchange on rhodium was due to the presence
of rhodium film on the inside walls of the reaction cell
formed by filament cleaning.

Hydrogen-deuterium exchange on these metals 1s somewhat

different at low temperature, 100°K. For iridium, Figure 26,
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two peaks are observed for HZ’ HD and D2 and the ratio of tne
nigh temperature B-peak to the low temperature a-peak is the
same for all tnree species. If we esssume that the peak
neignt is a measure of the amount of each species present,
tnen we can calculate the distribution of the isotopes in

zx. The results are summarized in Table 3. The re-

for rhodium, Table L, are similar to those for iridium

3§

.0t the

s

except tnat tne ratio of the 3-peak to the a-peak is :
szme Tor all three specles. The temperature at wnicn evap-
oravion occurs 1s also lower for rnodium than for iridium.
rigure 27 snows tne ecuilibrium distribution of tre
nyirogen isotcpes in the ambient with the rhodium filament at
2009% ana 100°9K respectively. The reduction in the relative
emouns of D present as tne filament 1s cooled indicates

-

vnzt edsorpiion and desorption are occurring simultanesously

Eydrozen-deuterium exchange on tungsten zv low tempera-
wure, .007K, differs considerably from the results odtained
Jor iricium and rhodium. Typical desorption curves are shown
in Pigure 28. The c-peak occurs at a much lower temperature,
220 & ; q 0. o : O » PPN =
150°K for D,, 190°K for 2o compared to 280 K for iridium and
it 1s almost devoid of HD if the Tilament has been dosed with
& mixture of HZ and D2. Isotopic mixing is hence negligible

in the a-peaXk, indicating that the low temperature a-peak in

the case of tungsten is due to molecularly adsorbed hydrogen.
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C. Desorption of Nitrogen

The desorption of nitrogen from tungsten has been the
subject of many investigations (2, 7, 8, 54). There has
been general agreement on the gross desorption characteristics,
but recently, there has been some controversy (25, 27, 54) on
the fine structure of some of the binding states. As a re-
sult of this extensive work, the system nitrogen on tungsten
provides an excellent basis for calibration of the flash-
filament technigue. Also contributing to this basis of
calibration is the ease of generating a clean tungsten surface
and the apparent inertness of nitrogen in the presence of hot-
filament ionization gauges.

The flash filament technique, besides yielding informa-
tion on the energetics of the desorption process, provides a
simple means for evaluating the sticking coefficient, that
.is, the probability that a molecule colliding with a surface
will adsorb. This was done by recording the pressure in a
closed system as a function of time after cleaning the fila-
ment. The number of molecules colliding with unit are of
surface per second is given by kinetic theory as

P! _ 3.5 x 10°% P | (40)

N=
(2mmkT) >/ 2 (mT) L/ 2

where P is the pressure in torr and M is the molecular weight
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The surface concentration increases at the following rate.

&1, 3.5 x 1022

t (MT)l/Z

Ps (L1)

p“

waere s 1s the sticking coefficient. The smount of materisl
on tne surface 1s determined by measuring the pressure in-

crease afiter various adsorption intervals

I

Gt

c _ v aA? (L42)
at AxT at
Jrerefore s can be evaiuated from
\-‘/
N o R S -1 (430)
- .22 AT P dt @
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It is evident Trom Equation &3a thnat tne sticking coefficient
s is irdevpendent of the gauge constant. The results Tor
nitrogen on tuagsten are shown in Figure 29. The maximum

12 molecules per

unt of nitrogen adsorbed is about 400 x 10
Typical flash desorption curves of nitrogen from tungsten

s - 0., _. . . .

initielly &t 300°K are shown in Figure 30. These results

were odbtalned by measuring the change in ion current on

Tlashing witn the ion gauge containing the oxide-coated

platinum filament operating at 15 microamps. It 1s evident
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from Figure 30 that two binding states exist. The low
temperature a-peak desorbs over the temperature range 400

to 500°K and the high temperature B-peak, from 1350 to 19500K.
Both of these peaks can be analyzed by Equations 26a and 26D,
due to the large temperature range, approximately 900°K,
sevarating the desorption peaks and the absence of pum?ing
due to the reduced emission, 15 microamps, of the ion gauge.
Kinetic analyses of the pressure-temperature data for both
a- and S-nitrogen on tungsten are shown in Figure 31. The
linearity of the first order plot for a-nitrogen indicates
that this species is due to molecularly bound nitrogen,

that 1s, chemisorbed nitrogen molecules, whereas the lin-
earity of the second-order plot for B-nitrogen, indicates
that nitrogen is dissociatively adsorbed in this state.

The distribution of nitrogen isotopes in the desorbed
products formed on adsorbing a mixture of 1b’NZ and 151\12 on
tungsten at BOOOK, indicates that the low temperature a
state is indeed molecular by the absence of 1uN 15N in the
desorption spectrum (Figure 32). The tightly bound B state
is completely isotopically mixed on desorption, indicating
that the nitrogen in this state 1s adsorbed atomically, as
had also been indicated by its second-order desorption
kinetics. Since the presence of any carbon monoxide in
the desorption products would also be detected at mass 28,

the contribution of nitrogen to the mass 28 peak on flashing
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was determined from the ratlio of the species present in the
cracking pattern of lLPNZ and 15N2. Hence, for a given
aésorption period, five desorption curves were obtained,
one eacn for masses 14, 15, 28, 29 and 30.

In addition to investigating tne adsorption of nitrogen
on vungsten, we nave found some evidence that nitrogen zd-
sorption'occurs on iridium and rhodium if the nitrogen is
tnermally activated. Nitrogen was leaked into the vacuum
system until the pressure was b x 10'7 torr. The pressure
incresse on flasning the filament, either iridium or rnodium,
was measured witn the lon gauge containing the thoriated
cur.zsten Tilament overating at 0.4 ma. The residual gzses
present in the oackgroundi were less tnan 0.5% of the total

)

nitrogen vressure. It was oovserved thnat under tnese condi-
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the zosence of a pressure increase on flasning the Iilament
giter an acsorption interval of approximately fifteen minutes.
But adsorption of nitrogen can be made to occur 1if tne
ilament in the Nottingham ion gauge is operated

et & temperature, Tf, greater than 20009K (Figure 33). The
amount of nifrogen desorbed varied linearly with the ad-
sorpticn interval for a fixed filament temperature, Tf. But
Tae amount of nitrogen desorbed increased with the tempera-
ture of tne filament, Tf, for a fixed adsorption interval.
Figure 34 snows a plot of the log of the amount of nitrogen



desorbed versus the reciprocal temperature of tne filament.
The slope of this plot corrcsponds to an activation energy of
53 kcal per mole wnich is gpproximately one-Tourth the dis-
sociation energy of molecular nitroger, 226 kcal vper mole.
Mhe swatistical distribubion of the mitrogen isotopses in the
desorption products (Figure 35) Tormed from zdsoroing a mix-
N, incdicetes that the adsorbed phase is
soomic racher thnan molecular; ctnis is also indicated by the

a2 A e~ - —a -~ = 2 - - O £ a8 1 2 i
alzrn cemysraiure, aporoximacely ~0007K, at warich the nitrogen

nicrigzen on iridium snd rnodium can
ve exvlained by a model based on the dissociztion of molec-
vlar riircien on ths not tungste: Tilament and steady-state
eadsorviion and re-emission cf nitrogern étoms from the glass

cetelrtic recomnination on the glass.
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where,
-0H¥/RT

Now the production of gas phase nitrogen atoms due to the

filament is given by

aN _ _ 1/2 _ 1/2
ST = k'N. = k'K Py = k Py
2 2
(0]
where, k = ae ~“HL/BTy o pig *AST/R
AH, = L AHO (N, (gas) >2N,.) + AH#(N —>N)
172 2\8 “Ny W
- L
=5 (2 Eyy - ENN) + (—ENW)
_ L
= - 2 Ewy

'ENN = dissociation energy of N2.

Therefore AHl = + 113 kcal per mole

On the glass surfaces, we suppose

ke

N > N

<

G
Ky

and

k"

2 N > N

G 2

Hence, at steady state

d NG

—_— =k

dt fN - krN

" 2 _
a - k NG =0

Suppose that both ka and krNG are large compared to k"Né,
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then it follows that

kN - krNG" 0

f
or
Kk
ot
NG.ﬂ " N

r

Also at steady state

aN _ 1/2 _
it - k PN2 - ka + krNG =0
Substituting, kN - k Ny = k"NGz,'we obtain
k" N2 = k p 1/2
G N
2
or
G k" N
2
Hence,
N = ey (5 )1/2 p. L/
1 "
Lp k N2

Now the rate constant k.1 is given by

) AHi
_ RT
kl = Ai e
Therefore
N (AH -2H,) pun 4By .
A ' ' 2RT
N = Kz( L)) e RT o 2RT' Py 1/

Hh
N
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where T' is the temperature of the glass envelope and T

is the temperature of the fllaments in the ion gauge.

Hernce,
' _ AH
Blerr = 2
= 56 kcal per mole.

Figure 36 shows the equilibrium distribution of the
nitrogen isotopes as a function of the temperature of the
ion gauge filament. The decrease in masses 28 and 30
indicates that the nitrogen is being dissociated and that
the resulting atoms are pumped by the glass envelope; some

recombination is indicated by the increase in mass 29.
D. Desorption of Carbon Monoxide

Figure 37 shows the desorption spectra observed for
carbon monoxide from tungsten for different surface cover-
ages at an adsorption temperature of BOOOK and at an equi-
librium pressure of about 6 x 10'8 torr. In these spectra
the ion current, pressure, was measured with the lon gauge
containing the thoriated filament operating at 4.0 ma
emission. It is evident from Figure 37 that the adsorption

of carbon monoxide on tungsten is quite complex as indicated

by the presence of four partially resolved peaks in the
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desorption spectrum. The desorption peaks are divided into
two groups: tne a peak, appearing at low temperature, about
SOOOK and the B group of peaks, appearing at higher tempera-
cures, l2OO-19OOOK. The high temperature 8 group is made up
of three overlapping peaks, Bl.v~1joo°K, 8, « 1700°K and 83
valBSOOK; tnese three peaks are not sufficiently resolved

perailf kinetic analysis. At low surface coverage, <2 X

W
!

ct
O

>
N

2 . .
les per cm™, the ¢ and Bl states are barely
dececcable, but the a state grows rapidly (Figure 38) when
the B, end 33 states are v60% saturated. At saturation,
e s . 1ALl . 2 ..
wrich is adout 8.5 x 10 molecules per cm”, the a state

mekes up 22% of the total surface concentration.

4]

l—l’

of heating rate at constant

ct

Pizure 39 snows the effec
DULPing spead and surface coverage on the resolution ol the
- ‘ . . N 0

Z states. It was Tound that at low heating rates, «350

VET Sec., tne 31, 32 and 33 stats were clearly revealed, but
e

oarely cevectable and the 32 and 83 states appeared as one.
Tre desorption characteristics of carbon monoxide from
iridium end rhodium at BOOOK are considerably different from
tnose observed for tungsten. Typical desorption curves zare
snown in Figures 40 and L1l. The desorption spectrum in each
case 1s characterized by one main peak occurring at sbout
600°X for rhodium and 780°K for iridium. In the case of

rnodium, & shoulder is clearly detectable end reproducible
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. 0. - . A A
at 97C6°K. It i3 obvious from Figures 40 and 41 that the
purping is not trivial (note the rapid decay of the pressure
burst). The pumping is intentionally large to enhance the

resolution of partially overlapping peaks (Figure LO).



74
VI. DISCUSSION

A. Adsorption of Hydrogen

Hz(gas)< ” 2 H(ads)

The desorption of hydrogen from tungsten, iridium and
rhodium initially at room temperature proceeds by a sqcond-
order process indicating that the hydrogen is adsorbed
disscciatively on these metals. DMoreover, the hydrogen
atoms on the surface must be quite mobile as indicated by
the statistical distribution of the hydrogen isotopes in
the desorbed phase even for adsorption at 100°K in the case
of iridium and rhodium. The pre-exponential factor in the
desorption rate constant is 2 x 10'3, 1.35 x 10-3 and 2.2

=2 cm? molecules tsec™! for tungsten, rhodium and

x 10
iridium respectively. If the hydrogen atoms behaved as an
ideal two-dimensional gas, the pre-exponer.tial factor for

evaporation would be given by

1/2

v, = o [TET (49)

where ¢ is the hard sphere collision diameter and m is the
mass of the hydrogen atom. For T = 5OOOK and o = 18, then
vy = 3.6 x 10" 2om? molecules ‘sec™T which is in reasonably
good agreement with the measured values when we consider
that the experimental values are based on geometric area

which 1s surely less than the true area and the predicted
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value 1s based on an ideal two-dimensional gas. The calcula-

tion also presumes the density of hydrogen atoms to be uni-

form over the surface, which is probably not the case.
Desorption, unlike adsorption, is always activated

since adsorption is in general exothermic. From the temper-

ature coefficient of desorption, the energy of adsorption

of hydrogen can be calculated, since adsorption of hydrogen

on these metals occurs with negligible activation energy.

This 1s confirmed by the increased work-function observed

on adsorption of hydrogen even at 4°K (20, 55). Hence, the

binding energy for a hydrogen atom 1s then given by

1 + AH) (45)

Evon = 3

(EH_H

where EH-H is the dissociation energy of hydrogen. For
tungsten, iridium and rhodium Ey . is 69, 63.5 and 60.5 kcal
per mole respectively which is in good agreement with Culver's
(56) value of 75 kcal per mole obtained for hydrogen on
tungsten films. The energy of the surface metal-hydrogen
bond (M-H) may be calculated from Pauling's equation (57).

E(M-H) = % {E(M - M) + E(H - H)} + 23.06 (Xy - XH)ZA
(L6)

Eley (58) calculated E(M - M) from the sublimation energy of

the metal and sets

1
Ey _ M=% S (47)

where S 1s the sublimation energy.
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The term involving the difference in electronegativities
XM - XH may be estimated by Pauling's (57) approximation
which assumes that this difference is equal to the dipole
moment of the bond expressed in debyes. This dipole moment
may be obtained from the change in contact potential caused |
by the adsorbed layer. Calculation of the terms of Equation
46 leads to values of EM—H of 73.4 and 63.1 kcal per mole
for tungsten and rhodium respectively.

Since the samples used are polycrystalline, it is diffi-
cult to specify exactly which crystal planes are exposed at
the surface. Johnson (59) has shown that in the surface of
aged tungsten filaments (110) and (100) planes predominate.
The numbers of atoms per cm2 in these planes are 1.42 x 1015
and 1.01 x 1015 respectively, giving an average of 1l.21 x
1015 atoms per cm2. The maximum amount of hydrogen adsorbed

8 torr is U480 x 1012 molecules per cm2

at 300°K and 5 x 10~
which corresponds roughly to one hydrogen atom per surface
tungsten atom. Arthur has shown (20) that for iridium the
wire axis has a <100> orientation and from his field emission
pictures, he concluded that the surface consisted mainly of
100 and 110 areas, with the former being better developed.
These observations were made on a tip that was subjected to
both chemical and flame etching and do not necessarily hold

for the surface of wires. On the basis of packing in the

crystal planes, the areas of the (111), (100) and (110) faces
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lin the polycrystalline wire satisfy A(111)>A(100)>A(110).
Since the numbers of atoms in these planes are 1.6 x 1015,
1.39 x lO15 and 0.98 x 1015 atoms per cm2 respectively, we
can then assume that 1.4 x 1015 atoms per cm2 is the
approximate surface density and the maximum adsorption ob-
served at BOOOK, namely 230 x 1012 molecules per cmz,
corresponds to one hydrogen atom per three surface atoms.

We have assumed a linear dependence of the heat of
desorption on surface coverage and find that this model fits
the data with reasonably small standard deviation, and the
results so obtained are in good agreement with the values
reported by other investigators (11, 60, 61, 62) as shown
in Figure 42. Brennan and Hayes (60) and Beeck (61), Wahba
and Kemball (62) obtained their results on evaporated films,
whereas Hickmott (11l) obtained his results using the flash
filament technique and Gomer (55) obtained his by field
emission microscopy. There is in principle a way to
determine explicitly the variation of the activation energy
of desorption with surface coverage. That is, a family of
desorption traces is obtained at different initial con-
centrations. For each curve, then, it is possible to obtain
a value of the slope dn/dt for a fixed surface coverage, but
dn)

at a different temperature. Hence, a plot of 1n<§€

constant n versus % gives the heat of desorption for a given

at

surface coverage and from a series of these plots we obtain
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the neat ol desorption as a function of n. Uafortunately,

the aifficulty 1in obtsiniang axn accurate value for %% eitner

numericelly or electronically, makes this metnod unsuitable

The adsorpticn of hydrogen znd deuterium on tungsien atb
100°% oceurs in two dissinct oinding states with different
binding erergles. Neitner state Lerncs itself to the usuzl
mevrod Oof Kinetic grnalysis, so that coaclusicas about the
mo-ecuLer Or atomic nature o these snecies are not available
Tarouga vals szpprozch.  3ut a stuldy of isotope distrivution
provides strorg eviiercs Ior dissoclatlve or assoclative

idsordiion. Tne sbsence o ED in the low tenmperature c-pezk

is aprroximately 5-7 kcal/mole, as determined by usinz Red-

Fzad's (51) "»~uie of thums", that is, 20 (keal/mole) 2 7OK.

4
Trhis low binding energy would indicate that tune a-hydrogen
is neld by wezk van der Weals forces. The temperature range
over which tThe 3-pveek desorbs 1is the samé range over which
desoryiion occurs when tungsten is dosed with hydrogen at
300°K. Tnis temperature rerge for desorption agrees with

the findings of Gomer, Wortmen and Lundy (55), that nydrogen
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on a tungsten emitter raises the work function and that
nydrogen desorption is complete in a few seconds at 600°K.
The adsorption of hydrogen on iridium and rhodium at

100°

£ occurs in two distinct binding states, as indicated

by the presence of two partially resolved peaks in the
desorpcion spectrum. Adsorption into the B-state at 100°K

is quite repid, wnereas adsorption into the a state is much
slower znd only becomes appreciable when 8 is ~75% saturated.
Pasternsk (18) has observed similar behavior for hydrogen

on molyodenum. Hydrogen is more strongly adsorbed on

nolybcdenum, so that the temperature of the two states is

n
o

I

.o o . o) < . ks
ifted, that is, a-350"K and B—SSOOK, wnereas for iridium

N
T~
4
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vnese is molecular, that is, held by van der Waals forces
oa.y, &né would indicate rather, that it is atomic, with a
lower oinding erergy, about 14 kcal/mole (51), than the 8
onzse. Archur (20) found in a field emission study of
nydrogen on iridium, that adsorption at BOOOK, resulted in
en increased work function, that is, the emission decreased;
whereas adsorption at 77°K, resulted in an initial work func-
tion increase followed by a slight decrease. Since the low

temperature a-peak begins to form after the B-peak 1is “75%



80

saturated, we can then assoclate this B-peak with that
species that gives rise to an increased work function and
the a-peak, to the species that causes a work function de-
crease.

Mignolet (63), Suhrmann, Wedler and Gentsch (64) and
Sachtler and Dorgelo (65) have observed the effects of ad-
sorbed hydrogen on the work function and the electric re-
sistance of evaporated platinum films. They concluded that
there existed two types of adsorption as had also been re-
ported for hydrogen on nickel (66).

Pliskin and Eischens (67) studied the infrared ad-
sorption of hydrogen adsorbed on supported platinum. They
observed two bands, one broad and the other sharp, the
latter being more intense at lower temperatures. They at-
tributed the band at 4.86u to strongly bonded hydrogen
adatoms and the band at 4.74u to weakly bonded ones. The
deuterium spectra show bands at 6.76u and 6.60u which were
similarly attributed to strongly and weakly bonded deuterium
respectively. They observed no new bands, when hydrogen and
deuterium were simultaneously adsorbed, hence they concluded
that the weakly bound form is also present as atoms. They
suggested that the strongly bound hydrogen atoms were sit-
uated between the surface atoms and held by shared bonds,
and the weakly bound atoms were located above the surface,

each singly bound to a platinum atom. The temperature
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dependence of the respective band intensities as well as the
half-widths of the bands have been interpreted theoretically
by Toya (68).

Flash desorption of hydrogen from tungsten, iridium
and rhodium initially at 100°K and 300°k together with a
study of isotopic mixing of the hydrogen isotopes at ﬁhese
temperatures has provided fairly conclusive identification

of the various adsorbed species.
B. Adsorption of Nitrogen

At BOOOK, nitrogen adsorbs on tungsten in two states,
the weakly bound o and the primary chemisorbed species, B.
These are clearly resolved in the desorption traces. The
a-peak passes through a maximum at higher concentrations of
B. Our data are not sufficient, however, to characterize
explicitly the desorption mechanism of the a state. Ehrlich
(69) in a field emission study of nitrogen on tungsten ob-
served a strong structural effect for the weakly bound a
state and found this state to be concentrated around the
(111) plane. In a later article (30), Ehrlich studied the
effects of surface structure on the adsorption of nitrogen
by contact-potential measurements on macroscopic planes cut
from single-crystal tungs%en. On the (100) plane, he found

that room temperature adsorption lowers the work function
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and flash desorption reveals only one state, 8. On the
(111) plane, the work function increases and both o and B
are present in the desorption spectrum.

On the basis of Ehrlich's findings and the presence of
a in the desorption spectra of nitrogen from tungsten, we
can conclude that (111) planes exist on the surface. The
nature of the adsorbed species which gives rise to the a-
peak 1s elucidated by the distribution of the nitrogen
isotopes in the desorption products. Since the a-peak is
devoid of 1LPN15N and follows first order desorption kinetics,
this would eliminate the possibility that the nitrogen is
adsorbed as mobile atoms, but rather, it would indicate that
the a phase 1s chemisorbed molecular nitrogen. The postulated
surface complexes of nitrogen on iron (61) are

. N = N N — N

/ \ or Il \
Fe ~— Fe Fe —— Pe

at low temperature and Fe= N at room temperature . But
these complexes are not plausible on the (111) plane of
tungsten, due to the large separation (4.478) of ad jacent
tungsten atoms in this plane. Further, the binding of
nitrogen in the B phase is different on the (100) and the
(111) planes as indicated by the opposite effects of ad-
sorbed nitrogen on the work function of these planes. It is
conceivable that the binding of B-nitrogen is analogous to

the two forms of adsorbed hydrogen, which also have opposite
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effects on the work function. In addition, both phases of
hydrogen and the B phase of nitrogen are completely
lsotopically mixed on desorption. We have found no evidence
of a splitting of the B phase as reported by Rigby (27) and
Madey and Yates (25). This could possibly be attributed to
the fact that our experiments were carried out at redubed
pumping which is not conducive to resolving overlapping
peaks. It would be desirable to obtain desorption spectra
of nitrogen from tungsten at reduced heating rates and high
pumping speeds to investigate the splitting of the B-peak
and the effect of surface structure on this splitting. It
would also be desirable to obtain some infrared absorption
data for nitrogen adsorbed on tungsten, for it would
definitely elucidate the nature of the a species on the
surface. Recently, Eischens and Jacknow (70) have observed
the infrared spectra of nitrogen chemisorbed on nickel at
low temperature. They attributed the observed band to the
nitrogen-nitrogen stretching vibration in the structure N1 -
N = N+. Molecular, rather than atomic adsorption, was con-
firmed by the behavior of the bands formed from an adsorbed
mixture of 1LI”NZ, leN15N and 15N2'
Even though there are some questions still unresolved

about the interaction of nitrogen with a tungsten surface,

there is general agreement on the gross desorption char-
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acteristics of nitrogen from tungsten and, as a result this
system provides an excellent starting point for calibration
of the flash filament technique.

According to Bond (71), nitrogen is not chemisorbed on
Group VIIIB metals. We have found this to be the case for
iridium and rhodium by the absence of a pressure burst{on
heating the dosed sample filament. However, adsorption could
be made to occur if the nitrogen is thermally activated. |
The source of this thermal energy is the hot tungsten fila-
ment present in conventional ionization gauges. Since there
exists no line of sight between the components of the hot
filament ion gauge and the sample filament, the activated
species cannot all be trapped by the surrounding glass en-
velope. From the steady-state distribution of the nitrogen
isotopes as a function of the ion gauge filament temperature,
it is concluded that the "activated" species are nitrogen
atoms. The statistical distribution of the nitrogen iso-
topes in the desorption spectra from iridium or rhodium
indicates that the adsorbed phase 1s atomic. Unfortunately
the nitrogen desorption peak was not subject to kinetic
analysis, due to the presence of residual contamination re-
sulting from prolonged adsorption intervals. The atomic
nature of the "activated" species is explained by a model
based on the dissociation of molecular nitrdgen on the hot

tungsten filament and steady-state adsorption and re-
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emission of nitrogen atoms from the glass walls, together
with catalytic recombination on the glass. It would be
desirable to determine the kinetic order of the desorption
of nitrogen from iridium and rhodium to further elucldate

this mechanism.
C. Adsorption of Carbon Monoxide

It has been deduced, from studles in the field emis-
sion microscope, that carbon monoxide 1s bound on the
tungsten surface as molecules (72, 73). Non-dissociative
adsorption is confirmed by the rate of evolution of carbon
monoxide on heating; this occurs as a first-order process
(7u) .

The nature of the chemisorption bond between carbon
monoxide and various metals has been studied by infrared
absorption spectroscopy (75, 76). For nickel, rhodium and
palladium, two main absorption bands occur at 4.85 and 5.3u.

These bands have been attributed to the linear form of
0 .

bonding % and the bridged form M/C\M by comparison with the
infraredMspectra of gaseous metal carbonyls. The other
metals examined (copper, iron and platinum) showed only one
adsorption band at 4.85u. It was also shown that the bridged

form of bond on nickel is the stronger bond. The existence
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of two adsorbed phases of carbon monoxide on tungsten has
also been shown in the flash filament measurements of Hick-
mott and Ehrlich (77) and Becker (4).

Lanyon and Trapnell (78) have shown that the carbon-
metal spacing in the bridged type of bond 1s about 22 and
that the preferred angle between the bonds is 120°. This
makes the separation of the metal atoms, to which the
carbon monoxide is bridged-bonded, about 3.58. They élso
showed that equal amounts of CO and H2 were taken up on
molybdenum and rhodium films, suggesting a two-site
mechanism, while on tungsten films, the CO adsorbed was
1.40 times the hydrogen chemisorption, suggesting mixed one
and two site mechanisms.

From a comparison of the infrared and flash filament
results, it is suggested that the B-group of peaks observed
on tungsten is the result of bridged-bonded molecules on
the various crystal faces exposed on the surface, and that the
a-peak is the result of linear form of bonding to single
surface atoms occurring in gaps in the bridged-bonded layer.
Hence in the case of tungsten, the subgroup of peaks in the
B-phase is an indication of surface heterogeneity.

Yang and Garland (79) find one and two site adsorption
on rhodium, together with a third mechanism in which one

rhodium atom adsorbs two molecules of CO.
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In the desorption spectrum of carbon monoxide from
iridium and rhodium, no fine structure is observed as in
the case of tungsten. The temperature range over which de-
sorption occurs is 450°K to 750°K. The shoulder that
exists at 970°K in the desorption spectrum of CO from
rnodium, may be due to tne bridged-bonded structure, that
is, nigher temperature, stronger bond; the large peak would
tnen be due to the linear form. Since the temperature range
for desorption is very nearly the same for both iridium and
riodium, 1t is possible that the bondings of CO on iridium
snd rhodium are similar. If this main peak is due to tne
linear form, then we would expect the adsorption of CO to
be approximztely twice that of H2, whereas in fact approxi-
mately ecual amountcs are adsorbed. This indicates that two
sites are required per CO molecule, and that the CO is
probavly in the bridged form. Hence, 1f the main desorption
peak 1s due to the bridged form, then the shoulder observed
at 97OOK is analogous to the splitting of the 3-peaks on
tungsten. If we attribute the appearance of many peaks to
tne bridged form of CO, then we can conclude that multiple
neaks indicate surface heterogeneity and the absence of
multiple peaks 1s indicative of fairly homogeneous surface.

An unexpected phenomenon in CO adsorption is the iso-
topic exchange between CO molecules on tungsten (24). Madey,

Yates and Stern observed rapid isotopic mixing at temperatures
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above 850°K, which corresponds to the temperature of de-
sorption of the more strongly adsorbed CO species. They
found no evidence for dissociation of CO into mobile ad-
sorbed C and O atoms, hence, they postulated a four-center
bimolecular exchange intermediate on the surface, which
involves surface bonding through both the carbon and oxygen.
Infrared spectra of CO on various metals and of metal

carbonyls does not support this type of binding.
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SUMMARY

Flash desorption of hydrogen, nitrogen and carbon
nonoxide from tungsten, iridium and rhodium dosed at BOOOK

and 100°K was investigated, together with lsotoplc mixing

in co-adsorbed mixtures of H2-D2 and 1L&NZ - 15N2. The

ect of ion gesuge pumping on flash desorption spectra and

[
iy
Fly

tneir analysis was also studied.

The desorption apparatus was constructed so that

10

ultimate pressures less than 5 x 10~ torr were easily

zttainable. Provisions were made to vary the throughput

o]
y

gas tnrough the reaction cell. The filament could be

trnermostated at various temperatures by placing the proper

l...l

oolarnt in the re-entrant dewar containing the filament

O

ss=mbly. The filament was heated by direct current which

QY]

(0]

srmitted a simultaneous measurement of temperature and pres-

sure during an experiment and the heating could be termi-
nsted at any desired temperature by means of a trigger
circuit in tne power supply. The use of a small, bakeable,

sensitive mass spectrometer permitted the unambiguous

-

Tication of the desorbing species.

(=0

ent

[oF]

It was found that conventional hot filament ilon gauges
exnibited a high pumping speed for hydrogen. As a result of

this high pumping speed, 1t was shown that the pressure in-
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crease on flashing is a messure of the time derivative of
surface coverage, ratner than a measure of the variation
of surfeace covarzge witn time.

The desorption of hydrogen from tungsten, iridium and
rhodivn initially at room tenperature proceeds by a second

rocess with activation energies of 35, 24 and 18 keal

o]

3

O
[\

3
o}

ver mole respectively at low surface coverage. It was also
round tnat tre ecvivetioa energy of desorption was strongly
dependent on suriace ccoverage. Assunming & linear veristion
in tane heat of desorpiion (AE = AHO - an), the paramester a

o
<

was deternined Irom Zesorocion curves obtained st different
initigl surface coversges oy programmiig a computer to carry

out & minimun searcn routine Wwith respects to a. For tungsten,

E, and D,, %he isovopes in the cdesorvad prase are statisti-
cally dissridbuted within experimenval error, while the
gmoient dlstrioucion is clearly non-statisticel.

Wnen nydrogen 1s adsoroded on these metals at 100°K 2
second low temperature p2ak 1s chserved in the desorption
sveccrum. “he daistribution of the isotopes in the desorbed
phase formel fro. the co-adsorption of 52 and Dz indicated
t

nzt =-his low tempersasture p2aX wes cue to an atomic species
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in the case of iridium and rhodium and a molecular species
in the case of tungsten.

Flasn desorption spectra of nitrogen adsorbed on tung-
sten at BOOOK contains two well resolved pressure peaks, a
end B both subiect to kinetic analysis; the a-peak was
kineticelly first order and the B, second order with activa-
tion energies of 20 and 75 kcal per mole respectively. The
distribution of desorbed products formed on adsorbing a
mixture of 14N2 and 15N2 on tungsten indicated that the low
temperature a state is molecular (chemisorbed molecular N2)
Ty the &bsence of 1LI'NISN in the desorption spectrum, whereas

tne tightly bound B state 1s completely isotopically mixed

on desorption.

]

vidence 1s presented that nitrogen adsorption does
occur on iridium and rhodium if the nitrogen is thermally
activated. It was found that the amount of nitrogen ad-
sorbed was a function of the temperature of the filament in
the lon gsuge. The distribution of the nitrogen isotopes
in tne desorved phase indicated that the adsorbed phase is
aromic. The results for nitrogen desorption from iridium
znd rnodium are explained by a model based on the dissocia-
cion of molecular nitrogen on the hot tungsten filament and
steady-state adsorption and re-emission of nitrogen atoms
from the glass walls, together with catalytic recombination

on the glass.
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Flash desorption of carbon monoxide from tungsten
initially at 300°K indicates four separate bound states,

a, Bl, 52 and BB. From an infrared study of carbon monoxide
adsorbed on various metals, it 1s suggested that the B-group
of peaks is the result of bridged-bonded molecules on the
various crystal faces exposed on the surface, and thatﬂthé
a-peak is the result of the linear form of bonding to single
surface atoms. The a-peak becomes appreciable only when the
B-peak is approximately 60% saturated.

The desorption spectrum of carbon monoxide from iridium
and rhodium contains only one peak which desorbs over the
range 450-750°K. From the equal amounts of CO and H2 ad-
sorbed, it 1s inferred that the desorption peak 1s due to
the bridged form of adsorbed CO. Also it is inferred that
the lack of fine structure in the desorption spectra is an
indication of surface homogeneity, since there are several
conceivable crystal planes that have the appropriate metal-
to-metal distance (“3.52) to accomodate the bridge form of
carbon monoxide.

The results of these studies indicates that the flash
filament technique in conjunction with mass spectrometry 1is
a valuable research tool and provides a powerful approach to
the study of the interaction of gases with metal surfaces.
By the proper choice of experimental conditions, a large

amount of information can be obtained on the adsorption-
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desorption characteristics of reactive gases. This technique
together with other techniqués, such as field electron emis-
sion microscopy, low energy electron diffraction and

infrared spectroscopy offers a route to a thorough under-

standing of surface phenomena.
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VIII. SUGGESTIONS FOR FUTURE RESEARCH

Flash desorption of hydrogen from tungsten, iridium and
rhodium initially at 100°K together with a study of 1sotopic
mixing of the hydrogen 1sotopes at this temperature has pro-
vided fairly conclusive identiflcation of the low temperature
veak. But it would be desirable to determine the kinetic
order of the desorption of the a-hydrogen. In the present
low temperature experiments, the data are not subject to the
present methods of analysis, due to the inadequate resolution
of the peaks. The resolution of the o and B peaks can be im-
proved by reducing the heating rate and increasing the pump-
ing speed, both of which mitigate against quantitative
snzlysis by the present methods. If the present methods of
snalysis can be modified to give semi-quantitative information
zoout tne kinetics and energetics of the desorption spectra
obtained at high pumping speeds and low heating rates, then
this would elucidate further the exact nature of this low
temperature a-peak.

It would be desirable to obtain desorption spectra of
CO from iridium and rhodium using a slow heating rate,
approximately lOo/sec, and a high pumping speed to increase
the resolution of the flash filament technique and elucidate
the existence of any fine structure. It would be informative

to investigate the distribution of the isotopes of CO on
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desorption and to correlate these findings with the results
ovtained by infrared spectroscopy of gaseous metal carbonyls.

Since simple compounds containing the isotopes of

-y

ydrogen, nitrogen and carbon can be obtained with a known
purity, 99%, then a study of the decomposition of these
compounds, namgly ethylene, acetylene and ammonia, by the
Tlash filamenﬁ'technique will be greatly elucldated by using

the lsotope enriched compounds.
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Table 1. Effect of heating rate on pumping term S/V

149

Heating Current Heating Rate S/V& S/V.b
amps ' deg/sec {sec)”t (sec)”
0.8 215 0. 89 0. 31
0.9 262 0.98 0.32
1.0 330 1.09 0. 32
1.1 445 1.18 0.20
1.2 525 1.26 0.2

a N . . . .
Nottingham ion gauge operzating at $ma (2270°K).

b . .
Nottingham ion gauge oii.

——
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Table 2. Distribution of hydrogzen isotopes in the desorbed products
from sample filamenis dosed at 300°K with a mixture of
hydrogen and deuterium — i

w2

Sampie Adsorption Ambiexnt Product

Intexrval Distrioution ‘ Distribution
Rhodium 4 min. 1.00:2.26:1.28% 1.00:1.54:0.63%
— 1.03:1.16:1.12° 1.00:1.31:0.64°
10 min. 1.00:2.23:1.252 1.00:1.48:0.55%
1.00:1.14:1..8° 1.00:1.32:0.53°
Iridium 3min.  1.00:2,24:1.39% 11.00:2.09:1.092%
-.00:0,.83:1.19° 1.00:1.77:1.08°
6 rain. 1,.00:2.32:1.602 1.00:2,08:1.152
’ . 1.00:0.83:1.37°P 1.00:1.75:1.12°
Tun;stea 5 min. 1.60:0.60:0.09% 1.00:C.68:0.12%
1.06:0.23:0.22° 1.00:0.68:0.12°
10 min. 1.00:0.55:0.05% 1.00:0,65:0.11 %
1.00:0.10:0.24° 1.60:0,63:0.12°

oy ix as e
Statisticzal distributicn.

Ozserved distribution.
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Table 3. Distribution of hydrozen isotopes in the desorbed products
from an iridium filament dosed at 100°K with a mixture of
hydroger. and deuterium’

. Ads:crption LAmbient Product Distribation
Intervel Distribution ¢ -peak E-peck

.09:1.092 1.00:2.40:1.542

—
[
(&)
v

2 min.

b

1.00:0.04:1.04 1.00:1.92:1.44

4 mirn. 1,00:2.16:1.26%  1.00:2.33:..70% 1.00:2,44:1.59%

1.00: 0. 00:2.21:1.6:2  1.00:2.12:1.52°

o
w
[ X
o
o
| &2

1.00:2.53:1. 71 2

1.00:0.03:1.06° 1.00:2.17:1.66° 1.00:2.14:1.62°

10 min.  1.00:2.14:3.25 1.00:2.65:1.89% 1.00:2.64:1.856%

I.OO:O.C-';-:I.C’.’b 1.00:2.17:1.75° 1.00:2.20:1.73b

Statistical distribution.

o’

Cbserved distribution,
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Table 4. Distribution of hydrozca izotopes in the desorbed products
from a rhodium filamert dosec at 100°K with a mixture of
hydrogen and deuterium

Adsorption A.mbient Procuct Distribution

Interval Distribution c-peek B-pezk

4 min. 1.00:1.70:0.73% 1.00:2.52:1.692 1.00:2.33:1.45°%
1.00:0.13: 0,84 . 1.00:3.47:2.50° 1.00:2.49:1.48°

10 min. 1,00:1.63:0.67° 1.09 3.06:2.4-9a 1.00:2.33:1.4"'2"
1.00:0.08:0.81° 1.00:5.44:2.63° 1.00:2.45:1.47P

15 mia 1.06:1.66:0.69%  1.00:3.16:2,.66% 1.00:2.39:1.53%
1.00:0.09:0.82b 1.00:3 99:3.00b 1.00:»?..70:1.59b

&Statistical distrizution.

b Sbserved distribution.
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Table 5, Eifect of tube conductance and d>umping speed on the
relaxatior parameters f1, By anc 83

F (liters/sec)

z.5 5.0 10.0 : 23.0

Sy = 5.0 litexrs/rec

3 £.12 4. 54 4. 83 4.99

,32 14,50 21,42 34,77 61,62

/33 18.43 33. 54 65.01 127.98
Sy = 10 litevrs/sec

8- 4,51 5,47 6.43 © 7,15

£ 16,74 28,54 42,56 £9. 03

84 25. 85 3£.59 65.62  128.37
Sy =20 liters/sec

3 4,73 6.15 8. 09 10. 14

2; 17.02 31.93  56.53 84. 85

E3 45.35 51.51 69. 98 129. 62
S. =40 iiters/sec »

£ 4. 8% L.57 9.38 13.30

g, 17.10 32,37 62.35 112,44

Bs $5.16 90. 66 102. 87 138. 86
Sy =80 liters/sec

31 <, 59 5.79 10,17 15.79

8, 17.:3 32,9 63.12 123,21

ﬁ3 165.08 1790, 32 181.30 205,60




Table 6. Phase lag of the x-y recorder as & function of frequency
v Voot sin 6}; 6x sin 63’ 5Y Vot Vet

g}gé’lces cx;cel:s deg deg tan Ox tan 6Y
3.8 0.7387 G.1<4 3.30 0.13¢% 7.93 5.29 5.66
0.¢ 0.885 - 0.169 9.75 0.157 9.03 5.14 5.56
1.0 0.983 G.177 10.20 0.173 10.00 5.46 5.58
1.2 1.1€9 0.210 12..53 0.2:34 13.53 5.53 4,83
1.4 i 337. 0.254 14.7C 0.263 15.25 5.29 5.08
1.6 1.591 ¢.282 15,40 0.305 17.75 5.41 4.97
1.8 1.787 0.3356 19.53 0.347 20.30 5.00 4.83
2.0 1.935 0.394 23.20 0.389 22.90 4,63 4.71
2.5 2,417 C.466 27.80 0.4538 27.25 4.70 4.82
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XIII. APPENDICES

A. Relaxation Phenomena Assoclated with'
Tube Conductances and Pumping Speeds
Congider the exporimenital airangoment of sources, pumps
and detectors in a flash filsment system shown in Figure 43.

Let each of the fleasks contain a leak and a pump, and in

addition let flask 2, contaln a descrbing filament. The only

™

flask thet actually conteins & leak and purp is Tlask 23
the other two flasks will zct either as a pump or a source,
dependirg on the state of outgassing, osut for completeness,
we willl Sreat them as 1f leaks aand sources exist in bota.
Maintelinirg & materiél belance 1in eachk flask, we ootain the

following set of equatiorns,

-~

¢2.
2 = RO, - ] 3 - L824
é2, a
-2 = RT (L. - ASDy o - R - ;
Vog = BT (Lp - 85D - 8%, - Fi(Bp-Py) (48D)
ez,
—Z = RTL, - S,P, + F,(P,-P,)
V3 it P.LLB 83 3 + 2( > PB/ (480)
where V, 1s the voluue of the 1% r1ask, P, is the pressure in
torr in tre iBn Dlask; Li is the lezk rate into the ith flask,

in nolecuvles per second, -Si is the »Humping speed of the pumps
&
in the 1“? flask and F, and F, are the conductances of the

tubulation coanecting flasks 1-2 and 2-3 respectively. F1 and



F, can b

2
are dirf

e made

erent.

to the various

equal,

The i
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but for completeness, assume that they

th (L = 1,2,3) part of the system refers

coxponents in Figure 43.

At stezdy state,

apr dp dp

dn _ . 1 _ "2 _ 3

iz = 0 and & - qe T a9
- . O ,O - o ] - s - - 1,

Let Pl’ P2 and P3 be the steady state pressure. Then
Equation 48 reduce to,

~mT _ O - O_, o} = ’

RJ..LJl S ?1 + bl(Pz Pl) 0 (49a)

B - o) - /-JC_ (@] - = -"Do_- v = 1

“+L2 82P2 7,22 Pl) FoiPy PS) 0 (49b)

D] - 20 _:;F. PO_ O\ -

PTJ..:B 83,3 ‘ 2( > P3) 0 (49¢)
Subtracting Zquation 49 from the respective Equation 48, we
obtain

dP1 .
—- - - 0 : J - 0 - [ - 0 o

Vi% = - 51(2-BY) + By {(2,-23) - (P-BD)} (502)

dPZ C { 043
= - A r-a__.{_l - T o - - c - - {

Vomgt = - ABTEE - Sp(Pp-Pp) - Fy {(Pp-?p) - (Py-P)}

- _r o (e] _ - o\ Y
ik N (,-P) + F, { (2,-P5) - (2,-P)} (50¢)
SACEG A e A 2 A 1
. . 50 _p0 _pO0 .
Let Ul’ U2 end U3 ecual P1 Pl, P2 P2 and P3 P3 respectively,
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then
au. d4p, U, dp, au,  dp,
Gt -~ dr.c Tt - & ¥ gt ae

Subgtvituting these valuss into Equation 50, yields

au _ -
]
—_— = - " -
1 5% S,Uy + Py | Up-U, |
au i
2 - A r-.d-n rr o 7T -] 7 T -
Vomgg = - ABIGE - Sl - /4 [”2’“1.! - [Uz'%_l (55b)
— - T ' - - - T H
Vit = 5,05 + B, | Up-Us | (510)

Let v, U.;, “2 and p3 be the Laplace transforus of =, Ul,

s

U2 and U3 respectively; &also, et t =0, let n = nys Uy = Ui,

U2 = Ug end U3 = g Tnen on transforming Equation 51 and
rearranging, we odtain =
- S, +F > F
i 2 "1 727 FoT1 2
i s b U - -
kol 7,1t mlwlr el
_ ART, . 0
= - Vz(w -n ) + Uy (52a)
.- S, +F
r 1 1 -1 -0
Ho L'VI_J +opp s vl:] = Uy (52p)
~ F S,+F
- r27 Mo+ 302
Hz L™ 7. Topg st v
= UO (520)
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S.+F S,+F.+F S,+F
171 2 "1 "2 _ 3°2 _ ART _
Let = 0, =—4m=—== 0 = 0, and let == = 0,
A 1° v, 2 TV, 3 v,
Then, by the method of determinants
o)
Uy 'Fl/vl 0
US - a(sv-n)) s +0, -F,/V,
ud . =F /Y s 40,
2
b2 E 2 (53)
s + 0'1 -Fl/Vl 0 .
.F._L/V2 s +0, 'FZ/VZ
Equation 53 can be evaluated to give,
2.0 o
(F,)°U F.F,U .
vzv3 L. \111%2 - (s+9,) (s405)U7
#1 = =
(F,)2(s40,)  (Fy)2(s40,) (ore- ) (v0) (540.)
7 + 7 - (s+g s+0,)(s+0
1AL AL 1 2 3
(s40,)F
- ——v-u [Ug- a(sv =n )]
1 A o
2 2 (54)
(Fp)"(stoy)  (Fp)"(s405) (840- 1 (840 ) (840 )
+ - (S+C s+0 S+0.
AL V.V, 1 2 3
(s+0,)F
—-vlL]: [Ug-a(sv-no)] + Ug(s+02)(s+03)
Ky = (s+B) (%R, ) (5+4F;)
o 2110
. F1F2U3 ) (FZ) Ul
_ V1V2 VZV3

(5¥F) (s+B) (5+B3) | - (Sha)
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where, £, 8, and 63 are defined by

(s+ B.)(s+ B )(s+ﬁ3) = (s+ cl)(s+ 02)(s+ 03)

(FZ')Z(S-.Lcl) (F, )2 (gt s) (55)
V2V3 AS
Hence, .
F.(s+0o.)
- - = T < (no+sv )
AL B 57 B0 T
2
s+ C,)F- TF (7.)
3771..0 . ..C ~ 2.:0 2 o}
Us + UJ(s+ g, ) (s~ G ) + ==U. - U
< V2 ViV, 3 T VU5 1
(s+ ﬁ)(S“PZ/(S'!'BB)
(56)

In a charac:eristic Tlash desorption experiment, U1 =
5€ reduces to

-=0 : L
= 0, then Zcuation 5

’3
C"Flr (03—13 ) (= ﬁ’v)
ST G, 31)T=Tﬁ3
(339)(n.ﬁv) (U-B)(\T+ﬁV)
s e - ] (57)

| n_+ 3.V
o . o] 1 . .
The 1irwverse transform of —= 1s obtained from the convo-
ZS‘I‘ ﬁl;

lution integral.

Thet 1is
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1 (Nt Byw) =B, t ¢ -B; (t-7)

(s+ ﬁii = n.e + B J.o n(r)e dr (58a)
-ﬁ t S 7 B ,
=g 1+ [ n, +ﬂi Io n(r)e der]' (58b)

But the right hand side of Equation 58b can be simplified )
further. That is

-ﬁ t[n +B f n('r)e ar

R IR

= -Bt[n +I ] (59a)
-8t B.t J‘n BT 4
=e [n +ne ¥ - n, - e dn] (590)
‘ -on .
=n + e-ﬁ"‘Lt In eﬁiT dn o (59(")'
n

o)

Treating the remaining terms in Equation 57 similarly, we find

that Equation 57 becomes

ART Fl
U, = 7R
-t 1 311'
[(03‘31)(ﬁ3'32) {n + e Bl Ino e dn}
-B.t n,
- (05-B,)(By-By) {n + e Z | ° 2"an 3

-8.t
+ (03B BB {n v e 3 [0 e ST} (60)
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The coefficients of n in Equation 60 cancel, and there remains
only'
ART Fl
R AA TR CFT AP
‘ -B.t .,n_ BT
[(03-B)ByB) ¢ 2 [ °et an

n

. _ﬁ t
- (05-8,)(By-B) & 2 j:° e 2 an

'-th n. B.t | '
+ (oy-B)(Byfy) o 2 [ C o7 an ] (61)

The relaxation parameters, Bl’ 52 and 33 are related to
the pumping speed and the conductances by Equation 55, which
on expansion becomes

£(s) = (s+B;)(s+B,)(s+B;) = 87 + (0,40,+0,)s”

(F,)% (Fy)?
+<0'o+co'+cc 2 L = )s

192%01%3% %% = v T W,
,(Fz)zo1 (Fl)zc
*("1"2"3 AL _'_'zvlvz ) (552)

The values of ﬁl, 32 and.ﬁ3 for various values of F and Sy
are shown in Table 6. For small vaiues of Sl’ the relaxation
parameter 31 reflects the pumping speed and not the con-
dactance, whereas for large values of Sl’ Bl reflects the con-
ductance and not the pumping.

Recall that in Equation 61, U, = Pl-Pi, there U

1 is the
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pressure increase measured in a flasgk separéted from a flésk'
by tubulation ol conductance F and containing a desorbing
filameat. Hence, from Equation 61, it is possible to observe
the ¢ffue of pumping speed and conductance on Ul, once a rate
process is assumed.

Consider a secoand-order reaction

dn _ ,,.2 _0C
—a—_._; = Yn e (62)
wrere,
Adp
- - = >
o = 0

n - e (63)

Now

9 E.7 -t o
Jr e L éa = J V .ﬂ2 € eBlT ar (64)
n o}
2 ot (»:*-31)7
- S (64e)

Substituting these integrals into Equation 61, we obtain

e

Uy val B
ERT ~ V1V2(§3-,Sl)(,33- B) By 8q)
‘ . (a+gq) 7 _
-5t T 1l
{togs)toypre 0 [ S ar
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'ﬁzt t (od'ﬁz)‘r
- (05-B,)(B3-B) e jo e 4r
, Y
-8t (a+B)T
+ (0 -;33)(/32 g)e 3 f

ar} (65)

where Y = [l + 1 < (ea1'¢1)]

U .
Kﬁ% can best be determined by programming a computer to

evaluate the right hand side of Equation 65. There are
several parameters that can be varied, namely n,s V, Fand S
but for the purpose of the present work only F and S will be
considered. The results are summarized in Figures 44 and 45.
It is evident from Figure 44, that the conductance of the
'éonnecting tubulation has a pronounced effect on the desorp-~
tion spectrum and hence, on any parameters. obtained from the
desorption curve. Similar results are obtained for lérger
values of Sl with a further reduction in peak height by a
factor of four for S, = 80 liters per second. Since the
conductance of a cylindrical tube is proportional to aB/L (49),
where a and ¢ are the radius and length respectively, then by
. the proper choice of a and 4 , the effect of conductance on
desorption spectra can be minimized. In the present apparatus
a =1.6 cm and 4 = 10 cm which corresponds to a conductance of

- 40 liters per second for air.

-
.
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B. Response Characteristics of a Linear Recording Syscem

The response characteriétics of a linear recording
system can Be completely spécified by the relative magnitude
and phese input and output of sine wave test signels. Since
the amplitude and phase vary with frequency and their ae-
penience on frecguency 1s easily observable, then 1t is
theorstically wcssible to pradict exactly how any complex
wave would bte distorced. The dependeﬁce oI phase shift on
frequency will gensrate a transfer ?ﬁnction:‘énd this func-
tion operatirg cn the actual recorded function will generate
the true signal, or driviag function.

It is possible.to state the requiremsnts for the theo-
retically ideal recording system. These are: first, constant
'amplitude respogase for 211 frequercles from zero to infinity,
and sscond, = tvhase shift waich is zero for all freqﬁenoies.
No ohysically realizable system can meet these recuirements
and the probliem ther becomes one of tryirg to correlate de-
pzrture from idezl with the distortion which will result in a
particular recording.

Cog§ider the segquence of operations in the recording
instrument by waich gn input signal is transformed into a
perﬁanent recorisd trece. The input signal, after . passing
tarough the attenuator and input rilter (Figure 46), is ap-

piied to the bslance circuit where it is cancelled by an
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internally suprlied opposing voltage. Under these conditions,
there is no sigasl output “rom the balance circuit and thre
servo system is at rest. When the input signal changes to

‘2 new valie it 1s no longer cancelled in the ba.ance circuit
and the unbalance voltage or cerror signal, is applied to the
chopper where it is ccavert:é tc a 60 cycle form. Thé,ac
output o ths chopper is amplified znd applied to the control
windirg of a two phase ssrvo motor. Thne motor is mechanical-
ly coupled to thre belance circult poteatiome'.er and thus
changes the balance voltage until it again cencels the new
Te_ue of the input sigasl. If the input signal is changing
at rates withinlfh¢_limitations of the recorder, then this
rebalancing acvion is coatinuous. Hence, the position of the
balance circuit votentiometer and of tre pen and carriage,

to wanich they =re coupied, are always directly proportionsl
to the amplitucdes &t tne respective input ferminals.

There will be an inertia, some friction and a spring
constent associsted with the mechaniczsl motion of the pen and
s moving parts. There will also be a net inductance, re-
sistance and cepacitarce associated with the electricsl con-
version bf"the input signal to the mechanical motion of the
ven. Let J represent the moment of inertia of the pen and
its associated moving parts and the net inductance of the

circuit; F, the cocfficient of friction associated with the
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moving part and the net resistance; and k, the spring
constanv and t.e netv capacitance. Then the differential
~gq.ation of motibnl‘relating the recorded signal, E(t) to
the true input signal, S{t) is,

JR"(t) + FR'(t) + kr(t) = S(t) (66)
Of the three pzrameters J, F and k, we can assume one set,
wnen & scale Tactor 1s set; the cther two parameters are
related to the imstrumental damping properties. Hencé withQ'
out any loss of generslity, we set ks =S, jk=J, fk = F,
then Equation (66) reduces to,

JRU(t) + £R'(t) + R(t) = s(t) (67)

If E(t) and ths parameters j and f are kaown, then S(t)
can be calculated. The determination of j and T remeins an
experimental probien.

It appzars that Equation (67) is somewhat too simple to

[
0

-

adequately represent the ovserved depenierce of the response
on the signal. We have assumed that the parameters j and f

are not functions of R(t), whereas in rea’ity they do depend
on R(t) as illiustrated by the distortion of the sinusoidal

test signal at nigh frequencies (~2.0 cycles per second). Con-
sider, for example, the parameter J in Equation 66. It can be

represented s follows,

lPearson, Eric B., Technology of Instrumehtation, London,
Englsnd, Tke English Universities Press Ltd., 1957.
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J=3(3) = J(0) + J'(0)R + 27"(0)R? o (68)
It is evident from Equation 68 that J = J(0) if R is 'small.
ferce, it is possible to adjust R so that the distortion of
the input test signal is smail over the frequency range of

is 0.5 cps to 2.5 cps. Therefore, if tne

(9

interest, tha
parareters j and [ are determinzd frem kanown signals and
responses similar to those of physical interest, &nd the re-
sults used o correct the observed responses, then the cor-
rection should e reasongb*y accurate.

Consider tre input signali to be a sine wave. It is suf-
ficiently similer to signals of physical interest and it is
simple to treat methematiczlly. That is, let s = sinWw ¢;

then R(0) = R'(0) = 0. Tnen on transforming Equation 67, we

obtain
(js2 + s+ 1) r(t) = _ZELE (69)
S vw
@
where r is the Lsplace transform of R(t), i.e. r =r Re'Stdt.
' ' J
Then o}
i BT (70)
(s +w ) (s + al)(S+a2)
where
- —
: s 1/2
% ="IT¢1+(1'§%) | (71)
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£ [y g by Y2 .
ay = 2] .-.—(1-f—2- (71a)
Hence,
YT !(S*iw)1S-Lw)(8+€i)(s*a2ll (72)

R

Using the method of partial ractions, Equation 72 decomposes

to:
. [ 1 1
S I N {<s+a ) (024w®)  (s+a.) (a2+ 2)}
27 1/ 2/ VW
-~ r)‘ -
L (554 (5°+4°) (73)
(a+0?) (a2 +?)
1 2 -

Taking the inverse traxsfcrm of Equation 73, we obtain the
following,
' ' -0.._" -G.ZB ‘
3= “ "3 ) - |
jlay-ay l(a (a2+w )_l

(c-a -&Jz)sinw'--( a.)wcoswt
+ L2 L -’- (74)

j(a§+a?)(a +w?

-a. T o 8

1 2 ~ 3
As t becomes lerge, the terms with e y € vanish and
there remeins the periodic furction,
(a. -wz)s*nai: - (a.+a.)weosuwt
per (f +w2 (af 2 4w?

A sin(wt =68) _ - (76)
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where, ~ ' 1/2 )
2 2 z
_(oclaz w) o+ oo l+a2)] -
A = = 7?
j(ed+ &) (eS+of)
A= = 1 (78)

Also, tand = ____9_~ (79)

. We obtain the following relatioms,

'—l
')
e
o))
~J
’_J
m

From zDcuation 7

&g T, = T (80)
- 1

aﬂc'sz =3 . (81)
A2

2, .2 % 2 -

al.c.z =3 - : (82)

Substituting these values in Equ BlO’lS 78 and 79, we get

i~ ~-1/2 - 4
A= |1 +P(£% - 254w 32 | (78a)
and
ot
Uaﬂ6 = l - sz (793)

Equetion 78a can ve rearrsnged as follows:

-2 L .
A 51 = (£2-23)+ 322 (78b)

w
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-

2

Hence, a plot of (A% - 1) /w® versus w” should give a straight

with a slope, j2, and an intercept (f‘2 - 2j3).

Also, Equation 79a can be rearranged to give:

Ty = f - 4P ~ (79b)

from which it can be seen that a plot of wW/tanb versusaw2

should be linear with a slope, -j/f, and an intercept, 1/f.
Either of the Equations 78b and 79b can be used to
determine the parameters f and j. Equation f8b involves
measuring the amplitude attenugtion as a function of fre-
quency and Equation 79b, the phase lag as a function of
frequency. The latter method is more sensitive than the
forher method in the frequency range below 1.5 cycles per
second, which is the range of physical significance in flash
. desorption experiments. Also, in the former method, if the
ampiitude of the input signal is chosen to give full scale;
deflection at low frequencies, then at higher frequencies,
one not only observes an attenuation but glso a distortion
of the sinusoidal test signal, since the parameters relating
the response to the input signal are functions of the

response.

- Measurement of the Phase Lag

The simplest way to determine the phase lag is to measure

the eccentricity of a Lissajous pattern. A Lissajous pattern
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is the figure created on an oscilloscope screen when sine-
weve potentisls gre applied to both the horizontal and
verticegl deflecting plates. If the fresquencies .of these

two comdponent potertials are the same but they differ in

cl

vhase, the Tresulving pattern is g measure of the phase
dirference vetween the two waves.
To see that this is so, suppose that ths potential

across the norizontal deflecting plates of the scope is

and tTheat sc.oss tne verticel pl-zes is

e, = B, sizlws + ' 8L
ey = Ep siz(w 62) (84)
Tren
€. 7
=== sinwt cos &, + coswt sin & (83a)
- 1 1
J- .
end
e,
F- = sinwt cos 6, + cos wt sin &, (8lka)
<2

To eliminate tne time factor we proceed &. follows: multiply
Equation 83a dy cos 8, and Equatior 8La by cos 6,, subtract

to obtain

|[)
Q
(W)
n
[}
IN)
[}
&/t
[SV I I
[¢]
(6]
n
o
]
Q
(@]
7]}
€
ct
T
n
'-l
N
qn
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Multiplying Equation 83a by sin 6, and Equation 84a by sin 6

and subtracting, there results

e ' e
== sin 8, - =L sir 6, = sinwt(cos 6-sin 6,-sin 8 cos 6,)
...-1 _..12 e -

(86)
Scuaring Equation 85 and 86 znd adding, gives
ei‘ eﬁ 2e_ s (' ) 2 ) : .
—— + =% - —==z— cos(8--3,) = sin“{6,-6 87)
E? Eg Eluz L2 1772

This is an equation of aa ellipse, the orientation of which
depends upo:n the p.iizse diflerence.

The experimental procedure necessary for measuring the
phase difference betweern tne two potentials is cuite direct
gnd consists of measuring':he owo distances Eo and Em in
Figu?e k7. Tne distance E, is evidontly the value of ey
When . is zero. This requires tzat

0 2

tx}
4

sin (&, - 8,) (88)
Likewise, ths value Em is the meximum value of ey andvfrom
Zcusticn 8ka is given by E, = Z,. Substituting this value
ir.to Equation 88, yields

sin § = EQ (89)

where § = 91 - 82.
The experimental arreangement used to measure the phase

leg of the . »corder is shown in Figure 47. It consists of
Lag :

1
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epplying simultaneously = sinusoidal test signal to the
input termirals of the recorder and to the horizahtal de-
flection piates of the oscillosccpe. Tne signal that ap-
pezrs at the slidewirs of the recorder is applied to the
vertical deflecticﬁ p-ates o the oscilloscope. The ex-
istence of & phase difference vetween the two signals is
indiceted oy thé eopearar.ce of an ellipse on the oscillo-
scope and the ecceniricitcy of the ellipse is equal to the
sine of the gphase lag. The results of the measurements
are summarized in Table 6 =nd Fizure LB.

Substituting 27w for w ia Eguatior 7%b yields,

v _d P v
Tond _ 2nF - F 2TV (90)

Now, substituting in Eguszstion 90, tne value Qf trhe irtercept
and the slope determizned from Figure L8, we ocdotain the val-
ues 3.1 x 10"2 sgnd 5.85 x ?LO'LL for the parameters f and j
respective.y.

The problean that remains is to apply these correction
pgrameters to & sample desorption spectirum. This 1s best
accomplisned by fitting .the spectrum with an snaglytical ex-
pressiovi.. The desorption spectrum was divided into three
intervals snd an equation was obtained for each iaterval.
The three ecuations are:

J

0<t< 0.85, I

2.L66 + By-20y°, ¥ = £-0.602 (9ia)

£-1.002 (91b)

0.85<t< 1.15, I = k.50 - 15y°,
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1.50<t< 1.85, I = 41.1 exp [=1.833y], y=1t (9lc)
Since tre heating schedule is recorded simultaneously with -
the desorption spectrum, it must also be corrected. The
anglytical expression used to represent the “eatinc
schedule 1is expressed in terms of a vcltage drop aoross‘the
Tilament and this is directly proportionazl to the temperature
Tor a sev current. That is

0<t< 1.5, E = 2.85 + 1.27t 4 0.745% (92)

n

end this is relzcted to the temperecture of the sample filament

by the following relatiorn,-

oK = 5“—17-; + 6 (93)

The result of apolyirz the correc.ioun parameters, I and
j, to Tne desorpticn spectirum and the neating schedli.e is

showr. in Figure U49.

snaliyzing trs cor ected spe

Q

trum by the method descrived
sreviously, we odbtain the value of 9.60 for the slope of the

"‘ ‘ ‘ "'1 ) Y )
plot of lanwn_-n)/r. vs 77, comdarad o the value of G.66 for

O

tae uncorrected spectrum. This agreemsent is due tC partial

cencellation ol corrections in tne desorption spectrum and’

in the neating schedule. It is cliear from the equation for

AH, that the correction of the heacting schedule and of the de-

sorption spectrum hzve opposite effects on the value of AH.
Therefore, we can conclude that the response time of the

recorder may hev: a serious effect on the driving signal, if



the rate of change of the true siganal approaches the

response time of the recorier.



182

C. Kinetic Analysis of Pressure-Temperature

Data, Fortran Program
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START ACCNTAQuUB? aviMe MAXTIMC 4HIN
FLAG MAP, GO
FLAG FORT MAIN,COHPILEWLIST

FultTRAN PRUGKAN FOR PRUGESLING
FLASH FILAMENT DATA
WITH DR WITHUUT PUMPING CORRECTION

T =TIME{(SEC)slURVE A

Ul =10 CURRENT (SCALE DIV),CURVE A

DR =PGI DRUP ACRUSS FILAMENT (SCALE DIV),CURVE C
A =RNO-N

£ =VOLTS CORRESPONULING TG OK

Bl =I0N CURRENT (SCALE DIV, CUKVE &

TB =T iMe{SEC)CURVE 8

CU =HEATING CURRENT (AHPS)

DIMENSTUN TULOC)»DILL0U),OR{LCU) 4 DELI(LICO) AL L0O)4E(100),B(100),T1
LELU0 ), TTCL00Y,Z(10),AC0(8),8C0(81,CC(100)40C1.00),TY(100),81{100),
213(10C),8LUGI1GO)

READ 2b,NY,P23,P1,CU

NY =NUMBER OF CURVES TJ BE PRICESSED
1eMP OF FILAMENT GIVEN 5Y PUvEZ/CU-2I
2¢ FURMATI([S.:F10.0)

REAL & '(:5';0(1)' l=1'e)lp1'P

A LAELES FOR PLUT .. CUL l-1U 10G0OO/T,
11-25 LOGVINU=MN)I/ ) 426-40 LOGILUGINU/N)Y ),
4l Piy 42 2y PLU" 5SYMSOLS 1ST AND 2ND URDER

ANALYSIS OF 1ST AND 2Nu ORDCR UATA PLOTTZ. USING
[8¥ 1627 MUDcL I DIGITAL INCREMENTAL PLUTTWR

14 FURMATI{G6AS,2A1)
NTP=10
CALL LABELINTP)
DO 25 J=1.0Y
CREAD 1eMiLiXAVORUL(Z2(T)eI=1,8])

M TNUMBER OF POINTL In CURVE A
L =NUMBER JF POINIS IN CURVE B
L =us IF 2UMPING TelM (S/V) IS ZERQ
AMA =SCALE FACTUR {(AMPSYDIV)
£ =SCALE FACTUR (VLLTS/D!IV) .
RC =SCALE FACTUR (MGLECULES/ANMP)
L =TIILE
1 FURMATIY3;12,3E10.4,8A5)
2 READL 3,711,711

T! =INITIAL TIME CURVE A
TII=INITIAL TIXE CURVE B (GyIF L=0)
READ 3,(0I(I)yI=1sM)

READ 3, (DK{1),yI=1,M)

3 FURMAT{AF1U.0) :

Fortran Progr.m 1. netic Analysis of Pressure-

X3
FOSLE
Temperature Data

PCGO
PGGU

SIMe

SiNU
SIkC
SInG
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PRINT 114(2{1;41I=2,8)
11 FORMATILHL,//7204825/77)
Til1y=T{
PO 15 t=2,M
19 TE.)=i{1~-1)+0.05
GENERATZ TIME INTERVALS FOR CURVE &
, IF(L)29225,29
26 DU 4 1=1.M
OELT [)=ulfl)exA
Al1)=DELI(I)=RD
4 E(1)=DKII)evC
60 Tu 27
29 T8!.)=TI!
DO Lo isZ.L
16 TBLI)="13(1-1)+0.10
GE cRATE TIME [NTERVALS FO.. CURVE 8
REAS = BIlI)yel=14L)
PRINT 53
33 FORMAT(21X4RTING TX2HDI, 9X9HS/VeDI*DT,5X1CHSUM(COL.3) y6X8HDI + SUM
1/7)
SU%1=0
5U42=0
$UNM3=0
SUK&=0
DETE~MINE PUMPI. 3 CORRELTION AND
CURRECT CU.LYE A
LIV SRR
Sbu o D) SLOIXFIBI(T) «XA)
SUMI=SUML+5LLOG(T)
SUM2=5LM2+18( 1)
SUM3=SUMB+TA{1)eTBI{ )
17 SUM&G=SUMA+BLEGL=T8(])
AA=L
SLUPE=({{SUMIeSUM2-AA#SUNG)/ [AA#SUMI=-SUM2#SUM2) } #2303
S. P=SLUPED.05
bDzl=v
DJ 18 f=1,M
DEL=0I(1)#xA
JE=DELSLGP
DEL=DEE+UE
DILI(I)=0EL+DEE
A(1)=DELI{1)«RD
E(1Y=DK([)sVO
PRINT 20, TUL)4UELWUESDEE,OELI( )
18 CuLnTINUE
20 FJKGAT(20XF5e294E15%.4)
PRINT 19,SLOPE
19 FORMAT{//40X4HS/V=4E15.4/777)
27 1P=1 -
DETFERMINE NO

DU 2. I=2M
IFLALT)-A(I-1))22,21,21
22 IF(IP=1)21424921
24 1P=3 '
AQ=A(I-1)
N=[-2
21 CONTINUE

Fortrar Prograr 1 (continued)

.
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PRINT 10

10 FCRMAT{IAGHT IH4E, 4X6HEDELTAL y 9X4HNU=N &L IHINO=N /NB 9y 5X8H(NC=N) /N, 4 X4

c

~

39

45

LHNU/N g 3XTHLS NJ/N LXTHYOC00/T ¢ 2X4HTEMP ,3XoHEVLLTS 9 4XSHON/DT 9 5XGHO(
e/NVSuT )
NXsN

CALCULATE AND PRINT
DJ 5 I=1,N
Bil)=au=-All)
c=AlLi/8l)
D=A0/801)
G=LOGXF (D}
CCI)=LUSXTLC)
CCI)=LOGAT(G)
BBa=A(1)/A0"
TL.I)=PU#E(I}/CU~-P]

STTLT)=1.0/7000)

"TX=1006G0.08TT(1)
TY(L)=7X
IFlI=11647+6
EVALUALE DERIVATIVES DW/DT AND D(1/T)/0T
X={B! )=B{I=1)1/0.u5
Ve (TTLL)=TTLI=1))/C.05
PRINT 64T(L)sDELICI) yALI) s BB39Co0sGsTAyTL{INGECL) XY

TCUAT INUE

XMIN=0
YMIN=0
IMIN=0
0X=0
DY=0
DZ=0
DO 30 I=ly0
ACL(I)=2(1)
CALL SCALE (CCaNXy9e; YMIN,DY,1)
CALL SCALE (DCyhNXyYe9ZMINIDZy1)
CALL SCALE (TY NXysYesXMIN,UX:1)
CALL AXIS {090,BCDi3)51599.590.,YNIN,DY NTP)
CALL AXIS {(0,04BCD{1)y=L10s9¢s0,XMIN,DX,NTP)
CALL AXIS (9++GsBCLI6)4~15194990e9ZMIN,DZyNT?)
XX=3.5
XY=5.5
YY=8.3
X=8.0
CALL SMOLG(XXeYY2e2:ACU{L)20215sNTP)
CALL SMBLA(XY oYX, e29ACD(4)9Cy15,NTP)
LU0 48 I=i4N
CALL SME.4{TY(I},CCUI)s.10:P1y0,1yNTP)}
TYy{l)i=TY(I)=0.l
CALL SMBL4{TY(1),DC{I),4104P2041,NTP)
CALL PLOT(154909—=3,NTP)

) CONTINCE

STUP Ou
END

Fortran Progra- . (coatinued)

Simc
SIMu

SIMO
SIMC
SIMC
S IMU
SING
Sy
S{MC
SIML
SIMC
SImMC
SINC
SImMO
SING
SING
SING
SIMU
SInMG
SImG
Ly gids:
SIMJ
SING
SIH4C
SINMC
SIMG
SIMO
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D. Variation of the Activation Energy of Desorption

with Surface Coverage; Forvran Program
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STAXT ALCNTAQO87 avJra MAXTIME 2ZMIN PCGO
FLAG MAP,GO PLGO

FLAG FURT¢MALN LU (PILE,LIST

FURTRAN PRUGRAM FOR ODETERMINING VARTATIUN UF
ACTIVATION UNERGY WIfn SURFACE CUVERAGE

DELTA h DETERMINED FROM LOw SURFACE COVERAGE DATA
VARIATION CF ACTIVATIGN ENERGY (ALPHA) USTERMINED
FuR SUBSEWUENT SURFACE COV:ERAGES

A ={(nU-N)/NO EXP.

T =1U0U/TEMP (DEG K)

Al ={(NO-N)/iW EXP.

AN =(NO-N)/NG CALC.

V2 =SzCUNU-ORDER FREQUENCY FACTUR

OIReNSIUON A(S50)sT(90)9A3i(50),TT(50),V2{50)sAN{S0)4VI12)+C(50),V3{5
10) .
READ LyisDligDFHyLPHA,DAJ,UFA

N =NU. UF CURVES TO BE PROCESSCO
OH =INITIAL INCREMENT OF DELTA H
DiH=FINAL INCRIMENT OF JELTA n
ALPHA=SINITIAL CSTIHATE JF ALPHA
CausInIlIAL INCREMLNT G~ ALPHA

C A=FINAL INCREMENT QOF ALPHA

1 FURMAT(I6+22.24%9%F10601
READ 50y (ClLig1=1,y3)

50 FURMAT{3E12.4)
READ S1,319J29J3 NN

S ICUND-0ORDER FREQUENCY FACTUR MAY BE TREATED
SIMULTANEJUSLY IN THREZE WAYS

CASE I V2 = C(l)ev
CaSE il Y2 = C(2)eT
CaSE 11 V2 = CU3)*SQRTI(T)

NN =NUs OF FREQ. FACTURS READ IN
=0y IF CASE I IS OMITTLU

SE1 J1,J2:J3 AS FOLLUWS FOR VARIOUS
COMBINATIINS OF CASES 1,11y AND 111

1IFUR I,10,I11 143y
2)FGR I,11 1al0l
3YFOR I,111 1,3,2
4)FOR [ ALONE 1,1y1
5)FOR Il ALGANE 2+:2,1
61FOR TII ALONE 31301

51 FURMAT(4[5)
[F{J1~2)41,53,53

41 REAT 43,(VIJ)eJ=1yNN)

43 FORMAT(OELZ.4)

Fortran Program' 2. Veriaticn ol the Activation
Energy ci Desorption
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DO 100 I=1,N

READ 2,N1,A0
FORMAT({59E12.4)
READ 3y (A(J)eJ=1,N1)
READ 3,{T(J)yJd=1yNl)
IF(L=0071470,712 . ‘
READ 3,(Al{J)yJd=LyNl) '*“

REQUIRED ONLY FOR FIRST CURVE UF SET—

FORMAT(8F10.0)

DU 150 JJ=Jd1,J2+43
IF(JJ=2)T72,73,73

DO 101 FI=14NN
TT{1)=7(2)/1000.0
[FlJJ=2)54¢55+56
v2(l1)=ClJdJlevili)

60 Tu >7

V2(1)=ClJJd)/TT(1) -
GO 10 57
V2(1)=C{JJ)#SQRTF{1.0/TT(1)) -
DO 4 J=24Nl :
TT(J)=(T(J)+T(J=1))/2000.0
[F{JJ=2)58+59,60

va2(Jli=vell)

GO TU 4

V2{J1=ClJJ)/TTJ)

GU TO 4 -
V2(J)=C(JJ)eSQRTF(1.0/TT(J))
CONTINUE

IF( [“1)""."2"0"

MINIMIZE LOW SURF. CUOVe CURVE TO DETERMINE
UELTA H USING LOG{(NU=-N)/N} VS L/TEMP

K=1,N1
=T{K)/1000.0
XX=LOGF({Al{K))
X=X+XXeTX
Y=Y+XX

I1=7+4TX
W=W+TXeTX

U=N1
DELHO=(YsZ-UaX)/(UsW=202)
LYO=1

LX0=1

SUM1=0.0
DELH=DELHO
P1=0.0

SUM=0.0
DELN=0.0

AX=AD

Fortran Program 2 (continued)
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79
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83
84
g5
g}
22

2nh
23
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CC 10 J=1yNl

AA==CELH*TT(J)

CALL EX(AA,P1)

CELN=DELN+V2(.)eAXaAXeP120.05

AX=AC-CELN

TF{AX)61963463

TRINT 624V2(JJ) TV

FORMAT(1H1,///720X27HEITHER V2 .0R TEMP TCC LARGE-SX#HVZ =,E10.4,5X8

1M1/TEMP =4F1043//7)

J3=2

GO TC 99

IF(LYD-1)11,12,11
A2=LCGF{DELN/AX )~ LCGF(AI(J))
SUNM=SUM+A20 12

GO TC 10

AN(J)=CELN/AD

CONTINUE

IF(LYO~1)14,13,14
IF{LX0=1116415426

LXC=3 .
SU¥1=Su¥

DELH=DELH+CH

GO YC 8

[F(SUM-5UM1)I1T,18,18
IF{ABSF{CH)=CF-)19,20,20
CH=~CH/ 2.0

GO TC 17

LYC=3

GO 1C ¢

CC=N1l-1

STCEV=SQRTF(SUN/CC)
CEH=CELH"1.987/1C0C.C
CEKC=DEL'40#1.937/1C00.0
PRINT 21.AC,CED,DE4Y,STOEV
FORMAT(1H1,10X4HND =yE12a 9y SXICHCELTA +C =,F7.3,5H KCAL,S5XSHCELTA

Ik =4FT743¢5% KCAL,1CX2HST DEV =4El2.4///)

CELTA HO INITIAL VALUE
CELTA H PINIMTZED VALUE

GO TC (80+81,82),JJ
PRINT 83

€ ¥C 89

FRINT 84

GO TC_ 89

PRINT 85

FORMAT(//50X13-V2 IS A CONST//)

FORMAT(//50X12+VZ IS A F(T)//)

FORMAT(//5CX18-V2 IS A FISCRT(T)}//) .

PRINT 22

FORMAT(36X6H10C0/T,3X15HIINO=N)/NC) EXP,4X16H( NC-N1/NC! CALC.15%2

1KV2/1)

CO 24 J=1,N1 .
PRINT 2. . TCIY oA 1) AN e VL)) -
FORIIAT({LOXF1943. 2720e4:1:20.4!

.GO TC 99

Fortran Program 2 (contirued)
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44 CA=0AQ
CO 25 J=1,N1
AA==DELHeTT ()
CALL EX(AA,P1)
25 V3tJ)=v2(J)epl
LXx0=1
Lyc=1
SUN1=C.0
26 SUM=0.0 =
27 DELN=0.0
AX=AC
CO 30 J=1,N1
AA=ALPHA®AX®TT(J)/1.987F12
CALL EX(AA,P1) .
CELN=CELN+V3(J)sAXeAXePle0, L5
AX=AC-CELN
IFILY0-1)29,28,29
28 A2=(CELN/AC)-A(I)
SUM=SUM+A20A2
GQ TC 30
29 AN(J)=ZELN/AQ
30 CONTINUE
IF(LYO-1)32,31,32
31 IF{LXD-1)34,33,34
33 LXC=3
35 SUM1l=SUM
ALPHA=ALPHA+CA
GO TC 26
34 IF(SUM-SUM1)35,36,36
36 [F{ABSF(CA)~-CFA)27,38,38 -
38 CA=-CA/2.0 :
- GU TC 35
37 LYC=3
G0 TC 27
32 CC=N1-1
STCEV=SCRTF(SUM/CC)
PRINT 39,A0,0EH,ALPHA,STCZYV
39 FORNAT(LIHL, LOX4HND =4E12.%y5X9HDELTA H =4F743,54 KCAL,SXTHALPHA =,
1F7.3,5X8HST DEV =,E12.4/7//)
GO TC 79
99 IF1JJ-2)1C1,15C,150
101 CUNTINUE
150 CONTINUE
200 CONTINUE
STCP 00
ENC )
FLAG FORT, 1601 16Ct

C
c SUBROUTINE TC EVALUATE EXPCNENTIALS
c

SUBRQUTINE EX{R,S)
IF{ABSF{R:-110.0)1,1,3
1 S=EXPF'R)
GO TC &
3 §=0.
4 RETURN
ENC

Fortran Program 2 (continuec)
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