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Part 1 Abstract

The distinguishing features of physical and chemical
adsorption are discussed. It is concluded that chemisorp-
tion must be studied under non-equilibrium conditions and,
therefore, that the sticking probability and rate of de-
sorption are the preferable variables for experimental ob-
servation. The low-energy electron diffraction method is
compared with the flash filament technique and the field
emission microscope method as means of making such obser-
vations. The dynamic theory of electron diffraction is
discussed and the failure of the approximations for the
case of low energy electrons is noted. The apparatus and
procedures are described with emphasis on recent and pro-
jected improvements. Finally, the experimental results
are presented and discussed. The crystal face was cleaned
by ion bombardment and annealed, and tne optimum conditions
for this procedure were determined. The experimental re-
sults furnish strong evidence in support of the view that
this cleaning technique produces a clean titanium surface.
It was found that both oxygen and nitrogen are chemisorbed
in a hexagonal array with the titanium lattice constant on
this surface. This result is consistent with the structures
of titanium monoxide, TiO, and titanium nitride, TiN. The
average sticking probabilities at _room temferature were de-
termined to lie bgtween 3.1 x 10-2 and 10~1 for oxygen and
between 2.8 x 10-8 and 2.8 x 10~4 for nitrogen. For both
gases it was found that the adsorption takes place more
readily at higher temperatures. These results indicate
that an activation energy is necessary for the adsorption
of these gases. Further study of the adsorption of oxygen
confirmed the non-equilibrium nature of the adsorption.

Part 2 Abstract

Copper is derosited by evaporation in a controlled man-
ner upon the (00.1) face of a titanium single crystal. Low-
energy electron diffraction is used to investigate the struc-
ture of the deposit. Before making any deposit, the titanium
crystal is cleaned by thorough outgassing followed by argon
ion bombariment and annealing. The deposit is found to be
in the form of oriented crystallites, with (111) copper planes
parallel to the(00-1) titanium plane, and (110) copper planes
parallel to the (11:0) titanium planes. The lattice constant
of the deposit, in directions parallel to the substrate, is
found to be that of bulk copper.
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Part 3 Abstract

The low energy electron diffraction apparatus, with no
change except in external circuitry, is used to measure sec-
ondary electron emission yields. The outgassed titanium sur-
face has a maximum yield of .74 at 210 ev. primary electron
energy. The positive ion bombarded surface has a maximum
yield of .70 at 180-260 ev. primary energy, and the clean
(ion-bombarded and annealed) surface has a maximum yield of
.73 at 200 ev. The titanium surface covered with 32 atomic
layers of copper has a maximum yield of .91 at 450-650 ev.,
as gompared with the accepted value for bulk copper of 1.26
at 600 ev.

Part 4 Abstract

After prolonged heating of a titanium crystal in high
vacuum slightly below the transition temperature, the surface
was found to be covered with a stable compound of undeter-
mined structure., This structure was removed by suitable
bombardment with positive argon ions, but the underlying
crystal lattice was disarranged. Subsequent thermal anneal-
ing restored the lattice structure, and resulted in a clean
;rystal surface without altering the exposed (0001) crystal

ace,

b AT AR A S o Vel Al Sl SN U A

- s ._a_A_a_a_n

et Al P FRr .




| e ae s eu i e st Seomats S seats e Chandi shaliaash Bd et sadh i Al aindt MadCAnibandl Joulh)

Part 1

Chemisorption of Oxygen and Nitrogen on Titanium.

INTROTUCTION

The chemisorption of oxygen and nitrogen by titanium has been
studied by low-energy electron diffraction and the results will be
discussed in terms of the existing theories. Fxperimental evidence
indicates that there are itwo distinct mechanisms by which gas ad-
heres to solid and ligquid surfaces. These are termed physical ad-—
sorption and chemical adsorption or chemisorption. As yet there is
not complete agreement on the distinguishing features of these two
processes. For example, in 1945 £. Brunauer listed the distinctions

betwesen physical and chemical adsorptionl, but in 1952 he felt that

"some are not convinced even today that it [chemisorption] is
really a surface and not a bulk phenomenon."g There are two funda-—

mental reasons for this continuing uncertainty.

The first of these is the problem of isolating the phenomenon

T Y
] . L - - . " . . -
.

to be studied. In any experiment there are at least two competing
processes. Cne is absorption, the uptake of gases by the bulk of
the s0lid to form a solid solution or a chemical compound. The

other is adsorption, the uptalte of gases by the surface of the

solid. If the distinction is to be made hetween physical and chemi-
cal adsorption, the gituation is further complicated. In most
experimental methods the process to be studied is isolated by

choosing conditions under which the conmpeting processes do not

lv'"".’y.n-

readily take place.
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The second difficulty in the study of surface phenomena is the
initial state and extent of the surface. Several methods of olean-
ing the surface have been devised and may be qyuite effectiive. 'How-
ever, the usual critenia for determining the effectiveness of the
oleaning processes and of meaguring the surface area are based on

the measyrements of surface phenomena.

In both cases a certain amount of prewious knowledge is requir-
ed. Therefore, a large amount of independent data is necessary for
the construction and evaluation of adsorption theories. The
remainder of this section outlines the principal ideas that have
been developed and suggests that several changes in emphasis may be

desirable.

THE LANGMUIR ISCTHERM

The fundamental concepts of chemical adsorption were first
stated by Irving Langmuira. Thegse are that true chemisorption is
unimolecular, the adsorbed gas atoms being held on fixed sites by
chemical bonds. The chemical nature of the bonding was stressed.
The argument for this is that if the bonds in the interior of a
crystal are saturated it follows that the bonds ¢f a surfsce atom
are not. Thus there would be a strong force field at the surface
of a crystal and a monolayer of adsorbed gas would serve to termi-
nate the structure. The fixed sitese and unimolecular nature of

adsorption are clearly inherent in this argument.
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These considerations led Langmuir to develop the following
kinettic theory of chemisorptiona. If the fraction of the surface
covered is denoted by 6, then the exposed fraction .is 1-6. From
kinetic theory4 the rate N' at which gas atoms strike a unit surface

area 1is given by

it

(1) N' = P(grmkT)
where P is the pressure of the gas, m the mass of a gas atom, k
Roltzmann's constant, and T the absolute temperature. Thus, if @
is the probability that an atom striking the surface will stick to

it, then the rate of adsorption is

e

(2) aP(1 -6)( 2rmkT) -.
Assuming the rate of evaporation per unit sares is a constant K, the

condition for equilibrium is

h

(e) aP(1 -0) (27ka'T)_§ = gb.

Finally, if

(4) A = o/KV onmkT,
then equation (2) may be rewritten as
AP
6 = —m——
(5) AP + 1

the eguation of the Langmuir isctherm.

At the time of Langmuir's work the distinction between phyaic-—
al and chemical adsorption had not been made, and he believed that
all adsorption was chemical. Since this distinction has an import—
ant bearing on the interpretations and extensions of Langmuir's
theory, it is preferable to defer discussion of the isotherm for

consideration of this point.
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CHEMICAL ANT ACTIVATED ADSORPTION

In 1951 H. €. Taylor suggested that some adsorption may require
an activation energys. In studying the experimentally measured
isobars (surface coverage as a functiocn of temperature at constant
pressure), he noted that most of these, at low temperatures, are
ﬁ' decreasing functions with increasing temperature. However, as the
temperature is further increased, the surface coverage begins to

rise and passes through a maximum. Investigators had noted that in

the lower temperature range the adsorption takes place rapidly and
is readily reversible with temperature and pressure. When the
surface coverage begins to rise with increasing temperature, this
is no longer the case. Taylor pointed out that the low rate of
adsorption in the high temperature range might be sxplained if this

adsorption reguired an energy of activation.

This view is not always accepted even today as has been noted
in the introduction. It is suggested that the low rate is actually
due to absorption and that the rate determining factor is the speed
of diffusion of the gas into the solid. This interpretation is
supported by more recent results indicating that irreversible ad-
sorption in the high temperature range can take place quite rapidly.
In particular, J. K. Roberts found that when a thoroughly cleaned
tungsten filament at a temperature of —-190° C. is exposed to
hydrogen at pressures less than 1O—A mm. Hg. a monolayer of ad-

X . a
sorbed gas is formed in a matter of seconds .
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These arguments do not actually invalidate the distinction be-—
tween chemical and phyaical adsorption as originally introdtuced by
Lennard-Jonesv. This was based on the further point that the heats
of adsorption had been meastred for the reversible and irreversible
adsorrtion and found to be of the order of the heats of condensa-
tion in the firgt case and of the heats 0f chemical bonding in the
second. To account for these facts Lennard—Jones plotted the poten-—
tial energy ¥ of a molecule as a function of its distance s fror the

surface as shown in Figure 1.
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FIGURE 1. POTFNTIAL FNEPCY OF #& GAE MCLRCULE
APPROACHINC THEFT SURFACE OF AN ALCECRBENT

The minimum in the solid curve is attributed to the opposition
of Van der Waals' and repulsive forces between the gas molecule and

the surface atoms. A molecule trapped in this minimum is regarded
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as physically asdsorbed with energy of adsorption Eg joules/molecule.
If the molecule approaches as olose as 85, 1t may shift on to the
dashed curve and be chemically adsorbed with heat of adsorptian F..
(Actvally, Lennard-Janes drew two separate curves with a point of
interseoction at P. However, A. Wheeler has poainted aut that we are
interested in molecules approaching the surface so cnly the solid

curve is of interest for s>s°3. Also, for multiatomic molecules
there is the possibility of dissaciation at P. 1In this case the
plot should be three dimensional to indicate the separate sites for
adsorption of the atoms.) Finally, the paint P may lie above or

below E 0. 1In the event E,”>0 there is an activation energy neces—

sary for adsorption.

From this picture it is olear that an activation energy need
not be an essential feature of chemisorption. Undoubtedly, a good
part of the confusion is due to the interchangable uvse of the terms
chemical and activated adsorption. The existence of the latter as

defined above appears to be the issue in question.

HETEROGENEITY AND MOBILITY

Twe other factors have been suggested as distinguishing feat-
ures of adsorption processes.These are"heterogeneitf‘and the

possibility of mobility of the adsorbed atloms.

The concept of heterogeneity was invoked by H. S. Taylor to
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oxplain certain features of the poisoning of catalystsp. This has
an immediate bearing on adsorption since adsorpticn is genserally
accepted as an essential mechan.sm in catalyticly induced reactions.
The original idea was simply that tne surface of the adsorbent is
rough on an atomic scale, and that this results in adsorption sites
with varying degrees of binding energy. Only the most energetic
sites are thought to be operative in catalysis and these are referred

to as active centers.

Although it was proposed as a mechanism for catalysis, Tay-
lor's theory also offers an explanation of an adsorption phenomenon,
namely the decrease in the heat of adsorption with increasing sur-—
face coverage. This has led to the use of the term heterogeneity
in the literature on adsorption, often without its meaning being
clearly defined. It aprears desirable to follow M. Roudart in tak-
ing the property of decreasing heat of adsorption with increasing
surface coverage as a phenomenological definition of the term

"heterogeneitf'fo

Refore considering how Taylor's theory of active centers can
account for heterogeneity it should be noted that these active cen-
ters are no longer regarded as due to surface roughness. At present
the favored explanation appears to be crystal faults such as dis—
locations, vacancies, etc. Taylor has recently put forward the ides

s, s 11
that they might simply be impurities on the surface ~. Fegardless

of the proposed nature of active centers, the result is the same.
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The gas is adsorbed at the most active centers first. As these are
filled up the less active portions of the surface begin to adsorbd
and the heat of adsorption decreases. For this to be true, chemi-
sorbed atoms must be immobile. If this is not the case, the Boltg-
mann factor will force the atoms adsorbed at the more active sites
to migrate to the less energetic ones. Thus Taylor's explanation

at once accounts for heterogeneity and offers a new property,
mobility, for further study. This has recently become of interest
as the mobility of adscrbed gas atoms may be observed with the field

. . . 12
€mls§s10n microscope .

While on the subject of mobility it is worth pointing out that
this concept does not repudiate Langmuirfs fixed site theory. The
fixed sites are simply potential wells as Lennard-Jones has indi-
cated. Atoms trapped in these wells will have wibrational energy
states. [f the frequency of vibration is v and the well height F_,
the provability per unit time of an atom moving from one site to
the next is given by V;Fm/kT. (Note that F, is not necessarily
the same as F, in Figure 1. In the figure the potential energy is
plotted as a function of distance from the surface rather than
distance along the surface. Generally Ej is less than EC.) Thus,

there is always some mohility. The magnitude of the transitional

probability determines whether it is important or not.

The principal objection to the theory of active centers is the
feeling that it should not be necessary to invoke crystal irregu—

larities to explain adsorption. Another mechanism which avoids

Y
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thise difficulty is the assumption that adsorbed atoms repel each

other. The forces involved would be rather weak, affecting only the
; nearest neighbors. This again requires immobility for, if the atoms
ii are mobile, they would first form a double—sraced structure, and

then £ill in the holes. 'Such a procedure gives one constant value

g for the heat of adsorption for less than half ccverage and a secand
EI smaller value for more than half coverage. If immobility is assumed,
EE a statistical approach based on the probability, as a function of

i? surface coverage, of a gas atom baing adsorbed next to an cccupied
[

T. - site may be used. This results in an expression for the heat of ad-

sorption which decreases almost linearly with surface coveragela.

h This is, of course, a pure adsorption theory and makes no

E} attempt to account for the problems of catalysis. Its only drawback
is that it seems unlikely that the repulsive forces would be suffi-

'l ciently large to account for the observed decreases in trhe neats of

4

» adsorption. M. Boudart has indicated a way out of this d.ifficulty1

Ee shows that there should be an induced repulsive interaction be-—

tween the gas atoms and the surface atoms of the adsorbent which
increases with surface coverage and is of the right order of magni-

tude. In this case the gquestion of mobility is not important.

PHYSICAL ANL CHEMICAL ADSORPTION

The foregoing discussion has suggested several possible dis-
tinctions between physical and chemical adsorption. It will be

convenient to summarize these as follows;
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:t‘ 1. BOND STRENGTH. This would appear to be the most olearcut
. issue. The heats of chemisorption are faund to be of the order of
i 50-150 k cal/mole, while the heats of physical adsorption average
h oclose to & k cal/mole. This is readily accounted for by assuming

chemical bonding in the first case and Van der Waalst? attraction in
the second. Thus the mechanism of banding is entirely different in

the two cases.

TOPN, Y, Y Y

2. EFLFCTIVITY. The nature of the banding is confirmed by the
observation that chemical adsorption is selective while physical
adsorption is not. That is to say, any gas will be physiocally ad-
sorbed at sufficiently low temperatures. Chemisorption takes place
only in cases where the adsorbate and sdsorbent have a chemical

affinity for one another.

2. NUMBER OF LAYEEKS. It is established that several layers of
gas may be physically adsorbed, but, to be certain that only one
monolayer is chemisorbed it is necessary to be certain that the sur-
face wasgs initially clean. Conseguently much of the evidence in
favor of this distinction is open to question. Alsa, there is evi-

dence to the contrary.

Schlier and Farnsworth found that outgassing of a copper
crystal below 700° C. was inasufficient to remove the adsorbed ges
layers with no regular structurels. Outgasaing at temperatures in

the range 700-900° C. produced diffraction beams from a monolayer
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of adsorbed gas. The hest of adsorption could not be measured in
these experiments. Still the temperature required to obtain a

reasonable rate of evaporation indicates a relatively strong bonding

J. K. Roberts observed the formation of two monolayers of oxy-—
gen an tungstenle. The first of these had a heat of adsorption of
139 k cal/mole and was, he felt, atomic adsorption, one atom of
oxygen adsorhbing for sach tungsten atom on the ‘surface. The gecand
layer appeared to be molecular oxygen, but had a heat of adsorption
of 48 k cal/mole. These results might be questioned on the grounds
that oxygen is known to diffuse into iron and tungsten to form

: 19517
oxides even at very low temperatures .

4. RATE OF ATDSORPTION. PRoberts' results on the rapid rate of
chemisorption of hydrogen by tungsten have aslready been mentionede.
More direct evidence by J. A. Becker shows that one out of every
two molecules of nitrogen striking a clean tungsten surface at room
temperature is adsorbedle. In view of this it is apparent that the

rate of adsorption is no criterion for chemisorption.

5. MOBILITY. It seems probable that a chemisorbed atom, being
closer to the surface than a physically adsorbed molecule, wounld be
more strongly affected by the periodic field of the adsorbent.

This would reguire that it be less mobile. However, the theories
of heterogeneity have not been developed to the paint of establish-—

ing relative immobility as a reguirement for chemisorption.
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A, DIFSCCIATICHN. There is no conclusive evidence that the
arusorbate molecules dissociate upon chemisorption. The process
secws lirnely from the nature of the bonding and desirable as part
of the mechanism of catalysis, but, lacking further experimental
evidence, it cannot serve as a distinguishing factor for chemi-

sorption.

70 sumrarize, the only distinction between physical and chemi-
cal adsorption is the nature of the bonding as indicated by the
heats of adscrption and the property of selectivity. From the
exrerimental point of view this means that the two differ only in
degree, since the enerpgy and not the mechanism of bonding is ob-
served. This point will be developed further by the discussion of

the eguilibrium condition.

EXTENSIONS OF TvF LANCWUIF THFORY

The above remarks are equally sapplicable to Langmuir's theory.
Although it is often listed as a theory of chemisorption, no
assumption is made which depends on the mechanism of bonding. The
sticking coefficient a and the rate of desorption K will, of course,
vary with the energy of bonding, but these have not been evaluated

theoretically.

Yany extensions of Langmuir's theory have been made. For ex-

ample, if several layers are adsoibed, allowance must be made for

St mtatacaiadmlat .l adndeaadatiololesalokoa
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varying values of a and K for the different layers. If a and K are
of nearly the rame order of magnitude for different layers, the
offect of competition between these layers must be considered.
Again, if dissociation is assumed, the rate of adsorption and de-
sorption must be suitably modified. The type of analyesis given

readily leads tco

(6) (4P)

(4P)% + 1

in this case:".

For some modifications a different approach is indicated. The
Langmuir isotherm may also be obtained by wniting an expresaian for
the Helmbholz free energy Fg for Ng atoms in the gas phase, an ex—
presaian for the Helmholz free energy F, for N, adsorbed atoms, and

applying the equilibrium condition
aFg OF ,

'7 —— — —_— ———
(7) 3Ng T,V oN,l T, V.

This treatment is readily extended to inolude the effects of inter—
action between adsorbed stoms, and the heat of adsorption as a

. 20
function of surface coverage may be obtained .

THE EQUILIBRIUM CONDITION

Each of the sbove theonies rests on the same fundamental idess
as the original Langmuir theory, but corrects for certain addition-
al factors. Althaugh their assumptions appear sound, 8uch theories

have been only partially sucessgful. It is suggested that the
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failures have been due to failure to satisfy the equilibrium con-—
dition and/or failure to take account of the possibility of multi-

layer chemisorption.

The violation of the eguilibrium cendition expenimentally .is
:implied in the references to "irreversible" adsorption. This
must mean that the pressures at which the expeniments were carnied
out were so high that the eguilibrium state was complete coveragas,
or that the tiimes involved were too short compared to the rate of
desorptian for equilibrium to be reached. From the practical view-
paint the equilibnium pressures for partial coverage and the time

to establish equilibnium may be unobtainable in such cases.

To make these considerations a little more concrete it is in-
teresting to estimate the equilibrium pressure for half coverage.
Assuming the Langmair isotherm, eguation (5), or the Langmuir iso-—
therm modified for dissociation on adsorption, equation (8), the
condition & = 4 requires P = 1/A. A was defined as o/KV 2mmkT.
The rate of desorption ¥ should be given by the probability per
unit time of an atom escaping from the surface multiplied by the
number, n, of adsorbed atoms per unit area. Thus the equilibnium

pressure for half coverage is given by

nv t: -E_./kT
(8) P = o (2rmkT) e ©

Assuming one adsorbed atom for each surface atom there are approxi-

mately 10’% sites/cm” on most crystal faces, so, for 6 = 3,

b oA ta o s A N A A _ A v . a e 2 r ma e a =
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o 14

n 5 x 10" . The heat of chemisorption runms about 50 — 150 k cal/
mole or approximately £ ~ 8 ev/particle. Therefore, Fe = 4 ov will
be a reasonable value. The vibrational energy must then be less

than 4 ev if the adsorbed atoms are to be trapped, so take V=2ev/h

X 5 x 10%° cycles per second. At room temperature kT ~ 1/40 ev,

L “ T T
- ‘ " . . v .. . ]
. S . ST L RS

and, if the calculations are made for nitrogeanm, m = 4.65 x io_zagm.

For a,Becler's value of 3 may be used since this was obtained

experimentally for a olean surface. Finally, if the answer is to

&f

Ef be in mm.Rg., the relation

F; . (9) P in dynes/cm2 = 1.22 x 108 P in mm.Hg.

¢

;: must be used. When these values are substituted into squation (8)
3 ‘the equilibrium pressure 4.1 x 10_61 mm.Hg. or roughly 10‘41 mole—

cules per liter is obtained.

This result indicates bthat sven for much smaller sticking

probahilities the equilibrium pressures will be unobtainably low.

(Gomer has claimed a residual gas pressure of 10-30mm;Hg. or

10 molecule/liter when his expenimental tube is

approximately 10
immersed .in liguid heliun'®. As there is no method of measuring
such a pressure, this claim is presumably based on an extrapolation

of the vapor pressures to liquid helium temperatures. Thus, while

the procedure offers great attractions for the attainment of low

pregsuresg, it is not suited to measurement of the isotherms even

if the time to attain equilibrium is sufficiently short.)

v CONCLUSIONS

In view of theme facts it is apparent that to be of value

-

R 5




(18)

chemisorption observations must be made under non—-equilibrium con-—
ditions but at pressures where the number of residual gas molecules
striking the surface will not appreciably contaminate it in the
time necessary to make the observations. 'In such oircumstances,

if the surface can be thoroughly cleaned, there can be no guesgtion
about the results. The maximum allowable pressure will, of course,
depend on the sticking probability and the time necessary for ob-
servation. TFortunately, even for unit sticking probability such

pressures may be achieved with conventional high vacuum apparatus.

To be specific, the pressure for 10% coverage by nitrogen :in
one hour will be calculated assuming the sticking probability is
one. From eguation (1) the number of nitrogen molecules strniking
a8 square centimeter of surface per secand .is 3.9 x 1090 P, where
P is the pressure of the gas in mm. Hg. 48 nitrogen is diatomic,
the number of satoms strniking a sguare centimeter of surface per

. 24 . 15
hour is 1.4 x 10 P. Taking the number of aites as 10 per

10

square centimeter, an answer of slightly less than 10— mm. Hg.

is obtained.

On this basis the chemisorption isotherm is at best a theo-
retical device for calculating the varistion of the heat of ad-
‘sorpkion with surface coverage. The experimental guantities to be
measured are the sticking probability and the heat of chemisorption
s functions of surface coverage under non-—eguilibrium conditions.

At higher temperatures it might be posamaible to measure rates of
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desorption. Actually, expenimental values of these guantities
might be preferable from the theoretioal wiewpaint. ‘They shauld
have s direct bearing on the Lennard-Jones potential energy curve,
and lead to a olearser understanding of the state of the surface and

of the chemisorbed gas.

In concluamion, it should be noted that this approach is not
new, éut it is only since the Wintroductiion in 1950 of ‘the 3Zayard-
Alpert gaug921 for the measurement of very low pressures that it
has been completely practical. Thua, while Roberts'®’ *® work was
carried out by admitting the gas to be adsorbed in amounts whioch
could aonly partially cover the surface, the results cannot be taken
as conclusive since the residual gas presarres were not known.
Becker's work' ® does not suffer from this d¢ifficulty, and he hsas

emphasized the importance of the sticking probability. Bis tech-

nigue is discussed in the following section.
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a ELECTRON LIFFRACTION
.- INTROLCUCTION

There are several expenimental methods which are suited for

measurement of the sticking probability. Of these, Becker's flash

fil ament technique18 is probably the best known and certainly the

simplegt, The apparatus consists solely of a nibbon filament and

2 Bayard—Alpert gaugegi. ‘The filament is thoroughly ocutgassed by

heating, allowed to cool to the deaired temperature, and exposed to -
a gas at very low pressure for a short time interval. The pressure

and time of exposure may be .chosen 80 that the number of gas mole-—

cules striking the surface dunring exposure is less than the number

necessary to form a monolayer. Thus, at the end of the time inter-

val, the filament is only partially covered, the exact extent of

coverage depending on the sticking probability. The filament is
then flashed at high temperature, thus desorbing the gas. The fast

response of the Bayard—Alpert gauge makes it possible to measure

B2 - 2 ShOAAt \ B

the pressure surge and, hence, for a known experimental volume, the
amount of gas adsorbed may be calculated and the sticking proba-

bility deduced.

Several refinements on this basic technigue have been used by

AR s B

Becker but the method must always suffer from one intrimaic disad-

N 6 2

vantage. This is that the filament is inevitably polycrystalline

80 that what is measured is the average sticking probability for
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several undetermined crystsl faces. Ultimately, a theoretical de-—
scription of the surface states is desired and for such a theory

more preocige information as to the sticking probability for parti-

cular crystal faces is regquired.

The problem is further complicated, in the case of titanium by

the existence of a structure transition from hexagonal close-packed
to body—-centered cubic at a temperature slightly above 800° C., so
another method is regquired. Two possible methods are observations

with a field emission microscope and by low-energy electron d4if-

——— T
. 3,’2“3

fraction.

The field emission microscope consists of a small cathode, the
tip of a finely pointed wire, placed at the center of a spherical
glass bulb. The hemisphere .in front of the tip is coated with a
phosphor and a conductor, which serves as the anode. The buldb is
evacuated and a large potential difference applied to the electrodes
For a microscopic tip the resulting field at the tip is sufficient
to produce cold cathode emission and this current forms an image of
the tip on the screen. Magnifications of 10e are possible. Ex—

aminations of the Nordheim-Fowler equationag'shows that cold cathode

emisaion is strongly dependent on the work function ¢. &ince ¢
varies with crystal faces and the tip is generally so small that it
ie a aingle crystal, the pattern observed conmaists of a number of
lLight patches from those crystal facets which have greatest emission

for a given applied fields. From the symmetry and angles between
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such patches the crystal faces may be identified. As adsorbed gas
layers also affect the work function, the effect of gases can be
observed directly. The preferential adsorptiaon by particular faces
has been observed. Also, the temperature dependence of adsorption
is readily studied by prowiding a small filament to heat the tip.
With Gomer's technique of submerging the entire experimental tube

12

in liquid helium the temperature of the tip may be varied from

]

4" A. to evaporation temperature .in this manner.

The principal difficulty of adsorptiaon studies with the field
emiggion microsgope lies in the determination of the extent of
surface coverage. This may be estimated from the emisaion provided
that the emissivities from the olean and fully covered surfaces are
known. Aside from this, the instrument seems particularly suitead
for measurements of sticking probabilities, offering the advantage
that several crystal faces could be studied simultaneously and over
a8 wide temperature range. Gomer has planned to make auch observa-

t.ions.

In companrison, the low-energy diffraction technique prowvides
far more detailed information, though with a correspondingly .in-—
creased period of time required for the observations. Speaifically
with this method it is possible to determine the surface structure
of the crystal and the adsorbed gas layer. The determination of
the surface structure of the crystal is of interest since observa-

tion of the crystal structure serves as a check on the effective-—
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ness of the ocleaning procedure. This feature in itself establishes
the importance of the method. .In addition, & knowledge of the
structure of the adsorbed gas layer is significant for 2 complete

understanding of the adsorption process.

It is not meant to imply that the electron diffraction method

is unsuitable for the observation of sticking probabilities. With

‘this method the partial surface coverage can be determined and the

present results include calculations of sticking coeffiaients. The
measurements are necessarily slower than would be possible with the
field emission :instrument and restricted to one crystal face, but
are otherwise completely equivalent. In this connection it is
worth noting that modern techniques have made automatic operation
of a diffraction tube a distinct possibility. Some of these im-
provements will be discussed in the secticn on apparatus and pro-
cedure. Automatic operation would reduce the time necessary to ob-
tain saufficient data on the adsorption of a gas for the determina-

tion of the sticking probability from several weeks to several

days.

THEORY OF ELBECTRON D'IFFRACTIORN

In 1928 H. Bethe developed a dynamic theory of electron dif~
fract.ion23 apalogous to that for X-ray diffraction. Unfortunately,
this is not completely valid for low-energy electrons {20 - 200 eV)

and no further work appears to have teen done on this special case
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othner than a cnib.icism94 by von Laue of the applicability of Bethe'g
analysis. In the followlng discussion the problem is stated for

the general case following von Laue. Bethe's treatment of the
boundary conditions is then given. This is applicable to the
general ocase and brings out the essential features of low—energy
diffraction. Finally, the difficulties of the general solukion are
indicated and the .implications of Bethe!s simplifying assuumption

are painted out.

As the first step to a mathematical description, the 9xperi-—
mental arrangement mi'st be summariged. The procedure is to direct
a collimated, mono—energetic beam of electroms onto the face of a
aingle crystal and measure the current density of reflected elec—
trons as & function of a polar angle 6, and an azimuthal angle ¢.
6 is measured from the normal to the crystal face and ¢ from a di-
rection fixed in the surface lattice. The experiment is conducted
in & field—free region caxcept for a small negative bias at the

entrance to the collector to prevent measurement of inelastically

scattered slectrons.

Theoretically this situation may pe approximated by a semi-—
infinite crystal occupying the region z > O. The region z < 0 is

field—~free so that electrons in this region satisfay the Schrodinger

eguation
(10) by (z) + K% (r) 7 0,

where K is defined by

Snbend i St bt dn
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(11) K2 = gn’mr/n”.
Within the crystal there exists s potential 'V (r) so the appropriate

Schrodinger equation is

(12) Mo(x) + (K% + U ) ve(n) = o,

where U(s) is introduced for 2me V(s)/ﬁg. The problem is to obtain
the solutions of equations (10) and (12), and then to match them

at the boundary z = O by applying the boundary conditions

¢fi2=‘o ) ¢3'2=*o; and

(12) ? =9 g |
§n¢f‘z=o §n¢e z=

=g

The solutions of egquation (10) are well known. Any plane wave

iKp r . . |
of the form e ~® ~ is acceptable if the relation

-
(14) Ep'Bp = K

is valid:

Solutiaons of eguation (12) are not so readily obtained. To
facilitate the discussion it is necessary to expand the potential
function. From aymmetry consideratwions the function ¥ (r) is per-

fectly peniodic with the crystal lattice in any direction normal

to the z— axis. This is not completely true in the 2 direction

since the condition

(15) lim U (5).= 0 |

+Z~p
must be satisfied. However, the deviation from periodicity should
be negligible except in the immediate viainity of the surface.

Therefore, it is posaible to expand the function U (E) in a triple

Fourier series with the same periods as the crystal lattice if the
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cocfficients are regarded as functions of z.

For this purpose it is convenient to introduce the direct
lattice vectors 2 defined as hawing the magnitude aj of the lattice

constants and the direction of the unitary base vectors aj of the

lattice coordinate system. Thus an arbitrary position vector r may

always be resolved as

(16) r = rjay T rotngag,

where ro is the position of a point in a lattice cell referred to
“~

the origin of that cell, and the n, are .integers. Summat.ion con-

vention is used with this notation. The volume V, of a unit cell

in the direct lattice is given by the triple scalor product 81" 8s

X &8s,
s

Associated with every direct lattice is a reciprocal lattkice
whose vectors Bj are defiined by the relations
(17) bi T 82 X EB/Va’ etc.
From thisg defiinition .it follows immediately that
(18) 2185 T Py

Finally, it is desirable to define the vectors g and 2 by the
equations
(19) g = 2m giby, and h = 27 hibjy,

with the understanding that the €5 and hj are integers. For brevity

the notation Zg and 2, will be used to indicate triple svmmation

over these integers.
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With the above notation the triple Fourier expansion of the

Y~

14

function U (5) may be written as
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(20) U (2) = zgcg(z)eié'E,

80 equation (12) becomes
) 2 ig"r
(21) Bho(z) + (K™ + Zgc,(2)e ~ ~} Yelr) = 0.
The form of the potential functian suggeasts that this equatiion has

as its solution a asuperpoasition of plane waves with z— modulated

i A
...‘..

S e
R PR

amplitudes. S8ince any arbitrary propagation vector kn with magni-

tivde 27/A may be written as

| ST
. 1 :

PR

(22) En < ko * B
such & solution takes the form
ik, °r
= fvh ~
(23) Vel(r) = Zpve nlz)e
When this is substituted in equation (21) the reault is
. o 2, 2 ik r
Ipldg,n" + 2ikpa g’ p t (B -k )Y, p} e
i(kp+g)-r _
(24) t 2, uC¥e,ne MY Y 0,

where the primes indicate cifferentiation with respect to z. If
this is rewritten collecting terms with the same exponential factor,

‘there results the infinite set of simultaneous differential
equations

" . Il 2 2 -
(25)  Wo,n" * 2i(kp 8 Ve n' * (K -kp)¥e p * ZgCe¥e, kg = O+
Thus (22) is the desired solution if the amplitudes are chosen in

accord with these conditions.

THE BOUNDARY COUNDITIONS

To grasp the full significance of this result the effect of
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the boundary conditions (18)must be considered. Having introduced

8 superposition of plane waves inside the crystal, it is necessary
to use a superposition of plane waves outside. However, experi-
mentally a mono—energetic primary beam of electronms is used and only
those electrons with very nearly this energy are collected. There-—

fore, outside the crystal only those waves with propagation vectors

K, 'such that

(26) K, = K

can be allowed. That is, the solution for z < O must be of the

form
_ iK *r
(27) Ve = Zpbe o e M N
Thus, the conditions (23) become
ik r' _ ikp-r'
zmwﬁ,m e M~ = zh‘l'.e,h e ~° ~ , and
ik, sr' _ ikper
(28) zm5m°3¢£,m e A~ A - zhgh.f‘p&, h_e ~ "

1] . 3
where n is 2 unit vector normal to the surface and r is any posi-

tiion vector lying in the surface.

‘Thege conditions may be further aimplified by resolving the

propagation vectors as
(29) Kp = ATy + Byh, and ky = apty * bym,

where Th and t, are unit vectors tangent to the surlace. In this

notation, condition (%28) becomes

(20) K™ = Ky = Ay m *

Prom this it is seen thrat for any given tangential component

]
A, there are only two possible propagation vectors Em and 5m

NIRRT -—a A - P . - S . e . N : .
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related by
(81) By = =Bp'.
There 18, of course, no corresponding condition on the waves in the

crystal since their energies are not fixed.

'Substiituting this result in the boundary conditions (28)

yields the relations

s + by AT T = 3 iaptp r’
m(¢f,m ¢£,m Je -~ h¢h° - ~ , and
ia T _-r’ iay by’
m = h
(22) ZpBn (Ve m¥e,m e - Zpbpte, ne =B~

There is only one posaible non—trivial solutiion of these egquations.
With each wave with propagation vector Em stniking the surface,
there must be associated a reflected wave with the propagation
vector Em' and a set of waves in the crysial whose propagation
vectors have tangential components satisfying the candition

(32) ApTm = 3pbp-

For every value of m there exists a set of values of b for which
this relstion is true, and these will be indicated by h'. Using
this fact, the terms of equation (82) may be collected and set
equal to gero. In this way the boundary conditions are reduced to

two sets of equatians,

- B+ b
\/Jf.,m zh' m h \pe’h, and

_ - b I)
(24) Viem = Zp' Eo b ¥'g, ne
Therefore, the amplitudes of the reflected waves are determined by

the solutions of eguations (25). Before returning to the con-

sideration of this egquation, one additional point should be de-—
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veloped from the baundary conditions.
TEL SURFACE GRATING CONIITION

If the angle between the normal and the reflected wave propa—
gation vector .is denoted by 5m and that between the normal and the
propagation vector of a wave in the crystal by ﬁh, equation (8%)

may be written

(a5) Ayp = K sin 6m = kp ain 9h = ap.

This is just a statement of the law of refraction for an electron
crossing a potential barrier at obligue .incidence. In t he geo-
metrical theory of electron diffraction this condition requires
that the surface grating condition holds regardless of the shape

of the potential barrier.

The same result may be deduced from the present argument in

the following manner. Let the primary beam be described by

ik, r _ i(A,T,+B,n)°r
(s8) Vg, o0 ~0 ~ T g e o_0 o’ X

Then the pnimary beam in the crystal has the form
ik i(AgTotbon) T

(37) Ve, 00 ~°

. r
~oT ¢e,oe

The only permisaible periodic modulations of this wave are those

with the lattice period. Thus, the only waves this primary beam car

induce in the crystal are described by
ig'r 1(AoTotbon) x

(28) Ve, g

Eence the only reflected waves will be those for which

(29) AnTm T AQTo e tang*®

~
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s
:] The angle of inocidence 90 and reflection 6 have already been
defined and may be used to write tangential components as

Ay, = K sin 6, = &7 gain 64, and

[}

(40) A, = K sin 6 = %g sin 6.
Thus, if we take the vectors T, and 5 tang to have the same di-

rection and, for convenience, choose this to be the lattice di-

rection a,s then it follows from the definition of g eguation

(19), that
(41) £ sin O = % sin 6, + éﬁ, or
(42) g N = a, (sin 6, - sin 6,),

where g, is an integer and 8, is the lattice constant. Thereforae,
the observed diffraction beams should obey the plane grating formuls

in any case.

COKCLUSION

The wave length A is related to the energy of the electran by
(43) N= B,
where p is the momentum of the electron. If A is given in Angstroms
and the accelerating potential V in volts, this relation reduces to
(44) A =V 150/V ,
so the plane grating condition may be plotted as a function of ac-
celerating voltage. When the colatitude angles at which experi-
mental maxima occur are plotted as a function of voltage, they are
found to coincide with the surface grating curve. The intenaities

of these maxima fluctvate as a function of voltage and this shauld
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be related to the lattice constant aa and the manner in which the
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periodic potential goes to gzero. This is the information to be
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obtained by substituting the solutions of eguations (25) into

_ equations (34).

= Bethe approached this problem by regarding the inner potential
as perfectly peniodic for 2 > 0 and gaing discontinuously to gzero

at 2 0. In this case the coefficients Cg and we h are no longer
2

functions of z, and, consequently, condition (27) reduces to an
infinite set of linear algebraic equations. This is still a diffi-
cult problem and must be attacked by approximation methods. The
answers obtained indicate that the intensity of the maxima should
fluctuste strongly with voltage, and that the maxima as a function
of voltage should be displaced slightly from the palnt predicted

by a purely geometrical theory. This is, of course, the effect of

the gtep potential at the surface.

These results do not agree well with the results of low-energy
electran diffraction, but are gquite satisfactory for electron
energies in excess of 200 — 300 electron volts. Von Laue pointed
out that the assumption of a step potential is quite unreasanable
from electrostatioco considerations. The error is negligible for
higher energy electrons since few of these are diffracted by the
first few atomic layers. Most of these electrons traverse the
potential barrier and enter a region of truly periodic potentials

before they are diffracted.
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Von Laue attempted to estimate the error for low-—energy elac—
trons by making 8 very approximate solution of egquation (27).
Unfortunately, he appears to have neglected the secaond term so his
reaults are open to guestion. 1In any event, to make an accurate
approximation it is necessary to know how the coefficients of the
Fourier expansion of the potential functiion vary with =z. This
problem is under active consideration today but as yet the problem
has not been satisfactonily scolved for the case o0f covalent bandingg
Therefore, a reasonably accurate solution of the general problem is
not available. Such a solution would add considerable value %o
low—-energy electron diffraction data by making it possible to de-—
termine the distance between surface planes and, perhaps, to meas—

ure the variation in potential as a function of distance normal to

the aurface.
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APPARATUS

THE DIPFRACTION TUBE

Figure 2 shows a cross—sectional drawing of the expenimental
tube and a photograph of the assembled parts. Three distinct
operations can be carried out with this equipment. These are
heating the crystal to outgas or anneal it, ocleaning the crystal
face by ion bombardment, and electron diffractian. They wmill be

digcussed in that order.

Por each of these operations the crystal must be placed in a
different poasition. This is made possible by mounting the crystal
on a shaft which rides in two V-bearings. The movement of the
shaft is controlled from outside the vacuum tube by magnetic
coupling to the nickel slug attached to the far end of the shaft.
The electrical connections to the crystal are maintained by con-—
centrie, helical, molybdenum springs reaching back from the far
end of the shaft to wire presses in the envelope. This arrangement

allows rotation about the axis of the shaft as well as lateral

travel.

To heat the crystal, the shaft is placed as shown in Figure 2.
‘The molybdenum black to which the crystal is attached lies directly
beneath the bombarding filaments. Thus, this block may be heated

by electron bombardment while the crystal and the shaft are pro-
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tected by shields on the filaments. The shaft is Pyrex tubing ex-
cept for a short segment of molybdenum rod attached to the molyb-
denum mounting. The rod has a small diameter, and is shielded frorx
the electron borbardment to prevent hest conduction to the Pyrex
portion of the shaft. The crystal, on the other hand, has a large
area of cantact with the mounting bloock and only a guarter of the
mass, 80 it is heated by conduction to the temperature of the
block. This temperature is measured by making the block the junc-—
tion of a molybdenum—titanium thermoccupla, the leads for which
travel through the Pyrex shaft. Consequently, the cold junctian
lies at the far end of the shaft where connection is made to the

helical molybdenum springs.

For ion bombardment the mounting is withdrawn into the Pyrex
gshield to limit bombardment to the crystal face. The ions are pro-
duced in the region in front of the crystal by using the bombard-
ment filament as an electron gun. It is equipped with a grid for
this purpose. The ions thus formed are accelerated toward the crys-
tal face by placing the bombardment filaments and other tube parts

st a poaitive potential wmith respect to the crystal.

Finally, for electron diffraction, the shaft is moved forward
so that the face of the crystal contains the axis of rotation of
the Faraday collector. fThe conditioms for electron diffraction
have already been given in the discussion of the theory. The baale

construction and operation of the present apparatus is aimilar to
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T(E that originally used by Far.nsworth26 and has been descnrnibed else—

E wheregv. The two significant improvemen*s of the original apparatus i
Eiﬂ are an electron gun devised by Farnsworth " in 1950 and & mechanism

E to control the rotatian of the collector. The latter is originail

with this work and is a significant step toward automatic operation.

Therefore, its purpose and operation menit further comsid-~ration.

Lo shiell Bt

The diffractian current densaity is a function of three vari-
- ables, the azimuth and colatitude angles and the energy of the .in—
aident electron beam. The azimuth angle is not a useful variable
for automatic overation since there are only a few crystal orien-
tations for which tne surface grating is sufficiently large for
diffraction of low—energy electronms. Therefore, the usual pro-

cedure is to fix the azaimuth angle and 8tudy the daiffraction aur-

rent demaity as a function of the colatitude angle and the e ergy

of the incident beam. An electronic circuit to sweep the range of

———y- >
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electran energies would be aimply arranged, but would not be suf-

I

ficient in itself for practical automatic operation as the sweep

:

period need be no more than fifteen minutes. Thus, tue need for

precise control of rotation of the cocllector is indicated.

TS Saliai A

E- The usual method for rotating the colleciror is to mount the

i tube so that the rotation takes place in a horizonial plane, and to

3’~ attach a vertical shaft with a nickel 3lug tc the collector. An
external magnetic field may be used to rotate the slug, and, hence

: the collector, but this field must be removed during the diffrac-
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tion measurement. With this arrangement friction holds the col-
leotor in place while the magnetic field is removed. Since the
friction of unlubnicated parts in high vacuum is erratic, at best,
it is difficult to adapt this control to automatic operation.

Therefore, in the present apparatus the operation is controlled by

a gear arrangement.

This arrangement operates in the following manner. The tube
is mounted so that the collector rotates in a vertical plane, the
accelerastion of gravity supplying the driving force. The collector
is conneoted by a rigid, honigontal shaft to the cantrol mechanism
in a gide tube. Thi's mechanism cansists of .an escapement and re—
duction gear which allow the collector to move in half-degree steps.
The connection between the collector shaft and the reductian gear
is made by ratchet working in 24° steps, 80 the collector may be
reset when it reaches the end of its travel. Both the escapement

and the reset are controlled from wmithout by magnetic coupling.

THE ELECTRIOAL CIRCUITS

The bamic electrical aircuits are shown in Figure &. For
electron diffraction the gang switch is put in the central position.
With this setting, the crystal, drum, and collimator are maintained
at the accelerating potential as previously noted. This acceler—
ating voltage is adjustable stepwise by means of a switch at the

battery bank, and also continuously variable over a smaller range
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FIGURE 3. BASIC ELECTRICAL CIRCUITS.

Jj

| .



- oy > - - T Ty T W T T et TR ®
m — Caven o Cyaae Shaiindd . -, i " el e S T Mtk s A At ind el AL S A A .
o B B AT A R AP S ST e e .t . . AR .

R
:G
y -
'

[
[
e

P

'

LA AL R i uend L AERIAIC

v . et .

s et RN Vo
: PN [P

'

Y o+ 7
.

(28)

by means of a voltage diwider. %¥hen it is changed the deflector

voltage must also be adjusted by means of a voltage divider.

The current from the crystal drum is monitored by a galvano-
meter. To insure that readings taken at different times will be
comparable, this current must be held constant by regulating the
electron gun filament current. For automstic operation this ad-
justment must be maintained, and an electranic circuit has been
constructed which accomplishes this. The galvanometer, with its
scale replaced by a dual element photo—tube, serves as the sampling
aircuit. The error signal from the photo—tube is amplified and
fed into the control winding of a saturable reactor. This element
serves as a variable impedance in the pnimary aircuit of the elec-—

tron gun filament transformer.

The remaining oircuits needed for automatic coperation are syn-
chronieging eircuits and an accelerating voltage sweep aircuit.
The latter must be coupled with the drive motor of a d.c. amplifier-
recorder system measuring the collector current. This equipment
was not available for the present measurements, so the collector
current was measured with a modified DuBridge circuit d.c. ampli—
fier>?. 1This has ample sensitivity and stability for manual opera-—

tion, but .insufficient stability for automatic operation.

THE VACUUM SYSTEM

The vacuum system is an all glass and mercury system with
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Liquid nitrogen traps to prevent mercury vapor from reaching the
experimental tube. Figure 4 is a block diagram of the components
of this system. The first fore volume is provided so that the
mechanical pump may be run intermittently. The ‘second fore volume
and McLeod gauge may be used for calibrating iaon gauges on the ex-—
perimental tube, and measuning pumping speeds and build-up rates

10 analyze operation of the system. Alsa, mith the aid of the cut-—
offs, this ‘second volume may be isolated for storage of gases whose
adsorption is to be studied. When this is done, the gas may sub-
sequently be admitted to the experimental tube by means of the

porcelain tube lqakso’sl.

Although this is a kinetic system, it is equipped with a getter
This is & side tube containing several molybdenum filaments which
may be heated to depoeit a molybdenum film by evaporation on the
walls of the side tube. Such a £ilm rapidly chemisorbs active
gases, particularly oxygen. The getter increases the pumping speed
several fold and, consegquently, is extremely effective in reduaing
the time necessary to obtain very low presaures. It does not ap-
pear to affect the ultimate obtainable vacuum. This suggests that
the limiting factor is diffusion of helium through the walls of the
Pyrex envelope. 1In any case, the getter should continue to operste,
keeping the partial pressures of the active gases gsubstantially

lower than the reasidual tube pressaure.
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PROCELUERE

CLEANING AND ASSEMBLY

The parts of the experimental tube are made from Pyrex glass,
chromel, nickel, molybdemum, and tungsten filament wire. The glass
was cleaned with a saturated solution of potassium dichromate in
concentrated sulfuric acid. All of the chromel parts with the ex-
cept.ion of the scales and the collector rotation mechanism parts
were electro—polished in a solution of 40% ortho~-phosphoric acid and
804 glycenine. All the metal parts except the collector rotation
mechanism parts were outgassed at 800° C. in a vacuum furnace. The
collector rotation mechanism parts were excepted from these treat-
ments to avaid enlarging the bearings and warping the gears. In-
stead, these parts were oleaned for 12 hours or more in a degreaser
uaing acetone or tricloro—ethylene as the solvent. After all the
parts had been cleaned as thoroughly &s posaible, they were as—
sembled and placed .in the Pyrex envelope. Precautions were taken

to prevent exposure to dust and lint during this final assembly.

THE CRYSTAL PREPARATION

The titanium single crystal used in these experiments was
growmn at the New Jersey Zinc Company by the strain-anneal method.
Upon receipt by this laboratory, the crystal was X-rayed for ori-
entation, then cut, polished, and etched parallel to the (00-1)

crystal plane. The etchant used was 504 glycerine and 50% hydro-—
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X—-Ray of the Crystal Taken after the Experiment
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g

Photomicrograph of the Crystal Face after the Experiment x100C
FIGURE 5 . PHOTOGRAPHS OF TEE CRYSTAL
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fluorio acid. The prepared face was photo—micrographed previous to

the final asgsembly of the experimental tube.

The experimental work on, and vacuum treatment of, this crystal
may be divided in two parts. The first of these has already been
reported in part27’39 and in ﬁulles. The second part of the work
is the subject of the present report. Cuning the first part of ‘the
work it was attempted, with only partial success, to outgas the
crystal by heating alane. While this work was in progress a sepa-
rate expeniment being carried out in this laboratory indicated that
the crystal face could be successfully cleaned by positive ion bom-
bardment > *. Therefore, the experiment was halted and the apparstus
modified Yo make this procedure possible. When operation was re-—
sumed, the first project was to determine the optimum conditions for
ion bombardment. This phase of the procedure will be discussed in
the results. Other than this, the technigues used to obtain the
vacuum and prepare the crystal were to torch the experimental tube,
heat the filaments, and heat the crystal. These operations were
repeated cyclicly until the desired vacuum was obtained. Alsa,
during the second part of the work the getter previously described

was used to facilitate the procedure.

At the end of the present experniments the crystal was removed

and its structure checked by X-ray analysais. A second photomicro-
graph was made to determine the effects of the ion bombardment.
Pigure 5 is composed of X—rays of the crystal taken after the com—

pletion of the experiments and two photomicrographs of the cryetal
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One was taken before the tube was assembled
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and the second after the completion of the experiments. Both are
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RESULTS

INTROCUCTION

The expenimental work may be diwided conveniently .into three
phasses. The first of these was the determination of the optimum
method of oleaning the surface. The effectiveness of the cleaning
procedure is, of course, of primary importance in all adsorption
studies and the low—energy electron diffractiion method is unique in
that it gives a positive check aon this operation. The second phase
congisted of studies of the adsorption of the residual gases. This
work in itself is not of greast interest since the exact composition
of the residual gases was not determined. It is, however, essential
to the jinterpretation of the results of the final phase of the ex—
periment, the study of the adsorption of pure gases. Certain of
these measurements required a& comnsiderable amount of time. In auch
cases the reaidual gases might have an appreaciable effect. The
study of the adsorption of residual gases alone either eliminates

this possihility or determines the appropriate corrections for it.

THE SURFACE CLEANING TECHNIGUE

The earlier work with this apparatus and crystal has already
been mentioned. It was found posaible to olean the eurface sasuf-
ficiently by heating in high vacuum to produce diffraction beamws.
These beams were, however, not typical of the titanium structure.

It was cancluded that the surface was still covered by an sdsorbed
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‘this laboratory in his attempts to oclean the face of a titenium

crystal face as the cathode. This resulted in annibilstiian of the
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gas layer, s stable compound, or other contaminants. The latter
could be present if impurities in the crystal diffused to the aur—
face or if the etchant was not fully removed by the nimsing pro-—
cedure. In any event, holding the crystal at 750° C. for over 100
hours in a vacuum of the order of 10_9mm;Hg. had no effect on this
surface layerss. ‘The .use of higher outgassing temperatures is pre-—

oluded by the structural tramsition.

This same diffiaulty was encountered by Lr. R. E. ‘Schhier of

crystal for another experiment. He tried admitting argon into the

experimental tube and running a self-maintained discharge using the

diffraction beams, but heating the crystal to 500° C. for a short
period produced the theoretical titanmium diffraction pattenn34.

This pattern, while typical of titanium, was weak and poorly defined

The present work began with the object of improwing this clean-
ing procedure. The first step was to introduce the electron ac-—

colerator to sustain the discharge. Such a sustained discharge ocan

be maintained &t low bombarding energies and ocurrent densities.

In this manner, it was hoped, the surface damage cauld be minimized.
Furthermore, this procedure can be carried out at lower pressures.
This is desirable as it increases the mean free path of ‘the sput-

tered atoms, allowing them to leave the immediate viainity of the

crystal face.
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The inolusian of the electron accelerator made it necessary to
open the experimental tube, and this orportunity was taken to make
several other repairs and modificatioms. These inocluded inmstal-—
lation of the getter and the collector rotation mechanism. ILn all,
‘the crystal wes exposed to dry air for several weeks. This meant
that the oleaning procedure would be ‘the 'same as that for a freshly
prepared sample. Therefore, it was decided to determine the effec-—
tiveness of the .ion bombardment alone. As Tr. Schlier's work
showed it necessary to anneal t he crystal at 500° C. following ion

bombardment, the crystal was outgassed at this tempersature.

After the crystal had been outgassed, an attempt was made to

clean it by ion bombardment. The bombarding aurrent used was one

microampere. This could be controlled by adjusting the argon pres-
aure and the electron gun emmisaion. 'The procedure was to bombard
with low energy ions for five minwtes and then try several anneal-—
ing times. The bombarding energy was increased from 200v. to 700v.,
but no improvement in the results was noted for energies above 500v.
The best annealing t.ime was found to be on the order of 5 minutes,
longer times bhawing an adverse effect. The results at this stage
were still relatively poor, so higher bombarding currents were used.
Ion bombardment for omne minute at 100 microamperes gave distinctly
better results than 100 minutes at one microampere. Finally, the
crystal was heated to 780° C. until pressure fell to 10--a nm.Bg.
This treatment partially restored the structure originally observed.

after this outgassing the ion pombardment was particularly 'suc—

cogsful.
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Subsequent experience in removing adsorbed gas has shown that
the best results are obtained by heating the crystal to 750° C.
until the pressure can be reduced to less than 1O~8 mmw. Hg., then
ion bombarding for five minutes with a 100 microampere current of
500 volt ions. The outgassing operation generally reguires 10 to
12 hours with the present vacuum system. The argon pressure used
for ion bombardment is on ‘the order of 5 x 10—3 mm.Hg. Following
the ion bombardment, this gas is pumped out and the crystal is an-
nealed at 500° C. for five minutes. After prolonged exposure of

the crystal to active gases this entire procedure must be carnied

out twice to achieve satisfactory results.

Figure 8 shows the strongest diffraction beams from the titani-
um structure plotted as a function of the colatitude angle 6. This
beam is obtained from the [1150] azimuth with an incident beem of
52% volt electrons. The graph on the left shows the beam after ion
bombardment. The plot on the night shows this same beam after the
crystal has been annealed. The improvement is apparent. 'The beam
shown on the right is a typical straong diffraction beam. Its maxi-
mum in intensity is roughly 50 times the maximum backéfound.intenai—

ty. Its width at half the maximum intensity is four degrees. This

corresponds to the limiting resolution of the apparatus.

The term [1120] azimuth ie used above to indicate a particular
agimuthal orientation ¢. It has been mentioned that there are only
a few auch orienivations for which the surface grating spacing is

large enough for the diffraction of low—energy electrons. 1In the
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case of titanium six of these orientations correspand to the align-—
ment of one of the six [1120] crystal planes within t he plane of
rotation of the collector. Each of these orientations 1s egquivalent
for the purposes of electron diffraction, 0 the notation is suf-—
ficient to fix the orientatian. There is also another set of aix
equivalent orientations from which diffraction beams may be observed

These correspond to the slignment of one of the [0130] planes with

the plane of rotation of the collector.

STULIES OF THE CLEAN SURFZ!CE

Having developed a method of cleaning which produced a theo-
retical titanium diffraction beam, detailed miirface studies were
undertaken. These consisted of studying the diffraction current as
a function of the accelerating voltage V and the colatitinde angle
6. The results for the [1120] azimmth are shown in Figures 7 and
8 and those for ‘the [0110] azimuth in Figure g. In these figures
the so0lid curve is 1 theoretical plot of a surface grating condi-
tion. The [1150] azimuth has a large surface grating spaaing so
parts of the first and second order surface grating capditions lie

mithin ‘the region 20<V<200 volta, 15°<6<90°. 'The first order con-—

-dition is shown in Figure 7 and the second order condition in WRigure

8. The [0110] azimuth has a smaller spacing, and only the first
order condition falls in the prescnibed regian. This is shown .in

Figure 9.

The solid points in the figures represent the anguliar positions
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of the diffraction maxima &s illustrated in Figure 8. The open
aircles indicate the intenaity of these maxima in terms of ‘the
arbitrary intensity scale shown an ‘the right in the graphs. It weas
pointed out in the discussion of the theory of diffraction that the
intensity of the maxima as & function of accelerating voliage can
not be predicted. Accordingly, dashed curves have been drawn
through these experimental paints. No maxima were found which did

not satisfy the theoretical surface grating conditions.

These results were obsgerved in several of the egquivalent ani-
muths and were ‘found to be identical in form. Slight shifts in the
experimental surface grating curves were noted. It was found that

these were due o an error in the angle of incidence. By further

study of the equivalent asimuths the dewiatiian from normal ineidence

was determined to be one degree and correction tables were computed
for the amimuths 'studied. Al1 ‘the data 'shown have been corrected

for this factor.

Theoretioal consideration ‘shows that a change of one degree at
a colatitude angle of 80° results in a change of three ‘tenths of
one percent in the determination of the lattice comstant. [For ‘the
titanium lattice constant this is approximately 0.01 angstroms.
On this basis the expenimental results indicate that the lattice
constant of the surface grating differs by less than one per cent
from that determined for bulk titanium by X-ray diffraction. There-
fore, the structure of the cleaned aurface has the 'symmetry and

lattice constant of the hexaganal plane of titanium. This does not
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poasitively identify it as a oclean titanium surface. For example,

oxygen and nitrogen were found to adscrb in the same structure.

‘However, the fact that this surface aotively chemisorbs gases sug-—

gests that it is actually olean. Lacking evidence to ‘the contrary,
this viewpaint was adapted and the experiments continued on this
bagis. The dashed intensity curves in Figures 7, 8, and 9 are taken

a8 identifying features of the cleaned surface.

ATSORPTION OF RESILCUAL GASES

The adsorption of residual gases is a possible ‘source of con-
tamination. 'The best conditions achieved in ‘this W9rk were to keep
the residual gas pressure less than 5 x 10_.9 mm.Hg. This was done
by outgsssing the crystal at 750° 2. until ‘the residual ‘tube pres-—

sure was less than 5 x 10-9 mm.Hg. with the crystal st this tempera-

ture. The crystal face was then oleaned as previously described.

-5 . X
'The presaure rose slLightly above 5 x 10 duning the annealing, but,

in wiew of the thorough outgasaing, it is felt that this musgt be
due to srgon driven into the crystal during the ion bombardment.
Thua, it seems reasonable to assume the partial pressure of the ac—
tive gases wes less than 5 x 10—9 mm.Hg. daning the entire cleaning

praocedure. Allowing for the aotion of the getter, this estimate

‘should be quite conservative. Using the calculsations developed iin

‘the discussion of adsorption, the minimum time for complete cover—

age is 15 minutes, or roughly the time from the end of the .ion
bombardment to the beginning of observation. As this computation

sgsumes the sticking probahility is unity, it is unlikely that the
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surface would actually be more than half covered at the start of
observation. Under these conditions the completion of a monolayer
wauld be easily observable. In fact, no change was observed in the
diffraction patterns for the first few hours after cleaning, so it
may be assumed that the results shown were not due to adsorbed

gases.

This canclusiaon seems relatively sound for the studies of the
clean surface. The situatiion is not so favorable for the adsorp-—
ttion measurements. In this case the argon must be removed from the
g&s handling system before the gas to be studied can be introduced.
This reguires at least an hour between the end of the ion bombard-
ment and the expoaure of the crystal to the gas. 1In addition, some
of the later adsorption measurements required observatian periods
of aix hours or more. PFor these reasons the adsorption of residusal
gases was carefully observed. 4t first it was found that after §
hours the caontamination became observable. The earlier adsorption
measurements required only an haur for observation, so the residual
gas effect was conaidered negligible. When the longer observatioans
were .undertaken, the reasidual gas adsorption was rechscked. At
this time it was found that observable contamination did not take
place for 24 hours. Thus, the partial pressure of the active gases
was several orders of magnitude less than the residual gas pressure
of 2 x 10—9 mm.Hg. indicated by the ian gauge. 8ince several manthe
had elapsed between these checks, this seemed a reasonable improve-—

ment in the vacuum. Therefore, the posaibility of contaminatian by

residual gases was ruled out.
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THE STRUCTURE OF ADSOREED OXYGEN AND NITROGEN LAYERS

‘The ‘studies of the adsorptiaon of oxygen and nitrogen were made

by the ‘same methods and the results are very aimilar for the two
gases. Therefore, it is canvenient to discwues them simultaneously.
The procedure was to oclean the 'surface, expose it to the gas -for 10
minytes, and then obtain the diffracticn psttern. In the cass of

7 and 10 ° mm.Hg. bad

nitrogen, exposures at gas pressures of 10_
little effect, but when the procedure was repeated with a gas pres—
sure of 10 2 mm.Hg. & definite change in the diffraction pattern
was noted. In contrast to this, exposure to oxygen at 10—7 mm.Hg.
produced & distinct change in the diffrackion pattern. Repeating

the procedure with the oxygen pressure increased to 10—5 mm.Hg.

gave the same result.

Both of thesc gas structures were found to be stable and were
studied extensively. They have hexagonal symmetry and the t.itanium
lattice comstant. The distinguishing feature is the form of the
intensity vs. accelerating voltage curves. The remilts for the first
order surface grating conditioms in the two azimuths are shown in

Rigures 10 and 11 for the oxygen structure and in Figures 12 angd

12 for the nitrogen structure. The diffraction beams from the gas—
covered surface are generally weaker than those from the clean sur—
face. This, plus the fact that the intensity decreases with in-
creaaing order and accelersating voltage, made it imposaible to ob-
serve more than a few scattered points on the second order surface

grating condition. Therefore, these graphs have been omitted.
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i‘ . Even in the data given there are gaps in the readings at higher

voltages where no maxima could be fcund.

The results appear to be completely caonaistent with the known
crystal structure of titanium maonoxide, TiO, and titanium nitride,
TiN. Both of these are face-centered cubic lattices similar to the
Rack Salt structure. Therefore, their (111) planes are hexagonal
nets and alternate (111) planes are composed entirely of gas atoms
or enkirely of titanium atoms. In both cases the length of the
aides of the hexagons differs from the titanium lattice canstants
by less than 2%. The one asignifirant difference is that the dis-
tance between adjacent (111) planes of the compounds is almost ex—
actly half the distance betwesn adjacent (00°1) planes in the pure
titanium lattice. Thus, it appears reasonable that oxygen or nitro-
gen would be adsorbed by the (00°1) face of & pure titanium crystal
in a hexagonal array but with & smaller distance between the gas
layer and the surface than that beitween adjacent (00+1) titanium
planes. This decrease in the distance between planes should account
‘for the change in the intensity vs. acocelerating voltage curves.
Unfortunately, part of this change must also be attnibuted to posmi-
ble changes in variation of the periodic potential at the aurface
and to posaible differences in the scatterning power of the gas satoms
a8 compavred to the titanium atoms. Signifiicant numerical .consi-

deratians are therefore preocluded.

¥hile the gas structures observed are entirely comsistent with

the conaideratioms above, they offer no explanation of the sirface
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uﬂ structure observed in the earlier work. In an attempt to account

for this earlier structure, the crystal was heated to 500° C. for

-—

;fj 10 minutes while exposed to nitrogen at a presasure of 10 7 mm.Hg.

This procedure was also tried with oxygen. In this case the cryst al
temperature was 200° C. and the gas pressure 10—8 mm.Hg. In both
cases the previously observed gas structures were formed. It is
significant that the gas pressures used were at least an order of
magnitude lower than those necessary to form the gas structure .in
the same time interval with the crystal at room temperasture. These
results indicate a definite increase in the sticking probahility

with increasing temperature, and, consegquently, a positive activa—

‘tion energy for the adsorption of these gases by titanium.

This procedure was repeated uaing the same gas pressures and
intervals of exposure, but at higher temperatures. For exposure to
nitrogen the tempersture was 700° C. The resulting diffraction
patterns showed scme traces of the earlier beams characteristic of
the unknown sptructiure. The result is not regarded as aignificant
as 8uch traces were always noted after heating the crystal to this
temperature. In the second trial with oxygen, the crystal tempera-
ture was only 550° C. This treatment completely extinguished all
the diffraction beams. To achieve this result with a ten minute
exposure and the crystal at room temperature the oxygen pressure
must be greater than i0 * mm.Eg. This large difference in pressurae,
a factor of 107, seems to be caonclusive ewidence for the activated

adsorptian of several layers of gas in an amorphaus structure.
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‘THE STICKING PROBAEBILITIES

After the determination of the bsaic features of the diffrac—
‘tian patterns from the oleaned, oxygen—covered, and nitrogen—covered
surlaces was completed, studies of the sticking probabilities for
oxygen and nitrogen on titanium were undertaken. PFor this work
attention was confined to thome first order beams from the [11%20]
aaimuth which are obtained for accelerating voltages in the range
20 — 125 volts. The pracedure used was to expose the crystal to
the gas at low presaure for a ten minute interval. After such an
exposure the diffraction beams from the prescnibed region were ob-
served. The entire pracedure was repeated several times using auc-
cegsively ‘higher gas pregsures. By .comparing the aeveral observa-
tions, the decrease in the titanium beams and increase in gas beams

can bhe observed.

In Figure 14 the decrease in the inmtensity of the titanium
beam at 22.5 volts is plotted as a function of the oxygen pressures
vged. The 8s0lid paints are experimental and have been connected by
solid lines. In the same figure the :increase of ‘the oxygen at 52.5
volts is shown. Open ciroles are used for the experimental points
and they have heen connected by dashed lines. In Rigure 15 ‘the
same information has been plotted for the adsorptkion of nitrogen.

The nitrogen besm used is that occurring at 47.5 volts.

The interpretation of these data 1s complLicated by the fact

that for partial coverage the intemaity of the diffraction beams is
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due to the superposition of diffraocoted waves from the exposed ti-
tanium surface and from the gas layer. These effects are not readi-

ly separated. Conseguently, it is not posmible to determine the

partial coverage with much accuracy. It should be noted that this
.is an exceptional case. Usually the gas striicture is not identiocal
with the '‘smwrface structure of the adsorbent. W®hen this is 30, dif-

fraction beams occur which are due entirely to the gas ‘structure

LIt e . sl A R A Rt

and, thereforae, the sguare roots of their intensities vary directly

with the surface coverage.

In view of the diffiiculty described above the analysis of the

2N A LN

Sttt .

et S
.

results shown in Figures 14 and 15 must be severely curtailed. TI%
is possible to estimate the average sticking probability. Figure
14 indicates that the diffraction pattern obtained following a tean
minute exposure to oxygen at a presaure of & x 10_9 mm.Hg. is
typical of the cleaned surface. 'The diffraction pattern obtained
follcwing a ten minute exposure to cxyger at a pressure of 10—7 mm.
Hg. is the strongest one obtained from the oxygen layer. In the

discussion of adsorption it was indicated in eguation (1) ‘that ‘the

total number of molecules '‘striking the snurface is proportiocnal to

t he integral of the pressure over the time of exposure. Thus the

data imply that the fraction of the oleaned surface exposed, 1-0,
£alls to 1/e of its .initial value for some value of Pt between T x
10-'7 and 10‘e mm.Hg. — min. 'Consideration of the results for ni-

trogen adsorption shows that 1-6 falls to 1/e of ite .initial value

- —2 . .
for some value of Pt between 10 ‘ and 10 mrc.Hg. — min.
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Langmuir's assumption may be used .0 relate the results to the
sticking probabhilities. 48 the measurements were made at room
temperature .it will be assumed that the rate of desorption .is

negligible. Therefore, if M is the number of aites/cms,'the rate

a6

of adsorption of gas atoms is M T From the discussion of Lang-—
muir’s theory, it follows that

45) M8 = ay' (1-6).

( oy (1-6),

where N' is defined by eguation (1). Generally, a is a function of
6. If the average sticking probahility o is used, integrating and
applying the initial condition & = O when t = 0 yields

(46) 6= 1~ o N /¥

Therefore, the fraction of the cleaned surface exposed falls to 1/e

of its initial walue when EN”t/M-= 1. From these arguments the

average sticking probabiliity for oxygen :is -found to lie between 2.1

x 10 2 and 10f1. ‘The averags sticking probability for nitrogen is

found to lie hetween 2.8 x 10 © and 2.8 x 10 °.

Both of these results, particularly the last, are substantiaslly

smaller than the sticking coefficient for nitrogen on tungsten ob-

‘served by Becker'®. ‘This is consistent with ‘the fact that this ad-

sorption reguires an activation energy.

One additional set of obmervations bhas been made on the ad-
sorption of oxygen. This confirms the assumption that the rate of
desorptian is negligible at room temperature. These measurements
consisted of exposing the cleaned surface to the same low pressure

of oxygen many times and observing the intensity of the 52.5 volt
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gas heam from the [1150] azimuth after each exposure. Figure 16
shows the results of this experiment. 'The square root of the daif-
fraction beam intensity is plotted as a funchtion of the product of

the gas presswure and the total time of expcsure. 'The solid aircles

: repregent points obtained by this method for oxygen at a pressure
P

: of 5 x 10—p nm.Hg. The open caircles represent the experimental
Ei paints obtained when a presaure of 5 x :1.0_8 mm.Hg. of oxygen was
uged. From the figure it is sean that the surface layer is com-

pletely formed for either pressure. ‘Therefore, the rate of desorp-

tion is negligible at these pressures.

In caonsidering Figure 18 it is worth noting that from this type
of measurement the sticking probahility as a function of 8 i3 readi-
ly computed when suitable diffraction beams are available. Spe-—
aifically, the square root of the intensity of & gas beam which is
.not supernimposed on a titanium besm is directly proportional to the
‘aurface coverage. Therefore, data for the variation of the square
root of iptensity for 'such a beam plotted as in Figure 16 wauld re-—
present 6 as a functiaon of Pt. From such a .curve the quantities &,
1-6.,, and g% could be determined as functions of Pt. These results
cauld be substituted .in equation (45) to determine a as a function

ot 6.

SUMMARY

The ion bombardment and annealing technique removed contamina-—

tions from the surface which prolonged heat treatment in an excel-
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lent vacuum failed to effect. 'The resulting cleaned 'surface has the
titanium structure and lattice canstants within the error of measure-
ment. Studies of the adsorption of oxygen and nitrogen on this sur-—
face showed that they form structures typical of titanium manoxide
and titanium nitride. Alsa, while ‘there is ewidence that chemi-—
sorption can take place an a previously adsorbed layer, this ewidence
suggests that the succeeding layers lack defiinite structure. These
results are strongly indicative that ‘the cleaned surface 1s actually

an uncontaminated titanium surface.

The low sticking probahilities observed in these expeniments,
.1 x 10_’?<E<10_'1 for oxygen and 2.8 Xx 10ﬁe<3<2.8 b'4 10_d for nitrogen
suggest that an activation energy is needed for the gas adsorption.
This was substantiated by measurements made at higher temperatures.
A further result of the adsorption studies was the observation that
the equilibrium coverage at pressures as low as 5 x 10 ° mm.Hg. :is
complete surface coverage. This implies that the rate of desorption
is very low at room temperatures, and, thersfore, that the bonding
forces are very strong, probably chemical in nature. This result

justifies the attempts to keep the residual gas pressure as low as

possible.

The complex surface structure observed in the sarlier work has
not been completely recovered or explained. It seems most probable

that it was due to impurities in the crystal.
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PART 2
STRUCTURE OF EPITAXED COPPER DEPOSITED BY EVAPORATION
ONTO THE (00*1) FACE OF A TITANIUM SINGLE CRYSTAL

INTRODUCTION

Epitaxy is most often studied by examining the growth
from solution of one material upon a crystalline substrate
of a different material, using light microscopyt. More re-
cently, the techniques used have included growth from the
vapor phase and high energy electron diffraction. Both of
these methods are limited. The optical methods require vis-
ible overgrowths; high energy electron diffraction generally
requires overgrowths at least several atomic layers thick.
Thus there is little direct experimental evidence concerning
the nature of the first few atomic layers of the overgrowth
and the relationship of these layers to the substrate.

Low-energy electron diffraction, on the other hand, is
quite sens%tive to even one mono-layer of adsorbed gas.
Farnsworth< reported that at least 50 percent of the diffrac-
ted electrons arise from the first atomic layer of silver,
for electron energies of less than 300 ev. The low-energy
diffraction technique should therefore be very useful when
investigating very thin epitaxed layers.,

It has been reported by Uhlig3 that the addition of
copper ions to solutions attacking titanium has an inhibit-
ing affect on the corrosion rate. One suggestion is that
the copper forms a monolayer upon the surface, which has
the effect of passivating the surface. This part of the
experiment was intended to determine the structure of such
a monolayer.

APPARATUS
EXPERIMENTAL TUBE

The apparatus is quite similar to that used in the ex-
periments on the adsorption of gases by titanium. The only
major difference is the inclusion of a source of copper vapor.
Therelore only a brief description of the apparatus is given

‘here,

Figure 1 is a schematic of the experimental tube, which
consists of an electron gun, a crystal mounting, a movable
Faraday collector, and a source of copper vapor. Provision
is made for the cleaning of the crystal surface by positive
ion bombardment®, and for the outgassing of the crystal by
electron bombardment,
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The dotted outlines on the figure show the positions of
the crystal and the evaporator when the diffraction data are
obtained. An essentially mono~energetic beam of electrons is
incident normally on the (00°1) face of a titanium single crys-
tal. Rotation of the crystal and collector permits detection
of electrons scattered into nearly the entire forward hemis-~
phere about the crystal. The circuitry allows variation of
the incident beam energy from 10 to 250 electron volts, and
limits the collected electrons to those which have lost less
than 3 ev energy. The crystal can be rotated or translated
by means of an external magnet; the collector is rotated in
one-half degree steps with a solenoid actuated escapement
mechanism,

ik ,,-,_,A,Tﬁv.blf,ﬁ7.
[ . . T cL P

t;; . The crystal is clamped c¢n a molybdenum cylinder. The
i cylinder can be placed direccly under the filaments, and
heated by electron bombardment, using the lower of the two
filaments as an electron source. The solid outlines on the
figure show the positions of the crystal and evaporator when
& deposit is being made. In this case the evaporator is
heated by electron bombardment.

In order to clean the crystal surface by positive ion
bombardment,, the crystal is placed in the position shown by
the solid outline; the evaporator is placed in the position
shown by the dotted outline. The upper of the two filaments
is used as a source of ionizing electrons, and the lower is
used as a grid. The ions formed in the region in front of
the crystal are attracted to the crystal by the application
of a negative potential to the crystal. Ion currents of
about 100 micro-amperes can be obtained with this arrange-
ment, using a tube pressure of about 5 x 10-3 mm. Hg. of

” argollo

The vacuum system consists of two single stege mercury

}

E diffusion pumps in series, separated from the experimental
X tube by a dry ice and a liquid nitrogen cooled trap. The
- dry ice cooled trap is constructed so that mercury is re-
r‘ turned to the pump when the trap is warmed. This arrange-
;

b

E

b

r
| 3

)

ment prevents mercury from choking the liquid nitrogen cooled
trap. A porcelain tube leak is used to control the argon
(or other gas) pressure in the tube. The leak is separated
from the tube by a liquid nitrozen cooled trap. DMNercury cut-
o offs placed between the diffusion pumps allow the use of the
° higher pressure stage pump to evacuate the gas inlet system.
' The tube, after sealing it to the vacuum system, is evacuated
and baked out for several hours at 3509C, After the bake-out,
3 a molybdenum filament ir a side tube is hested until a visible
: film forms on the sides of the tube. The film acts as a get-
ter, reducing the pressure in the tube below that which can
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be obtainred with the pumps alone. After several flashings

of the filament, a vacuum of between 5 x 10-10 and 10-92 mm.
Hg. can be attuined, and maintained for several weeks with-
out further flashing of the getter. The results of adsorp-
tion studies on the titanium? indicate that the pressure of
active gases in the tube is below 1010 mm. Hg.

EVAPORATION SOURCE

The evaporator consists of a nolybdenum cup into which
a piece of pure copper has been previously vacuum melted.
The cup is mounted on a carriage with the open end facing
the crvstal. The carriage is mounted in a side tube so that
the evaporator can be placed in front of the crystal or with-
drawn into the tube. A movable shie¢ld between the cup and
the crystal allows the time of deposit to be controlled.

The evaporator was calibrasted in an auxiliary vacuum
system by weighing the ancunt of copper which passed through
a hole 14 mm. in front of the cup. This distance was that
used in the experimental tube. Tge weighing was done with
a quartz beam vacuum microbalance®, of sensitivity (1.40%
.04) x 10~4% gm./mm., as determined from the period and mom-
ent of inertia of the balance. One millimeter deflection
of the ba}ance corre;ponded to a deposit density of (6.67%
.20) x 1018 atoms/cm?. The calibration data were obtained
in the form of balance deflections, time of deposit, and
evaporator temperature. These data were plotted as the log-
arithm (base 10) of the deflection per minute versus the in-
verse of the temperature in degrees Kelvin. A straight line
passing through or near the points was determined by the meth-
od of least squares. Each point was weighted by the amount
of the deposit. The result of the calibration was that the
rate of deposit followed the equation

Logyy R - 34.33 - 2.20 x 104/To K.%¥0.085,

where R is the rate of deposit in atoms/cm.</min.

A thermocouple was originally placed in the cup to deter-
mine the temperature of the evaporator. It was found that the
thermocouple readings, as a consequence of the design of the
apparatus, were consistently low. Therefore it was necessary
to obtain temperatures by means of an optical pyrometer. The
same pyrometer and corrections were used in both the calibra-
tion and the experiment, so that, although tne absolute temp-
erature of the evapc ator is probably in error, the error in
the deposit rate is not felt to be more than that caused by
a five degree error ir temperature. it the evaporator temp-
erature used in the experiment, the deposit rate was

Chaa-van |
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+0.5
R - (1.58 ) x 10l% atoms/cm.z/min.,

with a consistency of 20 percent for different deposits.

The above-mentioned possible error in the evaporator temp-
erature may account for the fact that the latent heat of evap-
oration of copper, as calculated from the observed deposit
rate, is 100,000 cal./mole, a value considerably greater than
the 72,810 cal./mole given by Dushman?.

CRYSTAL PREPARATION

The titanlium single crystal used in the experiment was

prerared from iodide titaniuwm, by Prof Nielson of New York
Universitv, usinz the stra’n-:inneal method. The crystal was
recelived in thin Tory of o cvlindrical bar 6 mm. ir diameter.

The bar waz oriented by the laue back-reflection X-ray methad,
and cut, using a thin compocition grinding wheel, so that the
(00*1) face of the crvstal wss exposed. The crystal was then
polished cn 4/0 emery raper, lapred with Fisher Alumina and
Fisher Gamal, and etched with a solution of 60 percont gly-
cerine-50 percent hydrofluoric acid. This treatment did not
give a smooth surface under the microscope, but rather one
containing & larze number of triaagular etch pits, the bot-
toms of which appeared to be smooth and parallel to the
(J00+1) face. The crystal was ther washed thoroughly with
distilled water, and clamped to the molybdenum mounting
cylinder.

OUTGASSING AND SURFACE CLEANING

Diffraction patterns were observed after outgassing the
crystal at temperatures above 500°C. The patterns were not
indicative of the titanium lattice constant, however. Further
outgassing at temperatures up to 7500C. strengthened the dif-
fraction beams, but did not produce the patterns that were
expected from the titanium crystal. Higher temperature heat-
ing could not be used, since titanium undergoes a phase tran-
sition at a temperature of about 850°C. It was felt that the
titanium crystal surface, after outgassing, was covered with
a contamination of some complex, as yet undetermined structure.
Accordingly, it was decided to attempt to clean the surface
by positive ion bombardment“. It was found that ion bombardment
definitely removed the surface layers, but resulted in a dis-
turbed surface, since the diffraction patterns after the bom-
bardment were weak, although indicative of the expected ti-
tanium spacinz. Annealinvs the crystal by heatirg for several
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minutes at 500°C. greatly strengthened the beams, and con-
firmed the result that the surface spacing of the crystal
was that of titanium. The surface obtained after this
treatment was found to be partially covered with oxygen.
After more thorough outgassing followed by ion bombardment
and annealing, the overall diffraction patterns indicated a
clean surface, which reverted to the oxygen covered surface
after a period of from several hours to several days, de-
pending on the thoroughness of the outgassing and the resi-
dual gas pressure., It appears that several hundred hours

of outgassing and a residual gas pressure of less than 10~
mm. Hg. are necessary to obtain and maintain a clezan surface
(as indicated by the diffraction patterns). It is also nec-
essary that the argon be as free of active gases as possible.
In the present experiment, the argon used was obtained from
Linde Air Products, and is spectroscopically pure. In any
case, it was found that exposure of the crystal to argon at
the pressures used during ion bombardment causzed no change
in the diffraction patterns, indicating that there was little
or no danger of contamination of the crystal by the argon.
After lengthy outgassing followed by ion bombardment and an-
nealing, the titanium crystal remained detectably gas free
for at least two days.

RESULTS AND DISCUSSION

After ion bombardment and annealing, the surface was ex-
amined by electron diffraction to make certain that it had
been sufficientlycleaned. The crystal was then placed in po-
sition to receive the deposit, copper was deposited, and the )
diffraction patterns were again observed. The cleaning, de-
position, and examination were carried out in a time which
was as short as pcssible in order to minimize effects of re-
sidual gas adsorption. After the copper covered surface was
examined, the crystal was agein ion bombarded to remove the
copper, und heated for several hours. Belore another deposit,
the crystal was again ion bombarded and arnnealed. The dif=-
fraction data indicated that very little if any copper re-
mained on tne crystal surface after this procedure.

Figure 2 is a plot of the positions of the diffrjction
beams ccused by u coryer deposit of (3.0% 0.8) x 1010 atoms/
cm.“, These beaus lic in the (11+0) and (10-0) titanium
azimuths; that is, tne planecs of the incident and diffracted
beams are (11-:0) and (10¢0) planes, respectively. The sine
of the colatitude angle is plotted ageinst the wave length of
the electron bean. The circles reprecent experimental roints.
Diffraction beams are alsc precent due to the titanium sub-
strate. These beums are not shown, but lie on or close to
the dotted lines i1 the figure.
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Cne of the consequences of the low penetration of low-
ener:y electrons is that, if the surface atoms of the crys-
tal lic in rlanes perpendicular to the incident beam, the
anygular positions of the diffracted maxima should satisfy
the siuwple grating equation,

N A - asin @,

where N is the order of the diffracted beam, A 1is the wave
lensth, a is the separation of rows of atoms in the azimuth
being considered, and g is the angle between the incident
and diffracted beam (the colatitude angle). Thus a plot of
sin @ versus A should be a straight line passing through
the orizin, and with the intercept equal to the separation
of rows of surface atoms, at sin & equal to unity.

The solid lines on figure 2 are calculated from the lat- .
tice constant of bulk copper for an orientation of the depo-
sit such that (111) copper planes are parallel to (00-1) ti-
tanium plones, and (110) corper planes are parallel to (11-0)
titanium planes. The fact that the experimental points fol-
low these straight lines indicates that the surface of the
deposit is predominantly parallel to the substrate, and
that the hexasonal lattice constant of the copper, in direc-
tions parallel to the surface, is that of bulk copper. On
the basis of the observed orientation, the average thickness
of the deposit shown here is 17 X 5 atomic layers.

Figure 3 shows some representative diffraction beams
for various thicknesses of deposit. Collector current is
plotted against colatitude angle. The beams shown are in
the (11<0) titanium azimuth. The voltage of the beam is
such as to give a maximum diffracted currant associated
with the copper lattice., The peak at the left, for each
thickness of deposit, is that due to the titanium substrate;
the peak at the right is produced by the deposit. In each
case where a definite copper peak is seen, the hexagonal
lattice spacing corresponding to the angular position of
the peak is 2.55 ¥ 0.01 A., which is the hexagonal spacing
found in bulk copper. In the one-half layer deposit, no
peak is observed, but the shoulder also corresponds, with
somewhat greater error, to the above spacing. Thus, no
transition spacing between the copper and the titanium has
been found in the directions parallel to the substrate sur-
face, although the mismatch between the copper and titanium is
-13 percent. The deposits made were between one-half to 25
o atomic layers in thickness, assuming a uniform distribution.
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The diffraction maxima corresponding to the titanium
lattice spacing are decreased in intensity by the addition
of the deposit, but the maxima are not shifted in either
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i angzle or wavelength. This indicates that no true monolayer

of copper has been formed on the substrate. If a true mono-
g layer were formed, even if strained to fit the surface lat-

tice spacing of titanium, it would be expected that the wave-
. length of the diffraction maxima would be altered, by either
. a change in the surface potential barrier and/or a change in
the separation of the surface plane of atoms from the plane
immediately below.

A uniformly distributed deposit should cause an expon-

E ential decrease in the intensities of the diffraction beams
- from the titanium substrate as the thickness of the deposit
g is increased. The observed decrease is more nearly inversely

proportional to the thickness of the deposit. This behavior
§ can be qualitatively explained on the assumption that the de-
3 posit is composed of oriented crystallites, with relatively
F uncovered areas of titanium between the crystallites.
3

L

Annealing the deposit at temperatures of about 3500C.
causes a large decrease in intensity of the diffraction beams
1 corresponding to the copper lattice, without greatly changing

: the titanium beams. This indicates that the orientation of
H the deposit is reduced by the annealing without removing the
deposit. This disorientation with annealing is more apparent
1 for the thicker deposits. The experimental method is not ca-
A pable of determining whether or not the above decrease in the
- beams from the copper deposit is to be associated with a loss
of crystal structure in the crystallites, or a disorientation
of the crystallites with respect to the titanium substrate.

3

E During the time of deposit, the crystal was exposed to
3 radiation from the evaporator. The temperature of the crys-
E tal during the deposit is not known, but an upper limit can

be estimated, and is found to be approximately 100°C. at ‘
equilibrium. Most of the deposits were made in a time too |
- short for equilibrium to be established, and the highest

1 temperature was probably much less than 100°C. Thus the 1
temperature of the crystal during the time of deposit was

t considerably below the temperature at which the deposit be-
comes disoriented. !

After making some of the deposits, the crystal was ex-
posed to a controlled oxygen atmosphere, at pressures below
10-7 mm. Hg. The effect of the adsorption cn the diffraction 1
beams from the titanium substrate is the same as the effect
on the beams from a clean surface4. Thus the copper deposit
has little effect on the adsorption of oxygen by titanium. {
This behavior is a confirmation of the conclusion that the y
deposit consists of oriented crystallites, with incomplete '
coverage of the titanium surface. The deposit appears to !
masgk only the regions of the crystal that are covered by the {

{

copper crystallites.
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The effect of the copper deposit on the diffraction beams
is not precisely reproducible. That is, the intensities of
the beams is not reproduced, although the angular positions
are., Examination of the data on the beams from the copper and
titanium indicate that the irreproducibility is not caused by
- errors in the amount of the deposit, but is rather a result
- of disorientations in the deposit. Part of this effect is
o caused bv the state of the surface when the deposit is made.

A cleaner surface generally results in a more oriented deposit.

1' Deposits on a deliberately gas covered surface were not car-
! ried out, however, so the question of whether or not any or-
- iented overgrowth of copper would have been observed on a

b completely gas covered surface cannot be answered.

Finally, it should be stated that no information can be
- given on the separation of the atoms of the deposit in the
?‘ direction perpendicular to the surface. The inner potential

) of the crystal causes a displacement in wave length of the
diffraction maxima. The low penetration of the electrons
causes this effect to be complex, so that it is not possible
to readily separate the effect of the inner potential from

the displacement caused by changes in the lattice dimensions
in a direction perpendicular to the surface. The inner po-
tential, however, does not affect the determination of lattice
dimensions in directions parallel to the surface.

CONCLUSION

The results indicate that the deposited copper is in the
form of oriented crystallites, with a lattice spacing in the
directions parallel to the substrate equal to the lattice
spacing in the (111) plane of bulk copper. Little or no var-
iation in the lattice spacing has been observed for all thick-
nesses investigated. These results do not suppqrt a mono-
layer hypothesis, such as that of Van der Merwe®, but are in
agreement with a nucleation hypothesisl; in which the sub-

v strate tends to orieny nuclei of the ceposited material. As
: the nuclei grow, the role of the substrate is relegated to

:’ that of a mechanical support. It would be expected that the
T forces attaching the nuclei to the substrate would not be

. large; this is born out by the disorienting caused by

N annealing.

f. It should be mentioned that the type of overgrowth ob-

served may well be dependant on the method used. In che pre-
sent case, there was a great difference between the tempera-
ture of the evaporator and the temperature of the crystal.
The results right te considerably different if the deposit

. was grown f{rom the vapor nhase by a more nearly equilibrium
r‘ process, or grown from solution.
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PAKT 3 SICOKDARY ELECTRON EMISSION FROM THE TI-
TANIUM CRYSTAL, AND FROM THE COPPER-COVERED
TITANIUM CRYSTAL.

With no chanee in the tube parts and only minor changes in the
electrical circuits, the electron diffraction apparatus can be used
to measure total secondary electron emission yields from the titanium
single crystal. The method is to measure the total incident electron
current, as a function of electron energy, by measuring the total
current to the drum and crystal. The current to the drum alone is the
secondary electron current. Thus the ratio of the drum current to the
combined drum and crystal current is the secondary electron yield per
unit primary current.

T
e
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Secondary emission ratios were observed after various surface
treatments of the crystal. These ratios, or yields, are plotted in
» Fig. 1 as a function of the energy of the primary olectron beam.
The zeros of the several curves have been displaced along the verti-
cal axls by varying amounts to minimize overlapping at the low-energy
end of the curves. Circles and crosses denote experimental points.
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The curve labeled "QUTGASSED" was obtained after heating the
crystal at 750° C. for 16 hours. The electron diffraction data in-
dicate that the crystal surface was somewhat contaminated. Since
the crystal had been previously cleaned by positive ion bombardment
m2ny times, the degree of contamination was not as creat as that
on a crystal which had been outgassed but not ion bombarded.l,?

The maximum yield for the outgassed crystsl was found to be 0.74 at
200 ev. primary energy.

The curve labeled "POS, ION BOMB." was obtained after bombarding
the crystal with positive argon ions for five minutes, using a current
of 100 micro-amperes and an ion energy of 500 ev. (assuming singly
ionized argon ions). The surface so obtained is presumeably free of
the stable layer of contaminant, but is disturbed enoush to greatly
broaden and werken the electron diffraction beams, It is also likely
that some arron has been driven into the surface by the ion bombard-
ment,3 The maximum yield for the ion bombarded crystal was found to
be 0.70 for primary energies in the range of 160 to 220 ev.

LA0an En uB arad

The curve labeled "CLEAN" yas obtained after annealing the ion
bombarded crystal s* a temperature of 500°C. for 10 minutes. The
annealing rermoves any argon which has been driven into the crystal,
end also the defects in the disturbed surface lattice3. The maximum
yield for the clean surface was found to be 0.73 at primary energies
from 180 to 200 ev,
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The remaining curves were tzken after making deposits of copper
on the titanium surface. In addition to the thicknesses as shown,
two others were used, --22 and 42 atomic layers. The yields for these
deposits are not shown in Fig. 1. Tae thickness of the deposit was
calculated from the orientation of the copper on titanium found by
low-2nergy electron diffraction, and reported in detail in Part 2 of
this report. The thicknesses given are average values, assuming a
uniform deposit. Actually, the «teposit is not uniform, but is com-
posed of oriented crystallites. The titanium surface is not com-
pletely covered by the deposit, except for very thick deposits. The
meximum vields for the copper covered surface were found to be 0.735
at 160 to 200 ev. (2 layers), 0.82 at 260 ev. and 0.82 at 500 to 550
ev. (12 layers), 0.88 at 500 to 550 ev. (22 layers), 0.91 at 450 to
650 electron volts, and 0.95 at 550 ev. (42 layers). This may be
compared with the yield of 1.26 st 600 ev. reported for bulk copper.4
The discrepancy is accounted for by considering that the secondaries
have a maximum depth of origin much greater than 42 atomic layers
within the crystal for primary enercies es high as 500 ev.

Fisure 2 is a plot of yield versus thickness of the deposit for
various primary electron energies. The experimental points at A and
B are for the outgassed and ion bombarded crystals (without annealing),
resnectively., Streight lines connecting the experimental points are
drawn for identification of points belonging to the different primary
enervies. The yield at 500 ev. is still increasing afier a deposit
of 42 layers, whereas the yields at 10 and 20 ev, tend to be constant
after the deposit of 32 layers. The maximum depth of origin of the
secondaries is therefore probatly less than 32 atomic layers, for a
primary energy of 10 and 20 ev. and ereater than 42 layers for a
primnary enersy of 500 ev. Trese conclusions do not apply to the
denth of origin of secondary electrons in bulk copper, since the
cooper deposit is non-uniform.

The electron diffraction data in Part 2 and the secondary electron
emission data in Pert 3 are not contradictory, but may not be mutually
substantiating. This is because the electron diffraction data are
obtrined by using only elastically reflected (or full energy) elec-
trons, while the secondary emission data include all of the reflected
and emitted electrons. The electron d.ffraction data are useful in
conrection with the secondary electron emission experiments because
they furnish information on the surface conditions of the crystsal
being investigated.
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PART 4

Ion Bombardment-Cleaning of Germanium* and
Titaniumt as Determined by Low-Energy
Electron Diffraction

H. E. FARNSWORTH, R. E. ScuLigr, T. H. GEORGE, AND R. M. BURGER

Barus Research Laboratory of Physics, Brown U niversity,
Providence, Rhode Island

(Received November 22, 1954)

N the process of carrying out adsorption experiments using

germanium and titanium crystals by means of low-energy
electron diffraction experiments, it has, of course, been necessary
to obtain clean surfaces in high vacuum. After many attempts it
became apparent, with both of these crystals, that the usual
method of outgassing at elevated temperatures for long periods of
time was not sufficient to produce clean surfaces which contain
considerably less than one monolayer of gas, as in the case for
many metals.

With the titanium crystal, a complicated, hexagonal, single
crystalline surface structure was observed after heating at 700° to
750°C for many hours which was oriented on the (0001) hexagonal
titanium face. In an attempt to remove this structure, the crystal
surface was bombarded by argon ions in a low pressure discharge.
After bombardment of a few minutes the diffraction pattern was
nearly obliterated. Subsequently, a short annealing of a few
minutes at 500°C resulted in a new diffraction pattern whose
surface spacing was the same as that of titanium.! Later experi-
ments showed that thisis probably a titanium surface which can be
maintained for a few hours at sufficiently low pressures. It was
further established, by means of the low-energy electron diffraction
technique,? that the new surface was etched parallel to the (0001)
plane, i.e., the one which was parallel to the geometrical houndary,
and the .ame as that which was present originally. This, of course,
is one of the most significant aspects of this method of cleaning,
where one wishes to expose a desired set of crystal facets. However,
it should be emphasized that these results are dependent on the
discharge conditions. One is not justified in assuming that the
same discharge conditions will produce equally desirable results
with surfaces parallel to other crystal plancs, until tests have been
made by the low-encrgy electron ditfraction method. The annealing
conditions are also critical and depend on the mass of the crystal
and its mounting.

It was observed in the abo  experiments that during the short
annealing subsequent to hombardment, the residual pressure in the
tube was increased to a considerably higher value than that
produced by a similar annealing not preceded by bombardment.
This is interpreted as an indication that argon penctrates the
crystal lattice during bombardment.

In order to obtain a clean surface of titanium it was necessary to
precede the ion bombardment by a thorough high temperature
outgassing to remove absorbed gas. When this was not done the
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diffraction pattern obtained after bombardment and annealing
was inferior.

In the experiments on the (001) face of a germanium crystal, it
was observed that a weak diffraction pattern cou!”’ be obtained
after outgassing the crystal for several hours at 600° to 700°C.
This diffraction pattern appeared to be characteristic of the
germanium lattice. Tt was never possible to increase the intensities
of the small number of observed beams to the point where the
identification could be made with assurance. In fact, in many cases
of prolonged heating near the melting point, the pattern became
weaker or disappeared entirely. It was, therefore, concluded that
the surface structure was not that of clean germanium but of a
compound with a relatively imperfect crystal structure resembling
germanium to some extent.

Subsequently, the aforementioned method of cleaning by ion
bombardment and annealing was attempted for the germanium
crystal. In the first attempt hydrogen ions were used instead of
argol.. since the experimental tube was equipped with a palladiuin
tube. The results were negative. .\ gas-handling system as then
installed so that argon could be admitted under controlled _cidi-
tions. The results obtained after argon ion bombardment are very
similar in nature to those obtained with titanium. The contami-
nating surface layer was removed by the ion bombardment, but

. the diffraction pattern was obliterated. After a subsequent short

annealing at 500°C, a sharp intense diifraction pattern was ob-
served which we believe to be characteristic of a clean germanium
crystal surface. This surface can also be kept stable under best
vacuum conditions for periods of several hours before adsorption
effects from the residual gases become observable.

The structures of these adsorbed gases are now being iavesti-
gated for both germanium and titanium with the use of gas
handling systems for known gases.?

* This part of the research was supported by a Joint Service's Contract
with the Massachusetts Institute of Technology and a subcontract with

Brown University. .
t This part of the research was supported by Othice of Ordnance Research,

. S. Army.

! This observation was first marde with a diffraction unit operated by R. E.
Schiier.

2 H, E. Farnsworth, Phys. Rev. 49, 604 (1936),

1 \We are aware of the fact that ion bombardment has been used previ-

ously to clean surfaces, but to our knowledge the method of low-energy
electron diffraction has not been used to determine the condition of the
surface after low-temperature annealing. For information on penetration of
tow-energy diffracted electrons and gas adsorption on c.pper and nickel
crystale, see the following. I, 7, Farnsworth Phys, Rev. 49, 605 (19361 35
1133 (1930}; R. E. Schlier and H. E. Farusworth, J. Appl. Phvs. 25, 1333
(1954); two papers in Bull. Am. Phys. Soc. 29, 35 (1954).

i PR OGN Y G S G GE W G oY P




T YT
o

L B s d e s Sl 2 s Jhan Sage e S B s diesh SRt e atunt JaglSaut Rine

DISTRIBUTION LIST

Cominandin.; Officer, Office of Ordnance Research
Chief of Crdnatce, Lepartuwent ot the Army
Director, iir University Library
Office of Naval Research
Commanding General, iberdeen Froving Ground
Commandins Gereral, Rock Island Arsenal
Commending Officer, Watertown Arsenal (L. S. Foster)
Technical Heprorts Library
Commanding Officer, Engineering Res. & Dev. Laboratories
Commander, U.3. Maval Proving Ground
Chief, Bureau of Ordnance (AD3)
U.3. Maval Ordnance Laboratory
Director, National Bureau of Standards
Corona Laberatories, National Bureau of Standards
Commanding General, Frankford Arsenal
Technical Information Service
Commanding General, Redstone Arsenal
Commanding General, Signal Corps Engineering Laboratory
The Director, Naval Research Laboratory
Jet Prorulsion laboratory
Commanding Officer, Watertown Arsenal (OMRO K. A. Moon)
U.S. Atomic Energy Commission
Director, Applied Fhysics Laboratory
Deputy District Chief, Boston Ordnance District
Commandirg Officer, Office of Naval Research
Commanding General, Air Res. & Dev. Command (Attn: RDR)
Commanding General, Air les. & Dev. Command (Technical
Library)

Armed Services Tech. Info. Agency
Commander Wright Lir Development Center
Chief of Crdnance, Department of the Army

For Transmittal to:

Canadian Joint 3taff (thru: CiwGU-SE)
Office of the Chief Signal Officer, Engineering &

Technical Division

Deputy Chief of Staff for Logistics, Dept. of the Army
Commanding General, White 3ands Proving Ground

HEWUTH RN N e e b b p b et b et B e b e PO

-

S

PP |




