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ABSTRACT .

Ahauftrahigh vacuum system has been constructed for the purpose of
filling discharge tubes with gasés witﬁout_introduction of impurities. An
ultimaﬁe pressure of 6 x 10-10 mm. of Hg. has been reached before filling.
.Two tubes have been constructed and filled with Neon without critical

" contamination.
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INTRODUCTION

It is well kﬁown that the presence of smglllamounté of ;mpurity greatly
. affgcts the spectroscopiq;emission of most gases and vapors. ‘It is gener-
ally observed fhat theﬂintroduction of a foreign gas may. drastically reduce
both the intensity of resonance radiatioq”and the coefficient of absorption
for many electronic transitions (1). The extent to which the impprity
affects the gas under study depends on the amount énd the naturé of the
impurity (2). Also, a particuiar impurity will affect one transition mofe ‘

than another;

In this laboratory; experiments performed on the absorption_pfopertiés-
of Neon'sﬁowed that the coefficient of absorption from excited states is
critically dependent on the purity level of the Néon gas. With the existing
facilities for the preparation of a Neon discharge tube it was not possible
to prevent serious contamination of the Neon. For this reason it was decided
that an ultra - high vacuum system would be built which could be used for the
preparation of gas discharge tubes. This'thésis deals with the apparatus and
techniques involved in the construction and operation of such a system. Some
aspects of ultra - high vacuum theory are also Qiscussed. The project
deséribed served as a link in a chain of experiments.performedein this

laboratory in order to measure transition'probapilities in excited Neon.

One possible reason for the decrease of intensity of resonance lines'in
tﬁe ﬁreséncq_of_a.fofeign gas is the depopqlation of exéited energy statgshbfi
atoms of the major consfituent because of collisions with the fqreign gas .

. atoms or molecules. Insteéd of giving_up'its energy in radiation, tpe'
excited atom-trahsfers éomevor-all.df.ité ekcitation»energ§ to the foreign
~ggs, which carries it off as kiﬁetic energy. The probability for this to

-1 -



-2 -

occur is obviously related to the probability that a collision will occur . .
between the two atoms. Hehce those states with long lifetimes are more
easily depopulated than those with very short lifetimes, and correspondingly
tﬁe effect of the foreign gas on the transitions from very shortlived states
is.smaller than on those from states with a relatively long lifetime, for

states with the same collision cross section.

The absorption properties of a gas are of course similarly affeéted By
impurities. ‘The effect may be particularly severe in the case of absorption
taking place from a metastable state to a higher state. The metastable
states have a lifetime of the order of milliseconds or more, and the proba-
bility for a collision to occur is very high. Hence the,popuiation density
of metastable states may beblowered to such an extent by the contaminant
that the absorptioﬁ becomes very weak indeed,” Meissner (3) reports in a
_paper on the absorption of excited Neon fhat even the smallest g;aceS‘of
HYdrogen present in the Neon discharge decreased the gbso?ption drastically.
Ladenburg (4) in a paper on the anomolous dispersion of excited Neon confirms
this and shows.that only under e#tremely pure conditions is one ab1e>to
observe effects dependent'onvsufficient populétion of metastable stateé,
such as absorption and anomolous dispersion in&olving transitions from these

states.

The experimental arrangement formerly used in ﬁhis laboratory forh?bt
absorption measurements was as follows. A discharge tube with windows on
the ends was pe;ﬁanently attached to a conventional vacuum system served byr
an oil diffusion pump. The system was pumped down to a pressure of approxi-

. _

mately 10-6 mm, of Hg. after"which it was filled with Neon to a pressure of

a few millimeters. Powdered Uranium was employed as a Hydrogen getter. A
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potential difference of about a kilovolt was applied across the electrodes of
the discharge tubeto give a steady orange glow of Neon. A continuum flash
backgroﬁnd source was used and the absorption of this light by the Neon dis-
charge photographed on a spectographi Since absorption lines of excited-Neon_
failed to appear in sufficient inte#gify on the spectrogfaéh undérAthe ﬁést
varied experimental conditions, it was suggested that although the greatest
care was taken to avoid contamination of the Neon, the system used was not
sufficiently pure for the measurements required. This was further confirmed
by the fact that uﬁon continued use, the color of the>discharge began to
deteriorate. Balmer lineS'df Hydrogen were also clearly visible on the
specfrograph whenever a picture of the Neon discharge by itself was taken.
With the use of ulérahigh vacuum techniques it was hoped fhat these difficul-
ﬁies céuld be avoided, r

The Neon used in this project was the purest available comﬁercially and

was reported to have the following impurities present:

Helium 80 parts per million

Oxygen ‘ 50 " " "

.Nitrogen 0 " " "

~Hydrogen 10 " " n / -

Water T " "
Hence the quality of the system used had to be such that the lével of impurity
did-not rise gignificantly above the quoted values due to the transfer of the
Neon to the discharge tube and its subsequent use, As will become apparent in
the rest of this thesis, this requirement necessitated the use of ultra high

vacuum techniques.

-



CHAPTER I
THEORY

Introduction

There exisf‘many-mechanisms which may be responsible for the change in
pressure in a particular system making use of the removal or introduction of
matter in the gas phase. ‘The most important ones are the following, assuming

leaks have been eliminated;

a. Pumping with rotary or diffusion type pumps.

‘b. Backstreaming from the pumping units.

c. Adsorption bf molecuies to the walls of the qontainer.

d. Desorption of molecules from the walls of fhe container,

e. Diffusion of molecules from the interior of the walls of the container.
f. Permeation of molecules through the walls of the container.

g. Electrostatic entrapment of iomns.

There are a number of ways in which these processes may be classified;
external pumping, adsorption and ion entrapment are mechanisms leaé;ng to a
decrease in pressure, while the others all tend to increase the.présgure in
the system; whereas oﬁé may at any time choose to turn‘off the pumps, tﬁe'
other processes go on at all times ﬁnd can not be simply confrolled. Pumping
and backstreaming»always occur at the same time, and adsorbtion and desorption

likewise. Desorption, diffusion, and permeation together are usually referred

to as '"outgassing".

In any particular system, not all these processes are equally important.
The relative importance of the different mechanisms generally depends on many
pafameters of the system, such as the pumping speed of the external pumps, the

temperature, the geometry of the wall material (e.g. surface to volume ratio),

A
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and the nature and condition of the surfaces exposed to the vacuum. Because
many of the processes invariably 6ccur at ;he same time ;t is,ofteh difficult
to distinguish one from the other, and therefore ﬁot much quantitative infor-
mation is available which would enable one to predict the behavior of a
vacuum system Qccurétely. The difficulty in predicting the syétem's behavior
is increased by the fact that no one system is idéqtical to another as.far
as its reactions to adsorption, desorption, diffusion, and permeation is
concerned. These mechanisms are always a function of the previous history of
‘the wall material of the system.- However, simple calculations based on data
obtained experimentally under more or less controlled conditions ;an give a
fairly good estimate of the relative order of magnitude of the diffgreﬁ;
processes in any particular experimental situation.v In what follows these
prdcesses will be discussed in éomé detail in turn, For each of the
procésses an expression will be derived which‘givés‘the rate of change of
pressure as a functiqn of time if only thaf particuiar process were in opera-
tion. After that the processes will be combihe& in one equation giving the
pressure as a fgnction_of time, in terms of all the differeptvparameters .
conneétedeith the separate mechanisms., It must be emphasized, however, that
all the Eplculations'only serve to at best give a semiquantitafive picture of
the behavior of a vacuum system. References can be found in any étandard |
book on vacuum technique. (See for example (5) or (6). For the adsorption
and outgassing proceéses, which are particularly of importance fof ultrahigh.
vacuuﬁ technique, a good reference is (7) and also (8)), The latter two also

describe the general requirements for ultrahigh vacuum,

1., Mechanisms Causing Pressure Changg;

a. Pumping with Extérnal Pumps.

The process of pumping with an external pump i1s nothing more than the
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‘ cdming to equilibrium of a gas which has an externally maintained pressure

,gradient set up in it. Consider therefore the following idealized system,

PI ’ VI > ™ : Pa" VE y N
T f T

|z | i

Enclosures I and II (with volumes v, and V,, pressures pluahd p,, number
qensities ﬁl and n,), characterized by temperature T, are joined by an
- aperture of area A. The stepfunction pressure gradient of height P - P

- appears at A. We assume that p, > Py-

From the Kinetic Thebry, for a gas of density n molecules per cc., the -
number of molecules striking unit area of a wall per unit time is given by
\Y = M —k;r—— (1)
2Tt
where k is Boltzmann's constant, m is the mass of one molecule, and T is the

absolute Temperature.

Hence we can say in the above model that the net number of molecules,
V,, , coming through the éperture A per unit time in the preferred direc-

tion (II to I) is given by

kT
v, = -n) A —
el (vwa : 3 N2Twm

We define the Conductance C of the aperture as the net number of mole-

cules traveling through the aperture in the preferred direction per unit time
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per unit density difference. Thus

v NMar A [ KT
C = Mz -n, - 2 T rm (2)
.The dimensions of C are easily seen to be E_]
(e
We now derive an expression for C in. terms of pj, Pos Vi, and Vz. From

the elementary gas laws,

F) = M \41—1_— 7 | - ®

so that, at constant Temperature,

dp A

As -defined,

. \%1 is the number of molecules traveling from II to I per second; hence it

is equal to the rate at which molecules leave II minus the rate at which

molecules enter II; that is

‘v,_)_i =—ac2(-_t(\f\1v2] -+ clt [W/\ \/]

Cth d\f\z_ d\/| d\/‘g

= 4)\4 \AL N, g% =~ V. I |

= \/7_&“1 Vi = C\“' (Vis constant)

Cﬂ i 'C3 2
v -l
T




-8 -

By equation (3), the difference in densities, n, - ng, is given by

Vo =YV, = TZS:;,‘—G’:-"P\\

Hence,
dp, -y Db
v, o Max =Vaax
C = Y\7.,—Y\\__ ' \‘97_ - %‘.

We now specialize this model to the case of‘pumping by defining enclosure
I to be an ideal pump, having the properties that ¥, = and 2Py = o

This defines C,as.the pumping speed S, and we have
— 2 dat
1 P2

From this we obtain the equation for the'pressure rate of change due to

s =

pumping‘in enclosure 11, dropping the subscripts,’
S , i
e v R ®

The idea of pumping speed can be:very naturally extended to include all-
. mechanisms for the removal of gas out of or influx of gas intd a system; it

is. then defined by the equation

Q = 9Sp | | )

where Q is a measure of the flow of gas into or out of the system; the -

dimensions of Q are pV per unit time. In this thesis we shall use the rather
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convenient pV unit of mm. of Hg. - lite;s,fabbreviated mm. - liters. Thus an
influx of géé”Q of 10 mnm. - liters pé;’second means thatufor a one literr
system the pressure will rise 10 mm. in one second. This quantity Q. is par- .

ticularly useful if the rate of gas influx into a system is constant,.

We note from this derivation that the rate of evacuation for any type of
pump‘ipvblving the kinetic flow of gas through an -orifice is directly propor-

-

tional to the quantity —— . This means, for example, that Hydrogen is
128} - -

pumped five times as fast as Nitrogen. We also see that the minimum cross-

sectional area of the system opening on the pumping side sets an upper limit

to the pumping speed of the system; for Oxygen at room temperature this value

is approximately

11 Ay, liters/sec.; Amin: in cm2

Equation (4) is of course only true for an ideal pump. We have neglected‘
the drag introduced by the walls of the tubing to the pump,»aﬁd also the back-
streaming wh}ch is always present to some extent in every pump. The first
effect is not so important for our pufposes; this merely changes the effective
pumping speed at any particular point in the syscgﬁ. The second effect will

be discussed in the next section.

b. . Backstreaming from External Pumps,

No practical pumps satisfy the defining requirement of the ideal pump,

viz, P|-.-_—O , and gﬁ:@

going from Ehe~pump to the system, This flow.is generally constant in time

In practice, a steady flow of gas is present

and independent of the pressure in the system. We must consequently rewrite

equation .(4) as follows:

Ho-ve % o
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Where C}_b is the quantity of gas flowing back in units of pV/t. An

equivalent way of expressing this is by writing

3—5; = -%(PiPQ

Here p,, must be defined as GEL? , and can be -seen to be the ultimate pressure

attainable with any particular pumping speed S and backstfeaming influx Qb'
Once again we emphasize that this is only applicable toxa system in which one
may ignore all other effects (e.g. mechaﬂisms c-f, page 1). Often this is
not the_case in practice, and the ultimate pressure lies considerably higher _

than py.

c. Adsorption.

- One of the most important phenomena occuring in ultrahigh vacuum systems
is adsorption of gases to the walis of the system. Generally the distinction
is made between physical adsorption, where gas molecules are ﬁeld to the wall
material-by relatively weak Van der Waals type forces, and chemical adsorpr'
tion, where molecules combine chemically with the wall material. The latter

“processbis often accompanied by dissociat}on of ges molecules, and the'bonds
between the gas and wall material are usuaiiy much stfonger than those of .
pﬁysical adsorption. In thie thesis we shall treat physical and chemical
adsorption in the-same geﬁeral way, although strictly speakiné it is not
correct to do so, since as mentioned, chemical“adserption is often a more than
one step process. Since this would ‘involve us in éoo many details and special
cases at‘the expense of clarity, and since the assumption is not critical, we
shall assume that physical and chemical adsorptign occur in the same manner,
the only difference beéween them beiné the energy of adsorption. The assump-

tion appears jpstified for calculating orders of magnitude.



- 11 -

The pumping action due to adsorption depends on three things in general:

- Pressure. (This determines the rate at which molecules
strike the wall.)
- Surface area of the wall,
- - Sticking probability.,'(The probability that on striking

the wall a molecule will be adsorbed.)

We can thus write for the number of molecules adsorbed per second,

él—vt\é = c v(p) A | m

Where ¢ is the sticking probability, A is the available surface area, and

v(p) = n(p) /2’% (Fos squsien @ 9

is the number of molecules striking a unit area per unit time. Hence, using

equation (3), we obtain,

dp _ _kT dN
dxt d

T DR = - kTC\?(P)A

It is convenient to express. Y in terms of the pressure; using the gas law

o - B BT,

dp _ _
dx

we obtain

and therefore .

(\C,/\ j%;: ¥3 - §fE P '(8)

2Ty

A
V

i
<

2
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2Twm

S,- Although its form is quite similar to the pumping speed derived for

The quantity Cl/\ is a pumping speed, (c.f. equation (4))which we call
external pumps, it differs from the latter in two important respects. Firat
of all, the area A hefe refers fo the effective surface area of the wal
materiai, whereas for the external pump A stands for thewsmallest crossec~
tional area of orifice to the pump. The former is‘usually several orders of
magnitude larger than the latter. The  other difference is the stickihg
probability factor c¢. This quantity is difficult to determine for a particu-
lar system, ‘It depends first of all on the gasewall mate;ial combinétion.
Furthermore, as can be expected for an adsorption process, it depends on the

' sufface coverage of the wall material. -Measurements have been made by Foner
et al. (9), Schafer and Gerstacker, (10), and Becker (l1). The latter deals
specifically with chemical adsorption. The results can be generalized by
saying that.for a clean surface ¢ is of'the order of 1 for most combinations,
© varies directly as the percentage of tﬂe surface not yet.covered during the
fo;mation of the first monolayer, and drops rather rapidly fdr second and
highéf order monolayers. For a clean sﬁ;face it can be seen that S, repré-f
sents a very.formidable pumping speed. Howéver, systems beiﬁg”pumped'down
.from atmbspheric pressure &o not have clean surfaces in the abbve‘seqse,“gnd
the pumpiné'actiOn is therefore of little or no signifiqgnce. In most unbaked
systems, on the other hand, as we shall see in the next"gection, the feverse
process of desorption is_then_mo:e prevalent. ‘In a baked system adsorption
pumping can play a ;éry important role. This willlbe discussed in more detail

later in comnection with the other processeé.

To give an'idea of the numbers involved in adsorption, the following
table has been prgpared. We assume that in an equilibrium situation at any

pressure a monolayer of gas is adsorbed; this corresponds to a'Surface.density
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of molecules of the order of 5 x 1014 molecules pér cm.é. The laét column
then gives the ratio-of mélecules in the adsbrbed phase (Na) to those in the
- gas phase (Ng), for a spherical container. The large ratios at low pressures
should serve to convince any sceptic of the importance of the surface effects

.in ultrahigh vacuum technology. If one were to liberate one monolayer of gas

TABLE I
P N _ N Ng
mm. Hg mol.%cc. mol.?cm2 /Ng
1 3.3 x 1016 5 x 1014 7.5 x 103
10- 3.3 x 1010 5 x 1014 7.5 x 103
10-11 3.3 x 10° 5 x 1014 7.5 x 108

from the surface of a one liter sphere into a perfect vacuum, the pressure
would rise to 7.5 x 10-3 torr (1 torr = 1 mm., of Hg.). It is therefore of
gréat importance to study the process of desorption as well as adsorpfion;

This will be done next.

d. Desorption.
As indicated above, the process of adsorption is always accompanied by
spontaneous desorption of molecules from the surface of the wall material.
Ihe average time that an adsorbed molecule remains on a surface is given
approximately by
N - Eg ’ o ,
+t. =1, ¢ 7 (9

[\

where Ej is the energy of activation, corresponding to the gas-wall material
combination; T is the absolute temperature; and t, is the period of thermal
oscillation of the adsorbed molecule normal to the surface. Normally t, is

~ about 10-13 seconds. It follows from the above equation that the rate at
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which molecules leave the surface on the average is given by

INe N Nack) (B
Jx T, t, © RT

where Ny(t) is the number of molecules per square centimeter adsorbed to the

surface at any time t. In terms of changes in pressure, we obtain

' ' . . Eq
dp _KT(_ CD.'OL)_kT oA " & an
a‘%“\/<Adt =V t, ©

 it should be noted at this point that the rate of rise in pressure due to
:desdrption dependé exponentially on the quantity E3/T. To give an idea of
the orders of magnitude involved Table I1 has been prepared, which gives the
‘rate of rise in pressure for a one liter spherical system (dué to desorption
only) as a function of activation energy, at rqomktempefature, when the sur-

face coverage is equal to one monolayer of gas, which is approximately 5 x

»1014 molecules/cmz,
| TABLE 11
Ed | .dp )
dt

Kecal. /mole. : mm. /second.
1 1.42 x 107
5 ' 1.83 x 10%

10 o 4.20
15 : 1.05 x 1073
20 | 2.6 x 1077

Thé”importance of the temperature and activatioén energy in the desorption
>process is clearly brought out by this table, Typical values for Ej in prac-

tice are: Physical adsorption (inert gases - glass e.g.) 1 - 10 kcal. per
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mole; chemical adsorption (Oxygén; Hydrogen - metals e.g.) 10 - 50' kcal per

mole.

e. Diffusion.

The diffusion process is also of great importance iﬁ ultrahigh vacuum
work. The mechanism is as follows. Gases“entrapped in the interior of the
glass or metal during manﬁfactﬁre‘orvabsorbed 6n loﬁg storagé diffuse out of
the material and into the wvacuum system, thereby causiné a change in the
éressure. A good general reference to thé diffusion process is Barrer (14).
Much early work on this subject was performed by Sherwood (12) Qnd more |
recently by Todd (13). The latter did ekxtensive méasurements on the diffﬁe
sion out'of glass and foﬁﬁd‘that thé'principdl constituenf given off by the
glass waé water vapor at a rate which varies as théﬂinverse square root of

the time!

il
dQu4 _ ky £ 7 (12)

S|

o

et

Here deis the .amount of water vapor given off by the diffusion process in
units of pV. The point t = 0 corresponds to the glass or metal being exposed
to the atmosphere. The quantity kg is related to the diffusion coefficient

by the relation

| .
‘2 - 13)

ky = C, D
where C, is the initial conceptratioh of the gas in the solid, and D is the
diffusion coefficient of the particular gas-solid combination. D is a
function of temperature: Q

D = D, e KT ~ (139)
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where D, is a constant and Q is the heat of diffusion in cal./mole.

We can combine equations (13) and (13a) and write in genéral
| _E
ka = K, & RT

where K,, E are constants associated with the gas-éolid combination. Todd

- (13) gives for diffusion of water vapor out of borosilicate glass the values
_5 | |

K, = 4x10 mm.\/ 3 E = 9020 cal/
° LTI mole

Corresponding to the diffusion process, the rate of rise in pressufe ié given '

by the relation

| -%
= -A\/—kd‘t 2, R (14)

o

Again an order of magnitqée calculation will show the importancé of the tempe-
rgtdre in the diffusion process,' Supposejan unba?ed system is pumped down |
for 4 hours and closed off‘from the pumps. The pressure rise at fobm tempe-
rature during the next 4 hours due to diffusion using the above equations
wou}d correspond to 2 x 10-6 torr. We assume a one liter sphérical.sysﬁem.
Now suppose tﬁat while pumping. the system down we had baked the entire system
at 7500 K. for &4 hourg,vand upon cooling had closed the system off from the

© pumps. Dufing the next 4 hours, the pressure would rise by only 2 x 10'10
lﬁorr due to diffusion. The figures speak for themselves. Because the a}bpe

1/2

of the ég -versus t curve is so much steeper at 750° K. than at 300° K.,

dt

4 hours of out gassing at baking temperature has the same effect as approxi-
8

mately 10 hours at room temperature. This corresponds to about 1000 years!

Another aspect of diffusion worth considering is the fact that it goes on for
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‘a very long time; Todd (13) reports that the diffusion follows the El/z law
for the.ofder‘of a year'even at 800° K.

i

' f.' Permeation.

The‘permeation of gases through solids is of fundamental importance in
tbat'it usually sets thellimit on the vacuﬁm obtainable for any particular
syépem. The fhenomendn has been extensively studied by Norton (15). The
process involves several steps and ié a combination of the last three mecha-
nisms discussed (adsorption, desorption, and diffuéion). Atmospheric.gases
are adsorbed to the exterior surface of the walls where théy diésol&é.into
the wail material. They are then;diffused through the wall material, énd'_
subsequently desorbed into the vacuum. . In some cases the gas dissociate; on
adsdrption (e.g. Hydrogen permeation through:steél), and the permeation then
takes ﬁlace.in the atomic state. In such cases the-permeation rate varies as
the square root of the pressure difference. In the case of permeation through
glass, no disSociation generally takes place. The permeation rate is then

given by the emperical relation,

d&) ‘_ | (P‘;-_.L;;-‘Pzax) o . (15)
s A TRl "

| %

rature, It varies with temperature according to the relation

Q |

k. is a constant depending both on the material of the walls and the tempe-

ke = Ce

where Q is the Heat of permeation. Equation (15) is analogous to the well
known heat transfer equation; p; is the partial pressure outside the system

(atmosphgric) while py is the vacuum pressure, A the surface area, and d the
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thickness of the wall material. In normal situations, Py << P1» while
P1 is constant. Hence the rate of influx is constantfto a very good approxi-

matidn;.-We_havesa correspondingfrate of change of pressure given by

dp 1 4G _ A P
at -~V gt T thv g “n
It turns out that of the atmospheric gases, Helium_per@eateshmost tapid-
‘ly through glass This 'is not‘only ‘borne out by the meesurements of Norton
(15) but. Alpert and Buritz showed in a very interesting experiment (16) that
" .the ultlmate lower limit on the pressure in a ultrahigh vacuum system is
‘ set,by the permeatlon rate ofphellum through glass, which they measured to he

‘ approxiﬁétely 5 x 10‘13 mm. liters/sec. This is still a very small rate, but

,iﬁportant for very high vacuum work.

- 8. lon.pumping.

-Ton pumping-in a vacuum system isg achieyediin thexfollowing manner.
Electrons from a'source are caused to accelerateh\in an electric ‘field until
“they have enough energy to.ionlze’atoms and. molecules. The-positiVe ions. —

thus formed- are ‘then collected on a. negatively charged electrode ' Special
.pumps have been de51gned utilizing ion pumping, but they were not used in
this prOJect However, even an ionlzation gauge acts 1ike a pumpﬁbecause its
operation depends on the collection of ions on a negatively charged electrode,.
The construction and operetion‘of the ionization gauge willphe d18cussed in
'detail later, end_therefore‘we»shalllnot‘go into thevdeteilsiof the pumping
iuechanism now. The decrease in pressure.duezto,therion-pumping;can be .
‘described-by:anveouationvvery sinilar to equation (4)
o S

= \/‘4 |
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where S; is theApumping speed due to ion pumping. An expression for S§; in
tefms of the parameters of the gauge will be derived later. It should be
noted that there is little backstpeéming in an ion puhping arrangement such
as the ionizatiqn gauge. Hence the gauge lowers the pressure until the out-
gassing rate of the sygtem is.équal to the pumping rate of the gauge. This

is of particular importance in well baked systems for which the outgassing

rate is small,.

. 2. Pressure Equation.

Having briefly discussed each of the important mechanisms in the
evacuation process, we shall now make a quantitative estimation of a vacuum
system's behavior, by combining these mechanisms into one set of equations.

We obtain the follbwing~

dp _ { (N9, - o2
dt  V Te =

$

+ kd‘(:fz.+ \<P %’3—) + Qb}

dNe . N "wT c(w&y e S a9
at =~ &, ¢ - | 2T F(’Q

o= c(NA S |

W
i

A summary of the symbols used is given below.
V' is.the volume of the system.

S 1is the puﬁping speed of the.extefna1 pumps.
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S, is the pumpingvspeed due to adsorption.
8; is the pumping speed of the ion pumps.
A 1is the area exposed to the vacuum.
t,. is the period of oscillation of adsorbed molecules in a direction
normal to the surface. |

2 of surface area,

N, (t) is the number of adsorbed molecules per cm.
k is Boltzmann's constant,
T ié the absolute temperature,
m is the mass of one moiecule of gas,
E4 1s the energy of adsorption.
kd is the constant associated with diffusion (equation 13, 13a.)
kp.is the constant gssociated with permeatiop (equation 16.)
¢ is the sticking probability .(equation 7.)
Pa¢ is the partiai pressure outside of the system of the permeating gas.

d is the thickness of‘the wall material.

Qp is the backstreaming rate.

Equationé (19) cannot Be solved simply as they stand; if Na(t)‘is eiiminated,
we obtain azéecond order equation in p which is nonlinear. Tﬁe nonlinearity
‘18 the result of the fact fhat the pumping actioﬁ of the walls is dependent

on both the pressure and the number of atoms already adsorbedf The importance
of this process varies with the condition of the vacuum. Itiggnnot.bg neg-
lected whgp iglgome way the wall surfaces are made free ofradsofbed gas for

a short period.of time and then left to adéorb molecules from the gas phasevof
the system. This occurs when the system is heated to some temperature above
room temperature and‘then left to cool. Later considerations will bear'this
out. However, when the system is pumped down from atﬁospheric preésure and

has not been baked, the walls are not likely to do any pumping because many
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mbnolayers of gas are already adsorbed and the sticking probability ¢ is
therefore small. Hence in sucH a case it is justifiable to neglect the terms
associated with a&sbrption pumping. This will be done in our calculationm,
which appliés to pumping on a system starting from atmospherié pressﬁre.b We
shall also neglect the t-% dependence in the diffusion tefm; and assﬁme the
diffusion to be constant in time. The reason for this is that a solution in
closed form can not be obtained if the t-% dependence is left in. The impor-
‘tance of this term is not in- the time dépendenée but rather the temperature

dependence, ‘as is borne out by the sample calculation on page (\6).

Hence we write the following equations indtead of equation (19)

ZL-‘DE l—v{ (5+5)P(*‘-)+A(N T RT : 20

dN, _ N &) -=£ (21)
Solving (21) for N (t), we obtain
“Ea
| t ! (22)
N,a ('E) = N&CO) MP (\ —"Eo < <7 (

We define the following quantities:

KX = —\\7(S+SL)

o = 4 B (- S)
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We then obtain, substituting (22) in (20), using the above definition,

Cé—f:_ﬁ —xp + @Q_—M'_,_X (23)

We now solve this equation with the initial condition

b(0) = bo

ot
We rearrange equation (23) and multiply by e . This gives
dp =t ot e
c—l-% < + Xpe - (52- - + Ye -
Then : :
a4 dt) | — (Z=a) X ot
ZK;L F>€L = §> e -+ \{ e
So that ‘
ot (A=)t <
pe™ " = ge + \(g e
— B —(x-yt Y
= = e 3 + EZ' s X -+'(l
M- ol o
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Hence

Hence the solution is -

RN e R AT T

X
As can be seen from this equation, the time independent part ;"li s
determines the ultimate pressure. }( is a measure of the influx of gas

due to diffusion and permeation, while' CK is a measure of the‘pumping
speed of the system. ?{ can take on many different vaiues depending on
the material of the vaéuum chamber. In the sys;éﬁ used for this.project,

the wall material was mostly glass,‘although metal valves were used. For the
purposesof calculation wé shall assume thét we have a one liter glass system
of surface area 1000 cm?. Later we shall see hqw the pfesenée of metal parts
changes the situation. We shall also assume that we are pumping on this
system with a pumping speed of one liter per second at a temperature of 300°

K (appfoximately room temperature). We first determine

v (ke ) - Q
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From Todd's measurements (13) on Pyrex glass, we have initially, (t = 1 sec)

kg = -4 x 10 -\ mm,'\'\\-_e\(s/cm"\_"sct,.

(800 ° k)

" According to experiments of Alpert, Buritz, and Rogers (17), the major influx
of gas due to permeation of glass is in the form of atmospheric Helium, and
from measurements of Norton»(lS) we calculate

RF = 9x \o'M— mm likers /emtsec

for unit pressure difference and thickness l'mm. Again, Q is verylmuch a
paramater of the system uged; here we shall assume that Q. is vefy small
compared to the diffusion and permeation influxes. In practice this is not
true, qertéinly not at room tempefatufe, unless very effiqient.traps are
'used.’ However, assuming Qb to be small does show up other limitations of the
‘vacuum system fhat are not so obvious. |

The pértial pressﬁre_of Helium in the atmospher is 5 x 10-3 mm. éo we get

| A
Y ;—(\.4x\0-“ + 4.5 X\o—\6>7 mm- \/5“‘

For a one liter system with surface area 1000 cm? then, we obtain

g \2

Y = 1.4 x\o~ +4.5 X0~ mm. ./ ee
" The perméation rate 1s much smaller then the diffusion rate for an un-

baked system and can be neglected at this stage. Once the system has been

baked, however, the diffusion rate is much smaller (see pagé ), and then
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the permeation rate is much more impoertant,

Since 5;- is the pressure at t = O , we shall call it P,, the ultimate

pressure. Since X = 1 for our sample system, we have
py = 1.4 x 10°® wm. of Hg. .

Several points should be noted at this stage. First of all,no m;ntion
was made of any nqﬂgaseous contaminants which may be on the glass, such as
grease or o0il fiiﬁs deposited while the glass was being handled. These con-
taminants may have a very high vapor pressure c;mpared to the value of p,
quoted above, and set a correspoﬁding limit on the pressure that can be
achieved. Considerable amounts of gas may also be frapped in the contaminat-'
ing film and the relegse'of this gas, which is not nécessgrily governed by
one of thé described processes, can cause the pressure to stay high for con-
siderable length of time. Our figures are therefore applicable only to
systems which are not contaminated beyond having been exposed to.tﬁe atmas;
phere for some time. A second point is that while p, sets a limit on the
pressure that can be achieved, we do not know how long it takes to reach this

pressure until we have evaluated the time dependent part of equation (24).

This may in fact be a very long time, depending on the val@es of Gb and >\ .

.In or&er to'givelan idea of the time dependence of the pressure in the
system,.a table has been prepared giving the value of the pressure as predicted'
by equation (24) at times t = 15 minutes, t = 24 hours and t = 10 days for the
sample system used above. The parameter which is varied is E4, the energy of
desorption. = The reason for doing this is that E4 varies for different gas-

solid combinations. Measured wvalues range from 20 cal. per mole (the heat of

vaporization of liquid Helium) to several hundred thousand cal. per mole (e.g.
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the activation energy of oxygen on Titanium is 236 kcal. per mole.) Not much
quantitative data is available for gléssngas systéms. Tuzi and Okamoto (18)
report E4 for water on glass in high vacuum appafatus to.be between 13 and 40
kcai.per mole. Because the values of Ej for the various gases and vapors in
the systém are not well known, we have calculated the preggure time dependence
for various values of Ey, in order to see for which values of E; the desorp-
tion process is important from the point of view of réaching high vacuum
quickly. )

One diffiéulty in computing the values of the téble is the choice of a
suitable initial value of N,, the number of molecules adsorbed. Briggs (19)
gives a figure for water vapor on glass of the order of 5 x 1016 molecules/cm?
- while the number of Nitrogen molecules per em? is given as 5 x‘1014 mol. /em?.
This is in.agreement with obsefvations by Todd (13), who reports that 99% of

the gas-desorbed from glass on heating is water. Hence we have taken Na(0) to

be 5 x 1016, The table is given on page (27).

The results of- the calculations show that if our assumptions are correct,
there exists a definite range of desorption energies for which the outgassing
process impedes the speedy production of high vacuum.- Thié rénge lies between
20 and 30 kcal. per mole for the p, calculated above,< vathe Py happens to
be lower, fhis range is correspondingly extended;b Qualitatively, these resﬁlts
mean that for low energies of desorption, the molecﬁles are pumped off the
walls in a very shqrt time because they are bound b& very weak forces. For
high energies, on the.other_hand, the moleculés are so tightly bound that po~
appreciable desorption takes place. It is for the middle range of energieé
tHat desorption takes place at a rate which keeps the vacuuﬁ of low quality

for loné times. It is likely that water vapor and other active atmospheric:

Cont'd on page 28.
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TABLE (III)
Eq p (t = 15 min.)|p (t = 24 hrs.) |p (t = 10 days)
(mm. of Hg.) (mm. of Hg.) Jmm. of Hg.)
1 kcal./mole Pu Py Py
10 kcal./mole Py Py Py
20 kcal./mole Pu Pu Pu
21 kcal./mole 1.8 x 10-4 Py Pu
22 keal. /mole 4.0 x 10-4 P, Py
23 keal. /mole 2.0 x 1074 Py Py
24 keal. /mole 6.0 x 10-° 1.1 x 10-6 Py
25 kcal. /mole 1.5 x 107> | 6.0 x 107 Py
26 kcal. /mole 2.4 x 106 2.0 x 1076 4.1 x 1077
127 keal. /mole 4.5 x 10~7 4.5 x 1077 3.3 x 10-7
28 kcal./mole 8.9 x 10-8 8.9 x 10~8 8.9 x,10-8
29 kcal./mole 2.5 x 10-8 2.5 x 10-8 2.5 x 10-8
30 keal./mole | 1.7 x 10-8 | 1.7 x 10-8 1.7 x 1078
31 kcal./mole Pu Pu Pu

Table showing the

time dependence of the pressure as a function of Eg, the

. energy of desorption, for. a glass vacuum system at 300° K., Volume 1 liter,

surface area 1000 cm

pumping speed of 1 liter/sec.

2

ditions and is equal to 1.4 x 108 mm. of Hg.

, initial surface coverage 5 x 1016 mol./cm?; with a

p, is ‘the ultimate pressure under these con-
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gases are bound to the glass with energies in this middle range.

The calculations show the importance of the parameter E4 in high vacuum
work, If we know Ej for a particular gas, we can see whether this gas is
going to be present to any extent in the residual gas once high vacuum has
been reached. It ma& be, for example, that in a particular system all
atmospheric gases are desorbed rapidly except one, say Hydrogen. The residu-
al gas may then be 90% Hydrogen, while in the atmosphere Hydrogen is only
present in very small amounts. While this is not likely for glass systems,
and probably not to such a large extent in most systems, it must nevertheless
be realized that "selective'" pumping can occur in this manner, and that the
composition of the residual gas is not governed so much by the composition of
the gas before pumping commenced, but rather by the mechanisms involved in
'tﬁe pomping process. Because so little quantitative data is available that
‘can be applied in genefal to a vacuum system; it is very difficult to predict

what the composition of the residual gas will be. It is needless to say that

such a prediction would have been of some interest for our system.

We shall next discuss what happens when the system as a‘ﬁhole is heated

by means of an oven. This process, called "baking" 1is one of the most

s

effectivo ways of reaching pressures which are less than 10‘8 mm. of Hg.
(ultro-high vacuum). We can no longer solve oquation'(24) in the simple
manner as before, becaose.the“temperature is now also a function of time.
However, in order to see why the vacuum imoroves, it is sufficiont to analyzev

what happens qualitatively during and after baking. First of all, the term

Y

= becomes several orders of magnitude smaller, as was shown on page

(\6). The high temperature causes so much water vapor to diffuse out of the

glass, that the diffusion rate at subsequent lower temperatures becomes



- 29 -

negligible compared to the permeation rate. The latter, which also changes
with temperature, comes back to its original value on cooling rather than a
lower value, because it does not depend on how much gas is in the glass mate-
rial, buthrather on how much can go through the material.

'

Suppose we bake for six hours at 700o K. Upon cooling kd, the constant
associated with diffusion from inside the glass,-is calculated to be.Z x 10"17
mm.liters/cm2 sec, kp is unchanged, and equal to 9 x 10-14 mm.liters/cmzsec.
for He as before; Hence p,, the ultimate pressure is given by |

b= 3= Ll L L@,

. —14 —13
2X10 + 4 x\0 + %ﬁ 2220}

We can at this stage not neglect Q,; no matter how well we frap the backe
streaming oil, Q  is bound to be larger than 4 x 10-13 mm, 1iters/sec.

Alpert (20) shows that'exposure:tovthe pumps eventually destroys the ultra-
high vacuum rather thaﬁ'maintain it. Hence the system is usually closed upon
cooling and ion pumping used to obtain and maintein an ultrahigh vacuum. The
process of ion pumping will be described in a later section, but we can éay
now that the backstreaming rate from an ion pump is much smaller than that of
a diffusion pump, so that again we can negiect Qs compared to the influx due

to permeation. This was experimentally -shown by Alpert and Buritz (16).

Thus the permeation process is now the most importart, and sets the

fundamental limit on the vacuum,

The surface gases, which for unbaked systems caused slow net pumping

speeds, are rapidly desorbed at the baking temperature. The range of values
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of Eg, which will cause difficulties in pumping at _700o K. is now shifted to
45 ‘kcal. <L E4 < 70 kcal. . Hence any gas or vapor with value of Egq . in
the troublesome range between 20 and 30 kcal./mole. will be rapidly desorbed
at such a high temperature AlthOughion cooling some gas will be reaosorbed
much of the desorbed gas will be pumped away while the system is still warm

and ‘hence the surface coverage after-cooling will be several orders of magni-

tude smaller than_before; with a corresponding lower pressure..

The presence of metals in the vacuum system can alter the behavior
significantly. The.desorption process is not mucn.different from'that asso-,
ciated with glass, although,‘es mentioned before, metals tend to have more
nongaseous contaminants on them, which may alter the desorption. The diffu-
sion out of metals is of more importenee, however. Gases dissolve in the
metal in large quantities when the metal is cast, and nhen‘exposed to a‘
vacuum these gases diffuse out. Again, the rates of diffusion -vary greatly
with the particular glass metal combination. An extensive account of diffusion
'of gases in solids is given by Barrer (14), and‘it would not do the subject
any justice to discuss it in this.thesis. We can say in general, however,
that the lighter gases (Hydrogen, Helium) diffuse the fastest, and particu-
larly at elevated temperatures this diffusion may cause serious influk of gas.
In order to illustrate these p01nts we ‘use equation (13) and. (13a) to compute
kq. (see equation (14)), for some gas-metal comblnations at room temperature
before,baking. Data'for the different ges-metal,combinations are takeﬂ;out:of‘
Barrer (14). Wenmust choose a typioal rslue for C,, the»initiel concentration
of gas dissolved in.the metal. . Since this varies for different samples,’we
také C, to be .l.co(NTP)/cé. of metal. This gives a rough upper limit to kd'

Typically C, is between 10-5 ¢¢/cc and .1 cC/cc (see (7), p. 356).

We then obtain:
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TABLE IV

Gas metal v kq (upper .limit)
Combination (mm. liters/cmZsec)
N - Fe 1 x 10-14
“Hy - Ni | 3 x 10-6
H, - Fe 6 x 107°
Hy - py | 4:x 1073

For comparison, the value obtained for diffusion dfiwater vapor out of

-11

" pyrex glass was 1.4 x 10 mm, liters/cm? sec. The results show that if

sizable pieces of metal are in the system, the diffusion of Hydrogen out of
these metals may be of importance. It must be remembered that the values of
ky quoted?are an upper limit, and that actual values may be lower, depending

on the concentration of the gas in the metal. Baking will lower the value of

ky by several orders of magnitude, as shown before.



CHAPTER II

APPARATUS

The apparatus used for the production of ultrahigh vacuum'will be des-
cribea\next. A schematic diagram of the general arrangement‘bf the system is

1

. given in figufe ).

1.  PumEs.

a. 'MEChanical backing Pu@p.

%vgwo stage rotary v;ne pump of pumping speed 1% litgr per second was
used to bring the preséure down to about 10 microns of Hg. The reason for
having this type of mechanicallpump_is to p?ovi&e a suitable backingjpréssure
for the diffusion pump (see below), thch will ﬁot oéerate at pressures above

100 microns of Hg.

b. Diffusion Pump.

The diffusion pump is one of the most widely_used instruments for the
production Qf ultrahigh vacuum. Generally the distinction is made $EtweEn
‘two types, the.mercury diffusion pump and the oil diffusion pump. Both types
have certain advantgges and disadvéntages; The principal advantages of the
mercury pumps are: - a) the pump fluid can be easily trapped at liquid
ﬁitrogen temperature, Fhereby reducing the backsfreaming rate, and b) the
:pump.fluid is stable;vi.e. no products are produced by thermal break&oWﬁl
However, 0il diffusion pumpé are more widely used in spite of the fact that
they do not have the above-mentioned advantages because the pump fluid.is
lessldangerOUS. Also, recent development of low vapor pressure oils and
efficient trapéing.systems have greatly reduced the backstreaming problems.
In this %roject, an oil diffusion_pump{was used. Its mode of operaﬁion will

bérdescribed briefly.
' - 32 -
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Figure (2) illustrates the design of the oil diffusion pump used. The
casing is water cooled and an electric heater for the e@aporation of oil is
installed in the base. - The jet system consists of.three concentric tubes
terminating in nozzles, together with an annular nozzle system as shown. The
oil vapor rises in fhe’tubes and issues from the nozzles at supersonic speeds.
The gases from the vacuum chamber diffuse into the jet of oil Vapor and are
Efapped by the oil droplets. The oil subsequently condenses on the wa;er;
cooled walls of the pump, where thé‘frapped air is liberated and pumped off
by’the backing pump. The umbrella shaped jet of oil vapor issuing from the
nozzles acts as a diaphragm in that it keeps gas molecules in the high
pressure area beléw.the jet from escaping back into the vacuum system. For
a more complete account of the physics involYed in the operation of the

diffusion pump see for example Dushman (5).

In order to reduce the backsfreaming from this pump a specially designed
baffle was installed at the vacuum side of the pump which utilized water
cooling to condense any vapors that escaped from the pumping.unit into the
,vacuum system. Although such a baffle lowers the pumping speed of the pump,
its use is essential in'order that the system will not be contaminated with
oil from the pump. The ultimate pressure attainable with the pump is also
lowered because of the reduced backstreaming. Figure (3) shows the design of

" the baffle.

Even though the backstreaming is reduced by means of the water-cooled
baffle, small quantities of oil vapor will still find their way into the
vacuum system., As was shown by an experiment performed.by Alpert- (20),
prolonged pumping with a diffusion pump, even though properly baffled, will

ultimately deteriorate the vacuum in a baked system because of.small deposits
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of oil on the walls of the vacuum chamber. 1In order to minimize this effect

a trap was built into the system near the pumps, which was filled with pellets
of alkali metal alumino-silicate,more commonly known as Zeolite, ,This

. substance is porous and acts as a very effective pump for oil vapor. Biondi
(21) reports on the use of this material as an 0il trap and gives some data .
on its use for ultrahigh vacuum applications. The Zeolite may be degassed
and reactivated at 400° C. Other kinds of traps, althougﬁ not‘used for this
project,can be very effiéient in removing backstreaming. oil. One simple
design is the copper foil'érap (see for example (8), page 656). Clean copper
has an efficient adsorbing.gurface for backstreaming oil vapor even at room
temperature. Tﬁe efficiency of nearly all traps is increased by cooling, for '
instance - withnliquid Nitrogen; while this may be of great advantage in
obtaining a lower pressure, cold traps'have the drawback that they must be
kept cold at all times. If the trap is alléwed to warm up the evolved gas
may spoil the clean surface conditions of the chamber obtained with baking.

For this reason no liquid air traps were used in this project.

2. Valves,

Beca;se the vacuum sygtem had to be baked in its entirety, no greased
stop cocks could be used to isolate the various compartments of the system.
Not only does the grease melt at -elevated temperatures, but also the vapor
pressure of the best vacuum grease is usually well above the ultrahigh vacuum
range at roém temperature. Consequently bakeable metal valves were used
which émploy no grease in the sealing process. These valves, manufactured
byithé Granville Philips Co., are»designed;to withstand temperatures up to
450° C. and can be closed to a leak rate of less than 1 x 10-14 mm. 1, /sec.
Briefly, their design is as follows. The;seal is produced by a % inch

diameter monel nosepiece carrying a véry small carefully machined silver
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gasket which seats in a specially shaped groove in the monel valve body.
The nose piece, mounted in_the center of a flexible nickel diaphragm is moved
in and out of the sealing groove by a driver mechanism which is designed’ to
apply the high forces required for a metal to metal séal.‘ Metals in contact
with the vacuum are monel, nickel, silver, Kovar and very low vapor pressure
brazing alloys containing gold, nickel, silver and copper. A diagram of the
exterior of the valve is given in figure (6). Relatively large torques are
required to seal the valve; therefore the valve bracketslwere ridgidly
mounted on a steel bar which in turn was fastaned to the oven base. . Because
the valves were ridgidly mounféd, allowance had to be made for the fact that
with heatiyg or cooliﬁg stresses might develop in the glass tubing which

could cause breakage of the glass. In order to avoid this each valve was

M

fitted with flexible glass bellows in order to reduce any stress.

When baked, the valves had to be open in order to prevent fusing of the
sealing gaskets. For this purpose the driving screw was taken off and a
special clamp attached to keep the valve open during bakeout. Figure o

gives a graph of the leak rate versus closing torque for the valves used.

3. Vacuum' gauges.

Four 'types of vacuum pfgssure gauges were used in this project.
a) The McLeod gauge (1 x 102 - 1 x 10-° mm. of Hg.)
b) The Ionization gauge (1 x 1074 -1 X 10'10'mm..of Hg.)
. ¢c) A relaxation oscillator type aischarge gauge (1-10 mm. of Hg.)
d) An oil manometer (.1 - 10 mm. Hg.)

These gauges will be described in turn.

a) Mcleod Gauge.

This gauge was put on the system initially for the purpose of testing
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the behavior of the system before baking. The gauge uses Mercury to measure
pressures between .1 and 106 mm. of Hg: For a discription of the design and

operation of the McLeod gauge see (6) page 77.

Several -points should be realized in connection with this gauge. 1Its
chief advantage is that it gives an absolute measure of the éressure over a
considerable range; for this reason it is very widely used for the calibra-
tion of other gauges. On the other hand, it reads préssure of poncondensible
vapors only, since any gas‘that condenses easily at room temperature is
removed from the gas phase during the reading. Also, the instrument is not
very convenient if many readings are to be taken in a short period of time,
since it takes a minufe or so to let the mercury rise and fall. For the same
reason leak testing, which is very conveniently done with electrically
operated gauges (such as the Pirani or Ionization gauge), is very difficult
with the McLeod gauge. A liquid air trap must always be used together with
the McLeod~gauge in order to prevent Mercury vapor from contaminating the
system. - T

b) Ionization Gauge.

The idnization gauge, hereafter abbreviated ion gauge, is the most
widely used instrument for the measurement of pressures of less than 10-4
mm. of Hg. In order to understand the design of the ionization gauge as
used today; it is instructive to review some earlier designs, and to seé why
they had to be modified. The ionization gauge used before 1950 resembles a
triode. The filament, placed in the center of a cylindrically symmetric
arrangement, serves as a source of electrons which travel to a positively
charged grid (about 200 volts). On their way to the grid these electfoné
are capable of ionizing.gas atoms and molecules. These ions invturn are

collected by the cylindrical outer electrode, which encloses the entire
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‘electrodé structure and is negatively charged to about 50 volts. The numBe?
of ions produced per unit electron current is assumed to be proportional to
the gas density, and hence the current to the ion collector is used as an
indication of the pressure. Thus for a constant electron accelerating
voltage,.(which must be in excess of the ifonization potential of the gas
molecules), the number of positive ions formed should vary linearly wi:h
pressure according to the relation.

‘ %/ |
(. = kigh = P = _E&— e

where ic is the ion current, i, is the electron current to the grid, and p is

g
the pressure in mm. of Hg. The constant varies with different gases;"a‘A
typical value for k is 10 (mm. of\Hg.)fl} A normal operating electron

current is 10 milliamps; hence the ion current'étga pressure of 10-8 mm. Hg.

is about 10-9 amps.

Prior to 1943 no one had recorded a pressure of less than 10-8 mm, with
an ion gauge of the design describe&.abéve. There is.good reason té believe,
however, that pressures well below .this value had been obtained, even thoﬁgh
the gauge read a higher pressure(22). A theory to account for this lower
limit of the gauge was first proposed by Nottingham-(23), and later substan-
tiated by the experimental work of Bayard and Alpert (24), Lander (25), and
Metson (26). The explanation w;sﬁas follows. It was suggested that there
exists a residual current to the collector of the ion gauge which is complete-
ly independent of pressure. This current is caused by soft X-rays which are
created when the electrons strike the grid. The X-rays, being intercepted by
the collector, in turn cause photoelectrons to be released from the collector.

These photoelectrons travel to the positively biased grid, and hence



- 38 -
constitute a current of thé same sign as the ion cu;rent. This X-ray current
at normal operating voltages is about 1 to 2 x 1077 amps; hence a reading of
less than 10-8 mm. of Hg. would be. impossible to obtain. In order to over-

come this difficulty the Bayard - Alpert type gauge was developed. This

gauge 'is now almost exclusively used, and was used for this project.

The design of the Bayard - Alpert type ion‘gauge grew out of experimeﬁts
ﬁo prove the X-ray hypothesis of Nottingham. A design was needed in which
the collector would ﬁot intercept as many of the X-rays that were emitted
from the grid. Hence the electrode structure was inverted; the collector was
made a thin wire in the center, with the grid around it; and the filament on
the very outside. 1In this way the solid angle_wﬁich the ion collector pres-
ents to the X-rays from the grid is at least one hundred times as small as
that for the earlier design. By making the wire of extremely small cross-

' section this can be still improved. Gauges are now manufactured which are
linear down to approximately 10-11 mm. Hg, The linearity of the ion gauge

was clearly shown in experiments carried out by.Alpért'and Buritz (16).

One of the features of the ion gauge, besides its capability of measur-
ing pressure,is that it removes gases from the gas phagg,of the system while
in operation., This pumping action, briefly mentioned é;rlief‘i& this thgsis,
(see page (I8)), has both advantages and disadvantages in uitrahigh vacuum
work. If one wishes to obtain the lowest pqssible pressures in the system,
the pumping action of the gauge is of great advantage. At the point where
backstreaming from the diffusion ﬁﬁmp becomes important, the system can’be
closed and further evacuated utilizing the pumping action of the ion gauge.
This pumping action is a disadvaﬁtage when a steady state is required; unless

measurements are taken in very small time”intervals,.the operation of the



- 39 .
ion gauge will alter the condition of the vacuum. Thig is further cqmpli-
cated by the fact that immediately after the gauge is turned on a small amount
of gas is desorbed from the éauge filament.which also momentarily may change
the condition of the vacuum. Because these effects are of importance in many

applications, the pumping action will be discussed briefly in what follows.

The removal of gases from the system with the ion gauge predominantly

takes place in any of the following three ways:

a) The surfaces of the electrodes may remdove gases by physical or
chemical processes. For example, the hot filament may interact with chemi-
cally active gases resulting in gas removal. Such a process accounts for the

rapid removal of oxygen, which forms oxides of Tungsten at the hot filament.

b) . The negatively charged collector will trap the ions which account
for the pressure measuring ion current. This mechanism is the predominant

one for inert gases and also important for most molecular gases.

c) The electrons traveling to the grid will dissociate molecules and
the resulting "active" atoms may be removed from the gas .phase by attachment

or combination at the walls of the gauge.

For all three mechanisms, the rate of pressure reduction is expected to

be proportional to the pressure; hence we write for any particular mechanism

%-Pt= -—%p ~(26)

- & is the pumping speed for the ith mechanism:; We have then for the three

mechanisms going on at the same time:

at +$c_v' |
b = o aep (- STETE9 &)



| -where A is surface area of electrode in cm“.
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“Let S= (Sa"+ Sy + Sé} It is convenient to define T ;pthe_characteristic.

ping. time .

' We must evaluate the different T’S in order to get an estimate of the
importance of the pumping action. (a) is esseritially a process as described

“-under adsorption earlier; an upper limit to the pumping speed is given by

a1

=11 A liters/sec.. (see Equation (2»‘”‘
2, For a typical gauge,;thisusur--

2. Hence the. pumping speed for this

area is approximately 0:2 cm echaj_ v

nism is limited to 2 liters per second In practice the pumping speed is.

ffllower because not all molecules incident on the electrode react and are

captured The probability for reaction is usually much less than unity _For,
:JLTungsten at 2300° C,_ the probability for reaction with an oxygen molecule is l

‘ _about one. tenth s0 that the pumping speed for this mechanism is of ‘the order

E }:of”OFZ liters per second..

"", For the ion entrapment at the collector (b), a first. approximation of

jfthe ion pumping speed can be made by. assuming that all the ions 1ncident on

»

the,collector-are permanently removed from the volume; The ion pumping speed
v" i

. ‘can be found in the following manner. We write equation- (26) in terms of the

":molecular density
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cl‘_\]_. = — im
at V
‘szihcevVﬂg% is the total removal rate of/ﬁolecules,‘%% » we have

3 WV
Se = —Tn

' dN ' -
- But ——'is related to the ion current ic“

J
"= aic

”Gheré é_ié thenﬁmbgndfioné/unitic;EHehce ﬁsing\equation (25),vréwriting_it

© in terms of n, we obtain

(70
o
I
?
n
i
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where b is the number of molecules/unit pressure per liter at room tempera-

~ ture. If‘plis:in mm. Hg., k in (mm;'Hg{jf;,zand ig in amperes, then we, have
§, = 0.2 L?K likevrs /sec.

:iThué at a normal operating current of 10 milliamps, with klequa1 f6”I0, we

g géf a maximum pumping speed forfion>pumping:'

Sb = 0_02. ‘\'|IteY‘5/5&C_t>:
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Considerabiy higher pumping.speeds due to ion pumping have been observedr
According to Alpert (20) this is due to the ionizat}on_of gas outéide the
accelérating'grid, withvsubseQuent colleétion of the ions af the negatively
charged walls of.the'gauge. This may increase Fhe above pﬁmping speed by as

much as a factor of ten.

Not much quantitative data is known about (c), thé removal offdissocia-
ted atoms., Generally the créssections for dissociation of moleculés due to
" electronimpact are smaller than those for ionization, so that we may‘conclude
that the pumping speed is correspondingly lower. The first two processes

seem to be the more important ones.

The characteristic pumping times associated with these two are respec-
tively for chemicai removal('Ca) 1 second, and for ion pumping (-Cb) 10 seconds.
It is therefore clear that during measurements of this order of time the
condition of the vacuum will change appreciably. The characteyistic time
associated with chemical removal can'be 1engthened>by operating at a lower
filaﬁent temperature, while the time 'tb corresponding to ion pgmping is
1engthened>by operating at a smaller grid current. Hence if aécurate instan-
taneous values of the pressure aré required it is recommended that one- operate
aéra grid current of say 0.1 milliamp with as low as possible filament
emission., By taking the pumping speeds‘into account, one can make fairly
accurate instantaneous measuremeiits, and if necéssary, uﬁing the above equa~
‘tions, cqfrections to the measurements can be made to account for gauge pump-
ing. In this connection it should be‘mentioned that a continuously recording
instrumént‘for measuring the ion current simplifies the estimation of instan-
taneous pressﬁre. By observing fhe shape qf the pressure versus time curve as

traced out by the instrument, one can estimate the total pumping speed of the



- 43 -
ion gauge quite accurately if the system is closed."Suéh an instrument was

used for this project.

Of course one cannot continue lowering the pressure indefiniteiyvby
means of ion gaqée pumping in a closed system; after a certain tiﬁe the rate
of reduction of pressuré is balanced by the rate of rise of pressure due to
.outgassing of'thebsystem or re-emission of thé ionicaliy pumped gases. For a
particﬁlarly-clean system the ultimate pressure that can be attained is limit-
ed by the permeation of Helium through the walls of the system, and this
process coupled with‘tpe pumping action of thé gauge for a typical small
sygﬁem leads to an uitimate pressure of about 10-11 mm. of Hg. (16). The
transition from 10-8 mm. to 10-11 mm, is generally accomplished only after
baking, with the system closed from the pumps and the ion gaugevor other ion-

pump operating continuously.

¢. Discharge Gauge.

The Neon which was to be used in the preparétion of tﬁé absorption tube
héd to be. inserted to a known pressure in the 1 to 10 mm. range./ It was very
important in the measurement of this Neon pressufe that the gas not be con-.
taminated by the pressﬁre measuringvdevice. For this reason it was not
desirable to use a mercury type gauge because this would necessarily intro-
duce small amounts‘bf mercufy vapor into the Neon, thereby contaminating it.
Not many pressure gaugés exist which are capable of meaéuring pressure accu-
rately in this range without introduction of impurities into the system. One
type of gauge often used is the so called capacitance manometer (20), but

“bakeable commercially made gauges of this type are very expensive. Glass
gauges thch utilize the flexibility of glass for the measurement of préssgre
differences are also used. This:tfpe gf_gauge was-ﬁot.thought.to be very

. ,. X
suitable for this project since it had to withstand atmospheric pressure and
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at the same time be capable of measuring small pressure differences in the
millimeter range. These two requirements together make the design of such a

gauge difficult,

Hirsch (27) reports on an alternating discharge gauge of relatively simple
design which seemed to be very suitable for our purposes. Thé gauge works on
the principle that the difference between the firing volﬁage and extinction
voltage of a D.C. discharge is a function of the pressure. Its design and

operation will be described briefly.

Figure (8) 5hows a schematic diagram of the gauge together with the
circuit necessary for operation. A potential differénce of about 1000 volts
is applied which charges the capacitor C through_the‘resistor R. The capaci-
tor will charge until it has reached a voltage V¢ which is sufficient to
start a discharge in the small discharge‘tube. This causes the capacitor to
discharge until it has reached a potential-difference V, whicﬁ is no longer
sufficient to maintain the discharge. The capacitor is then recharged through
R from the power supply and the cycle repeats itself. The signal ffom'this
relaxation type oscillator is picked up from the small resistor r and fed to

a counter or oscilloscope so that its frequency may be observed,

-

Curves of striking and extinction voltage versus pressure for a typical
discharge tube filled with air are given in figure (8). It can be seen
qualitatively that the frequency of the signal is in some way proportionallto
the difference of the étriking and extinction voltage. During the chafging
part of the cycle, the voltage on the capacitor and hence across ;he discharge

. tube is given by the relation

VeV, (1mop )
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so that we may write

Ve = \/o(\-»va-r%_) 5 Ve %\/0 OJ;AD “72%)

and

(lt*—ﬁ) v v4>

During the discharge, we assume that the resistance of the discharge tube is.
constant and equal to Rj, and that the capacitance of the tube is negligible
compared to C; we then héve the voltage across .the capacitor governed by the

relation

| \ V
V = \/{ Lot (12—1%)._@ = tdlsck._-'(RL*Y)c’&"\_/ﬁ

so that hence the total time taken by one cycle is given by

-V, 4 V.
Lot (et = C {WM O-\j)*-@w()’@w 'T/E }

Rewriting this in terms of A , which we define as Vg - V,, we get for the

frequency of oscillation

-1

{c (Re.. (w;j‘—_wﬁ(vzw) @(M—@Z)] @y
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At low pressures, when & becomes very small, the frequency no longer

follows the simple logarithmic dependence as predicted by equation (27).
This is due to the‘fact that the internal resistance of the discharge tube on
firing is no longet constant but rises considerably, whilétthé éapacitance of
the discharge tube .also incfeages. Hence phe géuge{should not be used to its
ultimate lower limit. The departure from equation k275 manifests itself in a
sharp drop in frequency where a logarithmic rise woﬁld be expected,

Thevrange of pressures thaﬁ can be measured with a discharge gauge of
the kind described above is determined by the geometry of the tube, the
nature of the gas, the voltage applied, and the values of the comﬁonents in
the circuit. The lower li;it of the gaugezis reached when for a particular
gauge geometry the firing voltage and extinction voltage of the gas under
.considefation are equal, while the upper limit is reached when the firing
voltage exceeds the applied voltage. By decreasing ﬁhe width of the disQ
charge gap, the gauge will be able to measure highervpressures using a given
applied voltage because»the firing voltage is lowered, Similariy.thg fange

is also extended by increasing the applied voltage.

' éaiibrétionAcurvgs for the dischar%e gauge used in this project are given
for air and Neon in figures (10';; 11). It should be mentioned that while the
calibration for air was quite reproduciblé, the Neon calibration could not be
- reproduced unless the strictest purity conditions were fulfilled. This can
be agtributed to the fact that the firing and extinction voltages of the noble
gases change considéfably with very smAll‘amounts of impurity present, - The
design of the discharge tube used is illustrated ip figure (8). This design
is different from the one used by Hi;sch (27), who used cylindrically sym-

. ﬁetric electrodes., It seemed to wdrk ééuaily well and is a lot simpler. The

inter-electrode capacity of this design is also smaller than the cylindrical
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design of Hirsch. This fact should increase the useful range of the gauge.

- Because electromagnetic noise from‘thg lines ipfluénced the operation of

v . { _ .
the gauge significantly, a small aluminum box was used to.shield it. This

. B B ' - \
.was especially important when Neon pressure was to be measured.

d) 0il Madometer.
| A;qimple U tube type o0il manoﬁeter.was used for the caiibration of the
discharge gauée. This manometer utilized low vapor pressure oil (n-bhtyll
phfhalate) to measure pressures between .l and 10 mm. Hg. A zeolite Frap was
used to prevent the oil from contaminating the system. The U tube waé ini-

tially evacuated at both ends and then sealed off at one end, Figure (%)

shows the oil manometer.
: i

4) Gés HapdlingﬁSysteﬁ.
| Figure (1) shows a schematic diagram of the gas handling system. The
glass part of the épparatus, which formed the central part of the.vacqum
'system, was divided into four main compaftments by the metal valves and con-
#ained vacuum gauges, the‘ggé supply, and the large discharge tube which was
to 5e preparéd‘fbr the speclroscopy egéerimeﬁt.' (In order to avoid confusion,
‘the latter will be éalled,the discharge tube from here onj the small-discharge:
‘tube ﬁsed to measure pressure will be called the discharge gauge.) The |
design of this part of the system was such as to leave the systemwas versatile
as possible so that later it could be adapted to prepare’othe:.gas tubes, .
possibly with mixtures of gases in them. The essential features of the system

will be discussed in what follows.

" The Neon bottle was attached to the system at compartment IV, 'The
manufacturer had supplied the bottle With one breakseal which could be opened

after evacuation by dropping a steel ball on the seal, thereby bréaking it.
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‘This is the usual method ‘for the introduction of gas into a vacuum system; the
steel ball is moved.from a small comﬁértmentAabove thé seal by means of a
magnet andlis‘then allowed to drop on the seal. In this way, however, the
Neon bottle éould be used only once between bakiqgs because the metal valves
could only be baked while they were open. ‘Therefore sevgral addiﬁional break-
, seals were installed in parallel in the manner shown in figure (13.). The
' bottle could be closed later by closing a comstriction in the glaés above the
seal with a hot flame. In this way the Neon bottle coﬁld be used geveral
Ttimes over, each time using}a different breakseal. The bottle itself was not
baked in order not to introduce further impurities into the Neon. The préé;
 sure insidg the Ngon bottle would also becéﬁe too high. The bottle was there-

fore suspended by its glass outlet -tube underneath the oven base,

The discharge tube was attached to volume III;rso thét any mixing‘cqu1d3
be done if ne;essary in volume Il or I. Before the discharge tube was
attachéd, the HbLeod gauge was attacheélto volume III for testing of the
‘vacuum system ét,preséures in excess of 106 mm. This gauge ﬁas later removéd
‘before the first bakeout.

5. QOven.

The oven used to bake the system was made in the form of a double walled
16" x 32" x 16" hood which fittéd qvér an asbestos plate base -on which the
vacuum systemvﬁas mounted. The walls of the oven were 1/}6 gh inch aluminum .
plate separated by asbestos spacers. Glass wool was used as insulation between
the inner and oﬁter walls. Four 750 watt elements were mounted inside the
oven on its walls, fhe hood could bé raised and lgwered by.me;ns of a wheel
and axle system mounted above the apparatus. The wiring inside the oven’
consisted of.strandéd nickel wire wrapped in asbestosiribbon for insulatibn:

The temperature inside the ovén waéﬂcontrolled by a Fenwall Thermoswitch which
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operated a relay to turn the oven power off and on. After equilibrium had
been established this switch controlled the temperature to within a few
centigrade degrees at 400° C. The duty cycle of the oven at this temperature
was about 30 seconds on to one minute off.  The temperature was monitofed'by'a
100 - 500° C. thermometer inserted through é small hole in the side of the
oveﬁ. "The asbestos plate base was reenforced b&xmeans of a 1/16 th inch
aluminum sheet with the whole base mounted firmly fo a dexion table. The
oven hqod enclosed virtually all of the system when lowered; the parts en-:
closed are indicated by the dotted line on figure (17). |
6. Electronics.

The control unit for the ionization gauge is shown in figure (12). The
unit ié designed to deliver all the neéessary voltages to the electrodes, and
to control these such as.to keep the grid éupreﬁt constant at any set level
independent of the pressure in the tube. This is done by means of a fegd’—
béck network which reflecfs any changes in thé grid current as a changehin
the opposite direction in the filament emission. The very minute collector

current is amplified and read on a continuously recording ammeter. This ion

current amplifier is shown in figure (13).



CHAPTER III

EXPERIMENTAL PROCEDURES AND RESULTS

In this section the general procedure for attaining ultrahigh vacuum will

be described; together with some remarks on general high vacuum techniques.

After the vacuum system has been assembled and built, the" first job is
to test for large lgaks. For this purpose it is convenient to have a mano-
meter in the microﬁ to millimeter range since usually pinhole léaks in solder
-joints or glassware show uf in this region of pressure. A leak in the glasén
ware can be most easiiy detected using a Tesla coil; the discharge produced
in fhespartial vacuum will show a very bright spot at the location of the
leak. Several leaks in the glasswaré of our‘system were lqcated in this way.
Leaks in metal sections of the system are much harder to detect. If the
system has various compartments, the leak can usdally be traced to one' gene-
ral area. The parts of the system under suspicion in that area (usually—
joints) can then be tested in the follow;né ﬁanner. If elsewhere in the
system a visible glow discharge can be m;intained, a change of colour in the
discharge will be observed when some acetone is sprayed on the metal in the/
vicinity of the leak. 1In this way the leak can be traced to a very small
" area on the metal, by careful use of the acetone. If an electrically operated
gauge 1is used, such as a pirani gauge (6, page 8l) or ioh gauge, the organic
vapor introduced into the leak will cause a sudden change in the readiné, 80
that it is not necessary to observe the colour of a discharge. The ion gauge

can of course only be used if the leak is quite small, since it should not be

operated at pressures in.excess of 10f3,mm. Hg.

It should be emphasized that a rise in pressure occuring after the pumps
" are isolated from the system does not always indicate a leak. This should be

clear from the cénsiderations put forth in the early part of this thesis;
' - 50 -
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desorption, diffusion and pérmeation take place at all times. Often it is
difficult to distinguish'aireal leék from a rise in pressure due to the above
praocesses. One way of~tellinglis by plotting a pressur;.versus time curve.
1f there is a leak, the‘pressure should rise linearly for an indefinite |
- period of time after the system is closed; Outgassing, on the other hand,;
should show signs of saturation. Eventually, the desorption process will be
balanced by adsorption, and then the only significant rise in pressure will
be due to diffusion, which follows a t% law. Hence the pressure versus time
curve will level off for the outgassing processes. One may nevertheless have
to wait a long time before this leveling off occurs, particularly for a

"dirty" system which has not been baked.

A.With the system free of all leaks, the following procedure was used to
reach ultrahigh vacuum. The system was evaéuated to about 6 x 10~3 mm. Hg.
by means of the rotary backing pump, and the diffusion pump turned on. After
about twenty minutes'the-diffusiop pump would be warm and the pressure would
fall rapidly to'about 10-6 mm. During ﬁhis warmup time the bakeout clamps
(see figufe‘S) were put on the valves. The clamps serve to keep the valves
o%en at all times during bakeout. The system was then checked with a Tesla
coil to make sure-fyat the pfessure was low enough for the ion gauge to be
turned on. This preéaution had to be taken in order to avoid oxiqationlbf
the ion gaugé filament; After the ion gaugé was turned on the pressure would
rise initially and come to aq.equilibrium value of‘approximatel& 5 x 10-5 mm,
of Hg. This high pressure is the result of the fact that for the unbaked
system the ion gauge electrodes and envelope liberate large quantities of gas.
The pressure in the unbaked system coulé be improve& by carefully outgassing

the géuge (this process will: be described later), but since the whole system

was going to be baked anyway this was genefally not done at this stage.
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After a few minutes the ion gauge was turned off again, the wires removed
from the oven"area,.andvthe oven hood lowered over the system. In order to
avoid strains iﬁ the glasswére céUsed by -too rdpid heating, it was neceséary
tovraise the temperature inside fhe_oven slowly.“Therefore the therméswitch
was always set at its lowest value (about 50° C.) before the oven elements
were firs; switched on. The temperature inside the oven was then raised
slowly by periodically setting the thermoswitch at a higher'switching'tempera-
‘ture, Usually the transition from room temperature to 400° C. was made in
about ten steps over a period of about 1% to 2 hours. During this time and
subsequent bakeout the pumps were left running. 'The” system was usually left
to bake for three or four hours, although once it was baked for seven‘hours
to make sure all surfaée gases hag'béen desorbed. The syétem was then léft
to cool with the oven:1lid in_piaééAuntil a tempefature of aﬁout two hundred
deg;ées was reached. fhis usually took about two hours. The oven lid was
then raised a little at the time andw;fter some twenty minutes removed all-
togethert. A fan would be placed neér the system to speed up the fiﬁal cooling.
Whiie‘the system was still_warm tq‘the touch but suffiqiently cool to be
“handled, tﬁe ibh gauge was éonnected to'fhé c§n£r01 circuit and the’ﬁqusure
"would drop to about. 2 x 10-8 mm. The grid of the ion gauge wduld thenﬁbé
6utgas8ed by'passing 10 amperes through it for some ten minutes. The bressufe
would then drop another fac;or of five to aboutla x 10-9 mm, Hg. Repeated
outgassing of the grid in some cases lowered the préssure a little more.
:Du;ing all this time the fan was blowing onto the system, tﬁereby keeping
the ionization gauge énvelope cool, If the fan was removed,.the'pressure
vould rise by about a factor of two. If at this point valve # 1 was closed,
‘the pressure would drop quite fapidly and level off at about 1 x 10;9,

.

generally. The best vacuum obtained with valve # 1 closed was 6 x 10-10 mm,
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of Hg. Due to possible errors in calibration this value could be out by a

factor of two either way, but certainly no more.

It is possible to'spoil the vacuum temporarily or permanently in many
ways. Outgassing of the grid for too long a period or at too high a tempera-
ture will liberate material from the grid itself which‘will raise the pres-
sure. The best way to outgas the gridvis to‘dq it for short periods of time
(say five minutes) with the vélve to the pumps open and to close this valve
as soon as the grid has cooled down. In this way the grid surface has no
time to adsorb any backstreaming oil vapor from the pumps. 'Léaving the
system exposed to the pumps for long periods of time after it has cooled‘also
deteriorates the vacuum., For this reason the system was never left to cool

off overnight, in spite of the fact that the cooling process is quite lengthy.

After the lowest possible pressures had been reached, Neon was intro-
duced into ;he system with the valve to the pumps closed. The Neon could be
let into the system by breaking the breakseal on the bottle (see figure ((5) ).
Usﬁally valve 4 was closed before the seal was broken; in this way the Neon
would only expand into the small volume IV. By opening valve &4 vefy care-
fuily, the Neon could be leaked into the other parts of the system very
slowly. After enough Neon had been leaked in to maintain a dischafge on the
large discharge tube, the electrodes of the tube were outgassed by passing a
larger than usual aischarge current through tﬁem. Thié undoubtedl& contaﬁié
nated the Neon, bﬁt since valve 4 was closed at this stage, this dirty Neon
could be pumped off, and fresh pure Neon leaked in as before via valve 4.

A striking characteristic of the Neon gas was that it did not stick to-the
walls of the systeﬁ like air does; even though the Neon pressures:Qere as

“high as 10 mm. Hg., it was always possible to reach ultrahigh vacuum again
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without baking, by pumping the Neon off ‘and outgassing the grid.

The‘gguge which was intended for the measurement of Neon pressure afger |
the tube had been filled had to be calibrated ianeoq:B%foge it could be ﬁsed.
Because the calibration Had to take place underithe same fﬁ;ity conditions |
‘as the filling of the tube (see apparatus descripfion page (16)), this posed
a problem, since any o;hef gauge used‘forTcalibration would intfoduce ,
impﬁfities. It was fipally suggeéfed tha; the minimum amount of impurity
lwould be introduced‘if{an oil manoﬁeter were used, filled with very low vapor
pressure oil, and'connectéd”to the system via a tube filled with Ziolite

pellets.

“After the oil manometer was put on fhe performance of the vacuum syétem
changed slightly. The loweét preséure ever attained Qith the oii manometer
ih:the system was of the order of 1 x 102 mm. HQ. In general thg system
performed quite well in spite of,fhe preseﬁce of the o0il. The manometer was
placed outside'the oven area, whicﬁ meégt that a part ofvtge systeﬁ was not

baked,

The caliﬁration curves for the discharge gauge are given in figures

(11, 10). The calibration was found to change slightly if the Neon were left
in the oil-cohtaining part of'the system.for any length of time (éay 6v¢r~

night). Therefore it was degmed best to measure the pressure of the Neon as
, soon as possible after the leaking in, and tovseal the tube immediatély |
afterwards. 1In this way the contamination of the Neoq was kept to a minimum,
Thé second- tube of Neon was prepared after calibration of the discharge gaﬁge .
with the o0il manometer still in the system, to provide a check on the pres-

sure. The pressure at whicp the tube was sealed off was 1.3 mm., Hg. This

was the optimum pressure for the absorption experiment (see Ladenburg (4) ).
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For both tubes prepared, the pressure before filling was in the 10'9 range.

" The tobes‘prepared were‘both used in the absorption ekperimenteahd‘
showed much improvemeht over the system used before.‘.The ahsorption'iinee;':
whieh were’nearly honexistentvwith the OIdASystem, showed up stronger and
‘also in greater numbert The H 4 line was barely visible when emission
: spectra of the Neon were taken, indicating that traces of Hydrogen were still
vbreqent. However, it was very much weaker for the pfepared tubes than itvhad
Lever‘heen under-simiiar conditions with the old system, indicating that the '
Hydrogen content of the discharge tube was much less than before., This‘
Hydrogen is probably that which was in the Neon initially (see page (3) )
The experiments with the absorption tubes are still in ptogress, and there-
fore it cannot be sald with certainty at this stage whether the Neon wasipure

N
enough for our purposes. Indications are, however, that this is the case.
!

Thefe'are, of course, ways in which the system can be improved. It seems
likely that with cateful experimentation the ultimate pressure can be lowereo
eomewhat, particularly when the oil manometer is removed again, This mano-
heter was left on for the time beihg to check the ealibration of the dis-
charge gauge at some iater tihe.~»1f-in‘the oreparation of more discharge
tobes'it appears‘that the 1iﬁitation on the purity is not in the ﬁitimate
pressure-ettainable, but rather in the manufactured Neon bottle itself,
Various:methods of further purification could be built into the system. One
‘such method which seemewparticulafly promising is purification by cataphoresis
i(28) The removal of Hydrogen utilizing Uranium powder as described by Dieke

(29) could also be tried.

In the series of experiments carried out in this 1aboratory‘£or;the

measurement of transition probabilities in excited gases, it is likely that'
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~ many tubgs of the kind described above will have to be‘preéared, not.cnlyv ;
filled'with Neon, but also with'other gases;’ it-is hoped thét the sysféq
ibuilt'fq;;tﬁis,project,"together'ﬁithAéhe expefience gained, Wili;be;bf:sbmé‘
usé_fo;,this purépseiénd in the general interest of scientific endeavbyvin -

the future.
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