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PREFACE

The present volume is an expansion and revision of a series
of articles published in the General Electric Review during 1920-
21. The subject of high vacua has become of such technical and
scientific importance that it is hardly necessary to apologize for
attempting to incorporate the information available on this topic
into a convenient form for reference.

Naturally the author has drawn to a large extent upon the
results of numerous investigations carried out in this laboratory
by Dr. Langmuir and his associates. To Dr. Langmuir, espe-
cially, he wishes to express his sincere gratitude for constant
encouragement and helpful suggestions.

He also feels greatly indebted to Dr. Whitney for constant
interest in the present undertaking, and for placing at his
disposal the facilities of the laboratory for pursuing various
lines of purely scientific work.

An attempt has been made to give credit whenever possible
to-all those associated with the author in the field of high vacuum
investigation and he can only say in addition that he has appre-
ciated their constant co-operation and efforts in a line of work
which is often accompanied by discouragements and negative
results.

The individual chapters were originally written as separate
discussions, without any attempt at correlation. For the purpose
of republication in book form, it was necessary to revise some
sections completely and the reader may find errors both of
omission and commission. The author will appreciate having
his attention drawn to such cases.

Research Laboratory,
General Electric Company.,
Schenectady, N. Y.
Sept. 1, 1922
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INTRODUCTION

‘‘Nature abhors a vacuum.” This statement represents the
sum total of the knowledge possessed by the ancients of a field
of scientific investigation which within the past decade has
yielded results of extreme importance. In 1643, Torricelli,
a pupil of Galileo, showed that nature abhors a vacuum to a
limited extent and the discoverer of the fact that the atmos-
phere exerts a pressure equivalent to that of a mercury column
30 inches in height, is remembered by the designation *‘ Torri-
cellian vacuum’’ for the space above the mercury in the baro-
metric tube.

No doubt Torricelli imagined that this space is a ‘‘ perfect
void.” We now know, however, that in this space there is
mercury vapor at a pressure corresponding to about two or
three millionths of an atmosphere and also traces of water vapor
and air whose pressure may often amount to one or more
millionths of an atmosphere.

In 1654 Otto von Guericke invented the first mechanical
air-pump which was subsequently improved by Boyle, Hawks-
bee, Smeaton and others. During the two hundred years or so
that followed, the interest in low pressure phenomena was more
or less academic and often that of the dilettante. The paths
of glory laid out by Newton, Laplace and Maxwell in mathe-
matical physics, and by Prlestly, Lavoisier and Faraday in
experimental science, were so enticing that little or no
enthusiasm could be aroused in investigations of ‘‘empty
space.” However, with the development of the carbon filament
lamp on the one hand, and the discovery by Geissler and
others of curious electrical phenomena in gases at low pres-
sures, there began a series of investigations in this field which
have not only increased enormously our knowledge of the tech-
nique for the production of lower and lower pressures, but have
also led to results which have profoundly affected our views of
the nature of matter and energy.

When Crookes first observed the phenomena of cathode rays,
he thought that he had discovered a fourth, or radiant state of
matter. A further investigation of this subject by J. J. Thomson
led him, as‘is well known, to the conclusion that in the con-

1
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duction of electricity through gases at low pressures, the nega-
tive current, or so-called cathode rays, is carried by extremely
small corpuscles or electrons, whose mass is about one two-
thousandths of that of a hydrogen atom while the charge is
exactly the same as that carried by a hydrogen ion in elec-
trolysis, but opposite, of course, in sign. These electrons are
the principal carriers of the current in all cases of conduction in
gases at low pressures. It was also observed that electrons are
emitted from metals under the influence of light, and Richardson
showed that electrons are emitted from incandescent metals.
The conclusion was therefore drawn that electrons are present in
the atoms of all elements—a conclusion which was very soon
corroborated by observations on the radio-active elements.

With the discovery by Roentgen of X-rays, the study of so-
called vacuum tube phenomena entered upon a new phase
which has led not only to increased knowledge of the structure
of matter and the nature of X-rays, but also to vast improve-
ments in both the devices for the production of these rays and
their application to medical diagnosis and therapy.

The mutual effects of purely scientific discovery and technical
achievement have at no other time been better illustrated than
in the history of the development of the hot cathode high
vacuum devices which play such an important role at the
present time in both the application of X-rays and of wireless
telephony. The history of this development has been so inter-
woven with the progress achieved during the past decade in the
field of high vacua that a few remarks on this subject may not be
out of place in this connection.

It has already been mentioned that electrons areemitted from
the surface of incandescent metals. A careful study of the
variation in the number of electrons emitted per unit area with
change in temperature led Richardson to the theory that the
electrons are emitted from the metal by a process quite similar
to that of ordinary evaporation. The mathematical relations
are the same in both cases and, as in the case of ordinary molec-
ular evaporation, it is also possible to calculate the heat of
evaporation of the electrons for different kinds of surfaces.

This view of the existence of an electron emission per 2pse was
opposed by a large number of investigators who maintained that
the observed emission of electrons is a secondary effect due to
chemical reactions at the sutface, between the metal and the
residual amount of gas present in the vessel. There was some
excuse for this view, as Richardson’s experiments were not car-
ried out at very low pressures. The conclusion was therefore
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quite prevalent that in a *
sion would disappear.

A similar view was held with regard to the photo-electric
effect, in which case electrons are emitted by the action of ultra-
violet and ordinary visible radiation.

In orderto throw some light on these problems, Dr. Langmuir
carried out a series of experiments on electron emission in which
special care was taken to obtain extremely low pressures. The
results of this investigation showed that not only does the elec-
tron emission persist even in the best obtainable vacuum, but
that the rate of emission at any given temperature is a specific
property of the metal. It was found that the power of emitting
electrons is also greatly decreased by slight traces of different
gases, even at very low pressures. However, if the vacuum is
sufficiently good this electron emission is quite reproducible
and constant, so that further improvement in degree of vacuum
causes no increase in emission. It was also observed that at
these low pressures the electron current exhibits space charge
effects, that is, the mutual repulsion between the electrons
emitted from the hot surface limits the further emission of elec-
trons, and the electron current to the anode is then dependent
upon the anode voltage. Such an effect could arise only under
such conditions that the number of positive ions formed by
collisions between electrons and gas molecules is extremely small,
in other words, at very low gas pressures. This accounts for the
fact that this phenomenon was not observed by previous inves-
tigators.

These discoveries immediately paved the way for develop-
ment of the hot cathode X-ray tube by Dr. Coolidge and also
led to the development of other hot cathode devices, such as the
kenotron, pliotron and dynatron, whose application in wireless
telephony and telegraphy has been of immense importance. At
the same time the necessity for producing and maintaining high
vacua in these devices has led to a vast amount of improvement
in methods of exhaust.

While the phenomena of electrical conduction in gases at very
low pressures have thus served to arouse a great deal of interest
in the subject of high vacua, a number of investigations in other
fields of physics and chemistry have also led to greater interest
in the same field. The work of Knudsen, Smoluchowsky, Gaede
and others on the application of the kinetic theory of gases to
low pressures, and the striking results obtained by Langmuir on
the mechanism of chemical.reactions at low pressures have led
to new views upon the nature of chemical and physical forces

‘perfect vacuum’’ the electron emis-
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between atoms and we can look forward, as a result of these
investigations, to solving some of the most vexing problems in
both physics and chemistry by a study of the phenomena in
gases at very low pressures.

Of necessity, as the technique of high vacuum production has
improved, methods have been developed for measuring these
extremely low gas pressures. A great deal of literature has been
published during recent years on this whole subject, and a great
deal of information has been gradually acquired in different
laboratories about the actual technique of producing and measur-
ing these pressures. In view of the important results to be
expected from further investigations of low pressure phenomena
it has been thought worth while to describe in the following
chapters not only the methods available at present for the pro-
duction and measurement of high vacua, but also to a lesser
extent the more important results which have been obtained
by the different investigators who have studied the physical
and chemical phenomena exhibited in gases at very low pressures.
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CHAPTER 1
KINETIC THEORY OF GASES

Laws of Boyle and Gay-Lussac

The state of a gas is ordinarily defined by means of the
volume which is occupied by a given mass under definite con-
ditions of temperature and pressure. The three laws of Boyle,
Gay-Lussac and Avogadro may be combined in the form of
the well-known relation:

PV=vRT (1a)
where P and V denote the pressure and volume respectively,
T denotes the absolute temperature (degrees Centigrade+273.1),
v is the number of mols (mass in grams divided by the molec-
ular weight) and R is a constant for all gases.

The value of this constant is derived from the experimentally
determined value of the volume of one mol of an ideal gas at
given values of P and T. Asstandard pressure we shall consider
that of 1 megabar. By definition, this is equal to 10® dynes per
cm.?, and corresponds very closely to a pressure of 750 mm.
of mercury at 0 deg. C., lat. 45 deg., and sea level.

For T=273.1 and P=1 megabar, V=22,708 cm.? per mol.

Hence, R=83.15X 108 ergs per degree abs. Denoting the
weight of gas by w, and its molecular weight by M, equation
(1a) may therefore be written in the form,

PV =83.15X10° wj‘g (1b)

where P is measured in bars (dynes per cm.?) and V' in cm.?

Now the pressures which we ordinarily deal with in high
vacuum phenomena range from 1 to 1072 bar and even less. It
is evident that at these pressures the volume of even a very
small amount of any gas may be quite considerable. Thus,
by applying the above equation to the case of hydrogen (M =
2.016), we find that the volume occupied by 1 milligram of this
gas at a pressure of 1 bar and 20 deg. C. (room temperature),
1s 1.209X 107 cm?, while at standard pressure the volume is
only 12.09 cm.?

Fundamental Postulates of the Kinetic Theory of Gases!

For a proper understanding of phenomena in gases, more
especially at low pressures, it is essential to consider these

1 The reader will find more complete discussion of the kinetic theory of gases in the
following books and articles:

J. H. Jeans, The Dynamical Theory of Gases (1916).

K. Jellinek, Lehrbuch der physikal. Chem. I. 1 (1914).

W. C. McC. Lewis, Kinetic Theory of Gases (1915).

O E. Meyer, Kinetic Theory of Gases.

S. ngh(T;?é)The Kinetic Theory of Gases, General Electric Review, 1§, 952, 1042,
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phenomena from the point of view of the kinetic theory of
gases. At the present time we can, as a matter of fact, regard
this theory as much more than a mere hypothesis. The
evidence of the actual existence of atoms and molecules is so
conclusive that very few would care to believe to the contrary.
On the other hand, the theory has enabled us to interpret and
prophesy so many facts about gases that one naturally uses
this point of view in discussing any phenomena in gases.

The kinetic theory of matter, and more especially that of
gases, rests essentially upon two fundamental assumptions. The
first of these postulates is that matter is made up of extremely
small particles or molecules, and that the molecules of the same
chemical substance are exactly alike as regards size, shape,
mass, and so forth. The second postulate is that the molecules
of a gas are in constant motion, and this motion is intimately
related to the temperature. In fact, the temperature of a gas is
a manifestation of the amount of molecular motion. In the
case of solids, at least those that are crystalline, it has been
shown by the investigations of Bragg and others that the atoms
which constitute the molecules(when the substance is in the
gaseous state)are arranged in definite space-arrangements, and
in this case the effect of temperature increase consists in increas-
ing the kinetic energy of vibration of the atoms about their
mean positions of equilibrium.

But in the case of gases the effect of increased temperature
is evidenced by increased translational (kinetic) energy of the
molecules, and in fact, a relatively simple calculation based on
these assumptions enables us to calculate the velocities of the
molecules at any temperature.

Velocity of Molecules

According to the kinetic theory a gas exerts pressure on
the enclosing walls because of the impact of molecules on these
walls. Since the gas suffers no loss of energy through exerting
pressure on the solid wall of its enclosure, it follows that each
molecule is thrown back from the wall with the same speed
as that with which it impinges, but in the reverse direction, that
is, the impacts are perfectly elastic.

Suppose a molecule of mass, m, to approach the wall w1th
velocity G. Since the molecule rebounds with the same speed,
the change of momentum per impact is 2 mG. If no molecules
strike unit area in unit time with an average velocity. G, the total
impulse exerted on the unit area per unit time is 2 m #no G.
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But the pressure is defined as the rate at which momentum is
imparted to a unit area of surface.
Hence,
2mnoG=P (2a)

It now remains to calculate #o. Let n denote the number
of molecules per unit volume. It is evident that at any instant
we can consider the molecules as moving in six directions cor-
responding to the six faces of a cube. Since the velocity of the

molecules is G, it follows that, on the average, % G molecules

will cross unit area in unit time.
Equation (2a) therefore becomes

P=—,13—m n G? (2b)

From equation (2b) it is possible to deduce the three funda-
mental laws of gases that have been mentioned.

Since the product mn corresponds to the density, it follows
that at constant temperature the pressure varies directly as the
density, or inversely as the volume. This is known as Boyle's
law.

Again, from equation (2b) it will be seen that the kinetic
energy of the molecules in a volume V is:

Lwmcv=2py (3a)
2 2

Now we know that if we mix two different gases that were
previously at the same temperature there will be no change in
temperature; this holds for all temperatures. Consequently,
the average kinetic energy of the molecules (3 mG?) must be
the same for all gases at the same temperature and must increase
at the same rate for all gases. We can therefore define temper-
ature in terms of the kinetic energy of a gas. If we write

1 3

where R is a constant, it immediately follows that
RE=RT
which is the law of Gay-Lussac.

Lastly, let us consider equal volumes of any two different
gases at the same pressure and temperature. Since P and V
are the same for each, and % mG? is constant at constant tem-
perature, it follows that » must be the same for both gases.
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That is, equal volumes of all gases at the same temperature and
pressure contain an equal number of molecules. This was stated
as a fundamental principle by Avogadro in 1811, but it took
chemists about fifty years to understand its full import.

If we let V denote the volume corresponding to the molec-
ular weight, the value of the constant R is that defined by equa-
tion (la). Instead of mn V we can write M, the molecular
weight, and (3b) becomes

1 3
—2-MG2——2RT. (3¢)

Equation (3c) enables us to calculate the so-called mean
velocity of the molecules. Substituting for R the value 83.15
X 10% ergs per degree abs., we can write equation (3c) in the

form:
e (BRI ’_T_ A
G= \}—M =15,800 77 S sec. (3d)

Table I gives the values of the mean velocity at 0 deg. C.,
and 20 deg. C., for some of the more common gases.

It follows directly from this equation that at constant tem-
perature the rates of flow of different gases through a narrow
opening must vary inversely as the square roots of the molec-
ular weights. This conclusion is of importance in connection
with exhaust problems since it indicates that heavier gases
must be more difficult to pump out than lighter ones.

Maxwell’s Law of Distribution of Velocities
It is evident that even if all the molecules in a given volume
actually possessed the same velocity at any initial instant, the
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Fig.1. Maxwell’s Law of Distribution of Velocities
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collisions constantly occurring would disturb this equal distri-
bution of velocities and a non-uniform distribution would soon
be established. By applying the laws of probability, Maxwell
showed that it is possible to calculate the law according to which
the velocities of the molecules would be distributed at any tem-

TABLE 1

MOLECULAR VELOCITIES

MEAN VELOCIT\"X 1078 cM.
) M SEC.™! Averatge Velocity
At0°C. | At20°C. e

H, 2.016 1.838 1.904 1.755 X 10% cm sec.™!
0O, 32.00 0.4613 0.4778 0.440

N, 28.02 .4928 .5106 471

Air 28.96 4849 .5023 463

Hg 200.6 .1842 .1908 .176

CO, 44.0 .3933 4076 376

H.O 18.016 .6148 .6368 .587

A 39.88 4133 4282 .395

NH; 17.02 I .6328 .6554 .604

CO 28.00 | 4933 .5109 471

‘perature. The curve shown in Fig. 1 represents graphically the
distribution of velocities at any temperature, in terms of the
most probable velocity, whose value is taken as unity.

The equation of this curve is:

y= Tl 3

where y denotes the probability of a velocity whose magnitude
is x times that of the most probable value. The significance of
this curve can be understood better by means of the results
tabulated in Table II. Under Ax is given the range of velocities
and under Ay the fraction of the total number of molecules
which have velocities corresponding to this range. Thus 16.1
per cent of all the molecules have velocities which range be-
tween 0.9 and 1.1 times the most probable velocity at any tem-
perature. Similarly it follows that 68.4 per cent of the mole-
cules have velocities ranging between 0.5 and 1.5 times the most
probable velocity, while only 3.1 per cent have velocities that
exceed 2.5 times the most probable velocity.
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TABLE 11

RELATIVE DISTRIBUTION OF MOLECULAR VELOCITIES
(Maxwell’s Law)

Ax Ay Ax Ay
0 -0.1 0.001 1.3-1.5 0.112
0.1-0.3 .021 1.5-1.7 .078
0.3-0.5 .063 1.7-1.9 .058
0.5-0.7 S[512 1.9-2.1 .034
0.7-0.9 .149 2.1-2.5 .030
0.9-1.1 .161 2.5-3.0 .008
1.1-1.3 .150
0.5-1.5 .684 0 -2.5 .969

As shown in Fig. 1, the most probable velocity (which may be
denoted by W) is different from the mean velocity, G, and the
relation between these two values of the velocity is given by the
following equation, which can be readily deduced from the equa-
tion to the curve for Maxwell’s distribution law:

2 \EG‘ 5 \/%lQ_T: 12,900\/; (4

In addition to these values of the velocity, it is important, in
connection with a large class of applications of the kinetic theory
of gases, to know the arithmetical or average velocity of the
molecules at any temperature. This is usually denoted by @
and may be calculated by means of the relation,

\/8/3 6=\t -4, 500\@— )

The values of the average velocity at room temperature for

some of the more common gases are given in the last column of
Table I.

Number of Molecules Per Unit Volume

According to Avogadro’s law the number of molecules per
gram-molecular weight of any gas ought to be the same. The
problem of accurately determining the value of this constant,
which we shall denote by NN, has naturally been the object of a
large number of investigations, and a number of different
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methods have been used in order to determine it.2 The
phenomena of Brownian movement, the accurate determination
of the charge on an electron, counting the number of alpha par-
ticles expelled from a gram of radium, and finally the study of
the laws of black body radiation—all these methods have led
to approximately the same value for N. ' According to Millikan,
whose determination is undoubtedly the most accurate we have,
this constant has the value of 6.062X10%. From this value it
is readily calculated that the number of molecules per cubic centi-
meter of an ideal gas at a pressure of 10® bars and 0 deg. C., is
267210,

Let us now attempt to interpret this magnitude. The highest
vacua attainable at present range around 10~* bar. Even at
this extremely low pressure, which would ordinarily be regarded
as a ‘‘perfect vacuum,’ the number of molecules per cm., at
0 deg. C., is still 2,670,000,000, a number which is, roughly
speaking, of the same order of magnitude as the total population
of the earth.

From the above considerations it follows that at any tempera-
ture T and pressure P, the number of molecules per cm.?is given
by the relations:

NP 15 .
e e 1558
RT 7.29X 10 7 (press. in bars) (6)
=971 XlO‘sﬁ; (press. in mm. of mercury).
This is the significance attached to » in the following chapters.

Rate at Which Molecules Strike a Surface

It was shown by Meyer that the number of molecules of a gas
at rest as a whole that strike unit area per unit time is equal to
Y nQ

Substituting for » and Q the values previouslygiven, we obtain
the relation,

et D=2653"}< 10197%—(1)1'655. in bars) (7a)

For air at 20 deg. C., and 10° bars, the number of molecules
striking 1 cm.? per second, is 2.88 X 10%.

Equation (7a) may also be expressed in terms of the mass (w)
of of gas that strikes 1 cm.? per second.

2 For a detailed discussion of the different methods which have been used for the deter-
mination of Avogadro’s number, N, the reader is referred to the following:
. Perrin, Les Atomes.
= Dushman, General Electric Review, 18, 1159 (1915).



12 Kinetic Theory of Gases

Let p denote the density of the gas, and m the mass per mole-
cule.

MP
Then, P=TT
M
andw—l/4nm9—1/4p9 43.74 %10~ GP\, gm. cm.~? sec.™!

(7b)
For air at 20 deg. C..and 10° bars,

w=13.8"gm./cm.? sec.

Application of Kinetic Theory to Determination of Vapor Pressures

An interesting application of equation (7) has been made by
Langmuir to the calculation of vapor pressures from rates of
evaporation of metals in high vacua. As this subject is discussed
at further length in a subsequent chapter it will be sufficient in
the present connection to quote from Langmuir’s paper on
“The Vapor Pressure of Metallic Tungsten.”*

““Let us consider a surface of metal in equilibrium with its
saturated vapor. According to the kinetic theory we look upon
the equilibrium as a balance between the rate of evaporation and
rate of condensation. That is, we conceive of these two processes
going on simultaneously at equal rates.

‘*At temperatures so low that the vapor pressure of a sub-
stance does not exceed a millimeter, we may consider that the
actual rate of evaporation of a substance is independent of the
presence of vapor around it. That is, the rate of evaporation
in a high vacuum is the same as the rate of evaporation in pres-
ence of saturated vapor. Similarly we may consider that the
rate of condensation 1s determined only by the pressure of the
vapor.’

It is therefore possible, according to Langmuir, to apply
equation (7) to calculate the vapor pressure of a metal like
tungsten from the observed rate of evaporation (loss of weight
at constant temperature) in vacuum.

Thus, at a temperature of 2800 deg. K., the observed value
of w, the loss in weight of a tungsten filament is 0.43 X 10— gms.
per square cm. per second. Substituting in equation (7b) we
find for P, the value 28.6X 10~® mms. of mercury, or 38.1 X10~%
bar.

In the same manner Langmuir and Mackay* have obtained
the vapor pressure curves of the metals tungsten, molybdenum
and platinum over a large range of temperatures.

3 Phys. Rev. 2, 329 (1913).
“Phys. Rev. 4, 377 (1914).
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Mean Free Path of Molecules

While the individual molecules in a gas at rest possess very
high velocities, as previously shown, it is a matter of ordinary
observation that gases diffuse into each other very slowly. Thisis
explained on the kinetic point of view by assuming that the
molecules do not travel continuously in straight lines, but
undergo frequent collisions. The use of the term *‘collision”’
naturally leads to the notion of free path. This may be defined
as the distance traversed by a molecule between successive
collisions. Since, manifestly, the magnitude of this distance is
a function of the velocities of the molecules, we are further led
to use the expression ‘‘mean free path” (denoted by L), which is
defined as the average distance traversed by all the molecules
between successive collisions.

However, this definition assumes that the molecules actually
collide like billiard balls; that is, the molecules are assumed to
be rigid elastic spheres possessing definite dimensions and exert-
ing no attractive or repulsive forces on each other. This,
however, can certainly not be in accord with the facts. We have
every réson to believe that the structure of atoms and molecules
is exceedingly complex. It is probably impossible to state
definitely what is the diameter of a hydrogen atom or molecule.
Also there is no doubt that the molecules exert attractive forces
on each other for certain distances and repulsive forces when
they approach exceptionally close. Otherwise how could we
explain surface-tension, discrepancies from Bovle's law, and a
host of related phenomena? To speak of collisions among
molecules such as these is impossible. What meaning, there-
fore, shall we assign to the free path under these conditions?

It is readily seen that the most essential idea at the back of
the term ‘‘free path’ is this: We imagine it possible to take a
cinematograph picture of the molecules in a given portion of
space; we then consider their velocity components in a given
direction and find that at the end of a certain distance L the
average value of the velocity components of all these molecules
taken in the same direction has decreased by a certain amount;
in other words, the average number of molecules traveling in
the given direction is less after they have traversed the
distance L. On this basis, the term free path has a physical
meaning which is independent of all ideas that we may form of
the actual structure of the molecules or of the nature of the
inter-molecular forces.

Another method of overcoming the same difficulty is to
investigate the relations between the free path and the other
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properties of a gas, assuming rigid spherical molecules with or
without attractive forces, and then consider the case of any
actual gas in terms of this hypothetical gas.

Evidently the mean free path must depend upon the molec-
ular diameter, and simple considerations indicate  that the
length of the mean free path must vary inversely as the total
cross-sectional area of the molecules per unit volume. Again,
the magnitude of the coefficients of viscosity, heat conductivity
and diffusivity of gases are intimately bound up with the length
of the free path; whether it be transference of momentum from
one layer to another as in viscosity, or transference of increased
kinetic energy of the molecules as in heat conductivity, the rate
of this transference must depend upon the number of collisions
which each molecule experiences as it passes from point to point.
We thus obtain relations between the mean free path, the
coefficients of viscosity and heat conductivity on the one hand,
and on the other hand, equations that connect the mean free
path with the molecular diameter.

Relation Between Coefficient of Viscosity and Mean Free Path

A gas streaming through a narrow bore tube experiences
a resistance to flow, so that the velocity of this flow decreases
uniformly from the center outwards until it reaches zero at the
walls. Each ldayer of gas parallel to the direction of flow exerts a
tangential force on the adjacent layer tending to decrease the
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velocity of the faster-moving and to increase that of the slower-
moving layers. The property of a gas (or liquid), in virtue of
which i1t exhibits this phenomenon, is known as snternal viscosity.

As a simple working hypothesis we may assume, as Newton
did, that the internal viscosity is directly proportional to the
rate of decrease of velocity in the different gas layers. Further-
more, the viscosity must depend upon the nature of the fluid, so
that in a more viscous fluid the tangential force between adjacent
layers, for constant rate of decrease of velocity, will be greater
than in the case of a less viscous fluid. We thus arrive at the
following definition of the coefficient of viscosity:

The coefficient of viscosity is defined as the tangential force
per unit area for unit rate of decrease of velocity.

With this definition we are in a position to deduce the ap-
proximate form of the relation between the coefficient of vis-
cosity and the free path.

Let u denote the velocity. of flow of the gas at a distance
d from a stationary surface. In the case of uniform flow along a
surface, the velocity will decrease uniformly to zero as the sur-
face is approached. We can therefore represent, as in Fig. 2,
the velocity at distance OA=d by the ordinate AB=wu and
velocities at intermediate distances by the corresponding or-
dinates below the line OB.

We shall imagine the gas divided into layers parallel to
the surface, each having a depth equal to the free path, L.

Let us denote the tangential force per unit area between
adjacent layers by B. By definition:

B = nXvelocity-gradient
"
=Xz (8)
where 7 denotes the coefficient of internal viscosity.

But according to the kinetic theory, the tangential force
per unit area is measured by the rate at which momentum is
transferred per unit area between adjacent layers.

Owing to the relative motion of the layers, the molecules
moving from a faster into a slower moving layer possess more
momentum in the direction of flow than those moving in the
opposite direction.

Let us consider any layer, CE or EH of thickness equal to
L. We have chosen this particular value of the thickness so
that we may be justified as a first approximation in assuming
that the molecules starting at either of the planes CD or EF
reach the opposite plane without suffering collision, that is,
without change of momentum.
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The momentum, parallel to the surface, of any molecule
reaching the plane EF from the plane CD is m(u'+G), where
u’ denotes the velocity of flow at the plane CD and G is the mean
velocity of the molecules.

- The momentum, parallel to the surface, of a molecule reach-

ing the plane EF from the plane HK is m(u’+G+2%L_).
The number of molecules that cross unit area per unit
time in any direction in a gas at rest is equal to —1— nG, and this

6

must be the same for the molecules traveling in a direction
perpendicular to the plane EF, for the velocity of flow is as-
sumed to be so small that the density remains constant through-
out the different layers.

Hence the net rate of transference of momentum across
unit area of the plane EF is equal to

1 ul
15/ — zmn G—a— (9)
From equations (8) and (9) it follows that
1 1
n—gmnGL—:g—pGL (10)

In deducing this equation it has been assumed that the
molecules all possess the same velocity G and the same free
path L. It is evident therefore that the equation thus derived
cannot be accurate. Introducing Maxwell’s law of distribution
of velocities, Boltzmann deduced the equation

71=0.3502 p Q L (11)
where Q=average velocity

=14551V T/M cm. sec.™!
and L is defined as the average free path.
Meyer in his ““Kinetic Theory of Gases” used a different
method of calculation and derived a relation of the form,
n=0.3097 p Q@ L’ (12)
This is the relation usually adopted in text books on physics.
On the other hand, the more recent publications, such as those of

Jaeger,> Millikan and Fletcher,® and others, prefer Boltzmann's
formula. Following the latter authorities we have made use

" 5 Fort. der Kinetische Gastheorie.
6 Phys. Rev. 4, 440 (1914).
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in the followitg calculations of equation (11) to determine the
so-called mean or average free path.*

From the preceding equations an interesting conclusion
may be deduced regarding the dependence of viscosity on
pressure. As has been mentioned, it is evident from very
simple considerations that L varies inversely as the number of
molecules present per unit volume. Consequently the product
pL is constant and independent of the pressure. The velocity,
2, depends only upon the temperature and molecular weight.
It therefore follows that, for any gas at constant temperature,
the viscosity is mdependent of the pressure, and must increase
with the temperature. The confirmation of these two deductions
has been justly regarded as one of the most signal triumphs
of the kinetic theory of gases. As is well known, the viscosity
of all ordinary liquids decreases with increase in temperature.
That the viscosity of gases must increase with temperature
was therefore regarded as a remarkable conclusion.

At both extremely low pressures and very high pressures,
the conclusion that the viscosity is independent of the pressure
is not in accord with the observations, but this is due to the
fact that the same derivation as has been used above is not valid
under those conditions where either attractive forces between
the molecules come into play or the pressure is so low that a
molecule can travel over the whole distance between the walls
of the enclosure without suffering collision. .

According to the preceding equations, it is therefore possible
to calculate L for a gas under given conditions from data on
the viscosity. In Table III are given the values of L=17/
(0.3502 pQ) calculated for different gases at 0 deg. C. and 20
deg. C. and 10° bars. The values of p have been calculated
from molecular weights, while the values of € have been taken
from Table I.

In choosing values of 7, (the viscosity at 0 deg. C.) from
the large amount of data available in the literature, an attempt
has been made to choose the most recent and most accurate
values in each case. The authorities for the different data are
glven in the footnote to Table III. For 7y (the viscosity at 20

*In German text- books, L is referred to as ‘‘mittlere freie Weglinge.”” The term

“‘mean free path'’ is used by English writers, most of whom adopt Meyer's formula. In

view of the act that we may have several different ‘‘means,’’ we prefer the unambiguous
designation ‘‘average free path."’

L' (Meyer) = 0.3502

03007 L (Boltzmann)
=1.131 L (B)

t The observations on viscosity effects at low pressures are discussed in the latter part
of this chapter and also in Chapter VI.
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Kinetic Theory of Gases 19

deg. C.) the experimentally observed value has been used in the
case of air, while in all other cases use has been made of
Sutherland’s equation.*

_ [273.14C\ [293.1\1 A
M0 =M\ 2931+-C ) \373.1 3a

where C is a constant for each gas.

Collision-Frequency

From the values of L and © we obtain the collision-fre-
quency, ©/L, that is, the average number of collisions per
second. These are given in the last column of Table III for
room temperature. Thus, a molecule of nitrogen under ordinary
conditions suffers over 5000 million collisions per second. It
18 not surprising, therefore, that gases diffuse relatively slowly.

Direct Determination of Average Free Path

The magnitude of the average free path under normal
conditions is extremely small. As seen from Table III it is

about 107° cm. or )—})(—) mil. But as the pressure decreases the
free path increases. At 1| bar, which is about the degree of
vacuum attained in exhausting ordinary incandescent lamps,
the average free path for most gases is between 5 and 10 cms.
A molecule of tungsten evaporated from the filament suffers
very few collisions, if any, in traveling to the walls of the bulb,
as is evident from the sharp boundaries of the blackened por-
tions.

References to Literature on Determination of n

The literature on this subject is very extensive. Fortunately most
of the data have been summarized by Fisher [Phys. Rev. 24, 385 (1904);
Chapman, Phil. Trans. A. 211, 433 (1911), and Gilchrist, Phys. Rev.
1, 124 (1913)]. The latter’s determination of the coefficient of viscosity
for air is probably the most accurate value available of this constant,
and has been used by Millikan in his precision measurement of the charge
on an ion. According to Millikan [Ann. Phys. 41, 759 (1913)], the most
accurate value for the coefficient of viscosity of air is
n: =0.00018240 — 0.000000493 (23 —1)
(23>1>12)
According to this relation,
0 =0.0001809
For m, Prof. Millikan quotes three values, see (a), whose average
0.0001711 we have used as probably the most accurate value.

*The derivation of this equation is discussed on pages 24 and 23.
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So far as the writer is aware the only investigators who have
made any direct determination of the free path are Lenard,?
Robinson,? and Franck and Hertz.1°

The method used by all of these was the same—that of
determining the average distance traversed by a gaseous ion
between collisions. A charged molecule (ijon) if endowed with
a sufficiently high velocity, is capable of producing other ions
by collision. It is therefore possible to measure the minimum
distance at which two plates must be placed in a gas in order
that it may be possible for the ions passing from one plate to
the other to produce fresh ions by collision. Franck and Hertz
obtained the following results:

| L cacc. (¢=20 pEG. C.)

Gas Pressure L
(Bars) I (Cm.) (Meyer) (Boltzmann)

H, 45 0.436 0.438 0.388
H, 81 0.256 0.243 0.215
H, 152 | 0.146 0.130 0.115
H, 1670 0.014 0.012 . 0.011
He 124 | 0.256 { 0.250 ‘ 0.221

“"References to Literature on Determination of 5 (Cont'd)

Vogel [Ann. 43, 1235 (1914)] has carried out similar measurements
in the case of other gases. As he referred his results to #y for air=1724
X107, we have re-calculated them to correspond with the above value.
These are referred to as Vogel's corrected values.

The other authorities to whom reference has been made are:

Kaye and Laby’s Tables of Constants (K. & L.).

Jellinek’s Physikal. Chem. I, 1, p. 305-7.

Markowski, Ann. Phys. 14, 742.

In the following references, C, F and V denote Chapman, Fisher
and Vogel respectively.

(a) Breitenbach, 1708.7; Fisher, 1709.2; Holman, 1715.7.

(b) V, 844; C, 854; Markowski, 841.

(c) “E..(d)"V, 1862: E. 1885. wi(e)iiF T 16i2 dC RS0

) V. (g V. (h) Jellinek. (k) V. (m) K. & L. The values
in square brackets are for 100 deg. C. (n) V.

(p) F. (q)V, 1666; C, 1672; Markowski, 1674.

(t) F, 110.4; C, 111.7; V, 110.6.

(s) V, 1905; C, 1900.

(t) C, 1303; F, 131.1; V, 133.

(u) C,2107;V,2100. (v) C. (w)V, 1370 F 1387.

(x) C, 249; V 277 K. &L 240. (y) K. &

(z) K & L The values in square brackets are for 300 deg. C.

8 Lenard, Ann. Phys. 12, 714 (1903).
9 Robinson, Phys. Zeit. 11, 11 (1910).
10 Pranck u. Hertz, Deutsch. Phys. Ges. 14, 596 (1912); 15, 373 (1913).
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The observed values of L appear to agree better with the
values#calculated according to Meyver's equation (12). The
experimental evidence is, however, insufficient to be able to
form from it a definite conclusion as to which equation is really
more satisfactory.

It ought to be observed in this connection that for an
infinitesimally small particle in a gas the mean free path accord-
ing to Maxwell is 42 L, where L is the.free path for the gas
molecules themselves. This relation has been applied to calculate
the free path for electrons in gases. However, there is at present
little or no experimental evidence in justification of this pro-
cedure. In fact, in some recent experiments by Mr. C. G.
Found and the writer with the ionization gauge, the results
obtained led to the conclusion that the mean free paths are much
greater than those expected from the above relation. Partzsch'!
has also found that in the case of photo-electrons colliding with
gas molecules the actually observed values of the mean free
paths are about twice as great as those calculated from Maxwell's
formula.

Relation Between Coefficient of Viscosity, Heat Conductivity and

Diffusivity

The kinetic theory of gases achieved a great triumph when
1t led to the conclusion that the viscosity is independent of the
pressure. It led to still further important results when it proph-
esied the existence of simple relations between the coefficients
of viscosity, heat conductivity and diffusivity.

From the kinetic point of view it is the same whether the
molecules transfer momentum from one layer to another or
translational energy. The equations are quite analogous.

As in the case of viscosity, we consider any two layers
CE, EH (Fig. 2), each of thickness L, between two plates whose
temperatures are 7; and T, and distance apart d. Let ¢, denote
the heat capacity per unit mass. The relative temperature
drop between the planes CD and HK is equal to

i1
2 (T — Tz)—d
Hence the heat transferred per unit area is

=Ml (Th—T,)L
= 5" G. 2m S

il (Th—Ty)
-—3ch,. L—d )

U Ann. d. Phys. 44, 556 (1914),
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Therefore the coefficient of heat conductivity,

e ;—p a1 (14)
From equations (10) and (14) it follows that _
k = 77 Cy (153)

A more accurate calculation of the heat conductivity shows

that this equation is not quite correct, and should be written
k=B N Cr (15b)

where B is a constant (greater than unity), whose value depends
upon the nature of the forces that are assumed to exist between
the molecules and upon the structure of the molecules themselves.

Similarly it can be shown that the diffusion constant of
one gas into any other is proportional to the coefficient of
viscosity. The relations are, however, quite complicated.

Chapman!? has shown that the value of the constant B
must be very closely equal to 2.5 for monatomic gases, 1.90
for diatomic gases, and less than this for polyatomic gases.
These conclusions have been confirmed experimentally by
Eucken.’

Table IV taken from Eucken’s paper gives the values of
k (experimentally determined by Eucken), 5 (Vogel's data)*
and ¢» together with the observed values of B at T =273.

TABLE IV

COEFFICIENT OF HEAT CONDUCTIVITY AND RELATION
TO COEFFICIENT OF VISCOSITY

Gas £ X107 ] X107 | Cy B Obs. B Calc.
He 3360 | 1876 0.746 240 | At
A 390 2102 0.0745 249 | ;
H, 3970 ' 850 2.38 1.965
N 566 * 1676 0.177 1.905
0, 570 1922 0.155 | 1913 1.90
Cco 542.5 | 1672 0.177 [ 1.835
NO 555 | 1794 0.1655 1.870
CO, 337 | 1380 0.1500 1.628
H,0 (429) | 1006 0.342 1.25
NH; 513.5 | 926 0.388 1.43

12§, Chapman, the Kinetic Theory of a Gas Constituted of Spherically Symmetrical
Molecules, Phil. Trans. A, 211, 433 (1911).

13 BEucken, Phys. Zeit. 14, 324 (1914). See also Jeans, Dynamical Theory of Gases,
p. 317.

* No correction has been applied to any of the data given in Table IV, as the intention
was merely to illustrate the variations in the value of B.
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Relation Between Molecular Diameter and Mean Free Path

As mentioned previously, recent speculations on the struc-
ture of the atom lead to the conclusion that atoms and mole-
cules are far from being the rigid elastic spheres postulated
by the founders of the kinetic theory. Accordingto the present
theory of atomic structure we must conceive of the atom as
consisting of a positively charged nucleus surrounded by one
or more rings of electrons. The diameter of the nucleus is
extremely small (less than 1/100,000) compared to the diameters
of the electronic orbits, so that it is possible for the alpha
particles, which have the same mass as helium atoms, to
pass right through an atom of a heavy metal like gold. It is
therefore certain that in the case of chemical combinations the
atoms have inter-penetrated to form the molecule. The evi-
dence deduced by T. W. Richards on the compressibility of
atoms is also in accord with these views. On the other hand, it
may be reasonable to speak of the diameter of a molecule if
we think of it as the smallest distance apart to which the centers
of two molecules can approach. Even this definition may not
be accurate, but we can make use of it as a physical basis for
mathematical relationships.

Denoting the molecular diameter by dm, it was shown by
Clausius! that in the case of spherical molecules all possessing
the same velocity G, the length of the free path is

L—4 =S T (16)
If we take into account the fact that the molecular velocities
vary according to Maxwell’s distribution law, it can be shown
that the average free path
1

L=—nr—— 17

V2w onde? L

Jeans has, however, pointed out that this equation cannot

be accurate, since it takes no account of the persistence of veloci-
ties after collision.’® ‘‘On the average, a collision does not re-
verse the velocity in the original direction of motion, or even
reduce it to rest, but there is a tendency for the original velocity
to persist after collision.”” Jeans shows that in the case of two
similar molecules colliding with relative velocities that may .
vary all the way from 0 to =, the average value of the persistence

1s very nearly equal to % of the value when the molecules col-

14 See Jellinek, pp. 287-202.
Meyer’s Kinetic Theory, pp. 161-3.
15 Jeans, Dynamical Theory of Gases, p. 276, etc.
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lide with equal velocities. That is, on the average, the mole-
cules traveling in a given direction will after collision have lost

sixty per cent(g)of their velocity component in that direction.

Hence, according to Jeans, the equation should be written

1.319 *
L=——+""— 18)
V2rnd? (18)
Accordmg to Chapman, Jeans’ formula is not quite correct.
He has shown that for the case of rigid elastic spheres with no
attractive forces, .

& 0.4909 %
V21 n dy?

Comparing equation (19) with equation (11) it is seen that,
according to Chapman,

(19)

3 0.4909
703502 V2T 0 dm?
11402

5 Norm dm?

This formula is true only for rigid elastic spheres with no
attractive forces. Assuming the existence of such forces, the
effect obviously must be to shorten the free path, and in ac-
cordance with Sutherland’s® conclusion we must write for
equation (20) the relation

(20)

[ 1.402 (21)

V2T u dmz(l +?)

where C is a constant for each gas whose value may be deter-
mined from the temperature coefficient of the viscosity.

*This manner of defining the free path could obviously be extended to the case of mole-
cules obeying any other law of force, where no collisions (according to the literal meaning
of the word) occur. It has already been observed in a previous paragraph (p, 13) that
we might define L in terms of the ratio of the molecules traveling in a given direction at
one point to the number traveling in the same direction at a point further along in the same
direction, Jeans’ concept of persistence of velocities leads us therefore to the following def-
inition of average free path which would hold in all cases except that of unlike molecules.
We can define the average free path as being twice the distance which the molecules traveling
at any instant in a given direction will pass over betore losing sixty per cent of their velocity
component in that direction. The factor 2 is required because at any instant the mole-
cules have, on the average, covered one-half the distance between collisions.

This definition has been suggested to the writer by Dr. I. Langmuir and although
it may not be the usual definition, the latter is so vague that a scientifically correct defini-
tlfon wouldh certainly help to clear "the prevailing misunderstanding about the whole subject.
of free paths.

16 Phil. Mag. 3¢, 507 (1893).
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This equation, combined with equations (19) and (11),
leads to the following expression for the variation with tempera-
ture of the coefficient of viscosity:

_ (213+C\ ( TV
i ay ’7’“( ATHC ) (273) (13b)

Sutherland’s equation has been found to be in excellent
agreement with the experimental data. The assumption there-
fore appears to be justified that the molecules approximate

 fairly closely to rigid elastic spheres surrounded by attractive

fields of force.

Equation (21) combined with equation (11) and a knowl-
edge of » enables us to calculate the molecular diameter from the
coefficient of viscosity.

Relation Between Molecular Diameter and Van der Waals’ Constant, b

At very high pressures or temperatures so low that the
gases can condense, it is observed that Boyle-Gay-Lussac's
equation

PV=RT

is no longer applicable.

Van der Waals found that the behavior of gases near their
critical temperature and pressure' could be expressed quanti-
tatively by a modified form of the above equation as follows:

(P+ %) (V—b)=RT (22)

In this equation, a/V? is a correction term added to P,
which takes into account the attractive forces exerted by the
molecules upon each other. The constant b denotes a small
volume whose magnitude compared@ the molecular volume,
V, becomes of importance when we are dealing with gases near

their critical state. According to Van der Waals, il is equal to

the total volume of the molecules.

That is,
b ™
A T e
2 ]\.64,,,
or
8&b
iE = bR
dm T (23)

where N =6.062 X 10%.

17 S, Dushman, ' ‘The Absolute Zero, " General Electric Review, February and April, 1915.



26 Kinetic Theory of Gases

The value of the constant b may be determined for each
gas from the critical temperature (7.) and pressure (P.) by means
of the relation:

In this equation b denotes the volume in cm?® per molecular
weight. Ordinarily this constant is given in tables in terms of
the volume of the gas at 0°C. and 1 atmosphere pressure as
unity. Denoting the latter by b, it is evident that b in the above
equations corresponds to b, X22,412.

Jeans has pointed out!® that since b and a in Van der Waals'
equation are not constant down to the critical temperature and
pressure, values of b calculated by means of equation (24) are
probably far from accurate. He therefore recommends cal-
culating b from the observed deviations from Boyle's law as
expressed by equation (22).

There is still a third method by which the molecular diam-
eter may be calculated. According to Clausius and Mossotti,
the volume actually occupied by the molecules may be cal-
culated from either the dielectric constant D or the refractive
index 7 by means of the equations

d *—(D +2) (25)
-(7=2) o

Table V gives the values of the molecular diameter cal-
culated for different gases by each of these methods. The
first column gives the values of d, calculated from the average
free path, L, according to equation (21).

The values of C and L have been taken from Table I11.

The second column gives the values calculated recently by
S. Chapman® and A. O. Rankine® by a slightly modified form
of the same equation.

Column III gives the values, calculated by Chapman by
means of equation (23), using the values of b obtained from the
observed deviation from Boyle’s law. Column IV gives values
calculated from the data on.critical temperature and pressure by
means of equation (24). The critical data used were those given
by Jellinek.? Column V gives the values of d. calculated by

18 Dynamical Theory of Gases, p. 174, etc.
19 Phil. Trans. Roy. Soc. 4, 216, 279 (1916).

20 Proc. Roy. Soc. 98, 360 (1920).
3 Physikal Chem. I, 1, pp. 444-5.



Kinetic Theory of Gases 27

O. Sackur?? from the refractive index for the D-line. These
data have been corrected for the difference between the values of
N used by Sackur and by the writer. Calculations on the
magnitude of the molecular diameters are also given by J. L.
Jeans,® R. Eucken® and A. Heydweiller.®

The general agreement between the results given in the
first three columns is very satisfactory. In view of Jeans’
criticism just mentioned, the values in Column IV cannot be
considered as having nearly the same degree of accuracy as those
in Column III, while the values in Column V indicate that this
method gives only approximate results.

As has been pointed out by Rankine® the above arguments
are all based on the assumption that the molecules are spherical.
““When we come,”’ he writes, ‘‘to consider the case of diatomic
molecules—as, for example, in chlorine gas—we are met with the
difficulty that we are no longer entitled to regard the molecule

TABLE V
MOLECULAR DIAMETERS
Unit 107% cm.

Gas I II III v A\’
H, 2.403 2.38 2.52 2.341 1.91
N, 3.146 3.13 3.08 3.146 2.41
0, 2.975 2.96 2.89 2.919 2.32
He 1.905 1.91 1.96 2.646 1.18
Ne 2.35
A 2.876 2.87 2.85 2.939 2.36
Kr 3.19 3.14 -

Xe 3.51 3.42
Cly 3.33
sz 3.88
I, 4.66
Hyg 3.013
H,0 2.887 2.28
co 3.190 3.121 2.52
CO, 3.335 3.30 3.40 3.231 2.78
NH; 2.967 3.080

as a sphere. Hitherto, it has been necessary to regard it as
such, and obtain, by the formula which is strictly applicable to
single atoms only, an average atomic diameter. All viscosity
formule merely enable us to calculate an average value of md w?
which is the area presented as a target by the molecule to other
2 Ann. Phys. 40, 87 (1913)
23 Dynamical Theory of Gases, p. 341.

24 Phys. Zeits. 14, 324 (1913).
* Ann, Phys. 42, 1273 (1913).
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molecules approaching it from all possible directions.” Rankine
has therefore attempted to calculate the actual arrangement of
the atoms in a molecule such as O, on the basis of the Lewis-
Langmuir theory of atomic structure, utilizing the values derived
by W. L. Bragg for the radii of the atoms in crystalline com-
pounds.?® The conclusion arrived at is that the best model for
such diatomic molecules is an ellipsoid of revolution whose
longer diameter lies along the line joining the centers of the two
atoms.

General Considerations Regarding Gases at Low Pressure

As has already been stated, the pressures which interest usin
the study of high vacuum phenomena usually range below 1 bar.
At these pressures the mean free paths of the molecules are at
least of the same order of magnitude as the dimensions of the
vessels used in experimental work. Thus, at 1 bar the mean free
paths for most gases are about 10 cm. (Table III). It therefore
follows that the majority of the molecules travel in straight lines
as far as the dimensions of the vessels will allow, and the num-
ber of inter-molecular collisions per second becomes relatively
small as compared with the rate at which the molecules strike
the walls. The following considerations will probably serve to
explain the significance of this statement more fully.

Consider a cube, whose volume is D?® cubic cm., and 1&t #n
denote the number of molecules per cm.®. The number of colli-
sions between gas molecules per second is

C=nD3%

The total number of molecules striking the walls of the cube
in each second is

Q
A=6D*n—
A=06D%n 1
Hence Thatis, the ratio between the rate at which

: C i
the molecules strike the walls and the rate at which they collide
with each other is given by the ratio between the lengths of the
mean free path and of the side of the cube. It can be readily

shown that no matter what the shape of the vessel, the ratiog

is proportional to.that of é’ , where D is the distance between the
walls. Thus, if Dis of the order of magnitude of 10 cm., A is
greater than C when L is greater than 10 cm., that is, when the

% Phil. Mag. 40, 169 (1920).
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pressure is lower than 1 bar (approximately). Consequently we
should expect to find that at pressures of 1 bar and lower, the
molecules travel in straight lines toward the walls of the contain-
ing vessel.

A very common illustration of this fact is the production of
sharp shadows in vacuum type incandescent lamps. As has been
shown by the investigations of Langmuir and Mackay,” the
blackening of ordinary tungsten lamps is due to the evaporation
of metal from the filament. The pressure in this type of lamp
under operating conditions is less than 0.01 bar,*® so that the
mean free path of the tungsten atoms is of the order of several
hundred centimeters. Consequently, collisions between these
atoms and molecules of residual gas are very rare, and the tung-
sten atoms travel directly to the sides of the bulb, where they are
immediately condensed. By interposing some object between
the filament and the walls, very sharp shadows can be produced,
if the vacuum is good. On the other hand, the shadows are very
much blurred if there is present in the bulb a pressure of even
several bars of some inert gas like argon. Similar phenomena are
observed in the evaporation of other metals, like mercury and
sodium.?®

This observation that at very low pressures it is possible to
obtain very well defined shadows by the evaporation of metals
has been applied recently by O. Stern® to measure directly the
translational velocity of molecules. The principle of the method
used is as follows:

The vapor produced by evaporatlon from a metallic filament
in a very good vacuum is allowed to pass through a hole L, and a
screen with a circular aperture is placed in front of the hole.
The beam of molecules passing through the hole L and the
opening in the screen forms a sharply defined circular spot on

-a plate P at a distance from the screen. If now the whole

apparatus, including screen and plate P, is rotated about an axis
perpendicular to the path of the molecules and passing through
the hole L, the spot formed on P is displaced in a direction
opposite to that of rotation by an amount s which may be cal-
culated from the following considerations:
If | denotes the distance between the hole L and the plate P,
and v the frequency of rotation of the latter about the
27]. Langmuir, Am. Inst. Electr. Eng. Trans. 32, 1921 (1913), also refprences given above.

28 S. Dushman, Phys. Rev., §, 223 (1915).
¥ L. Dunoyer, Les Idees Modernes sur la Constitution de 1a Mablere p- 215 (1913). This
article contains a very interesting discussion of low pressure phenomena, especially of
Knudsen’s work (see p. 31).
0 Zeits. f. Physik, 2, 49; 3, 417 (1920).
Sc. Abst. 2, 12, 544 (1921)
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axis passing through L, it is evident that during the time
7 in which the molecules pass from L to P, the latter will have
moved forward a distance s, where
s=27wl.v. T
But if v = velocity of molecules,
=)

Hence, s=2 7 v /v

Thus, the measurement of s gives a direct determination
of v, the velocity of the molecules.

Experiments with a silver-coated platinum wire gave
results on the velocity of silver atoms which corresponded very
closely with the values calculated by means of equation (5). It
will be observed that in the latter equation, the velocity depends
upon the molecular weight. Stern has therefore pointed out that
the above method may be applied to determine molecular weights
in the vapor state.

Laws of Molecular Flow

It isevident from the preceding considerations that at very low
pressures the rate of flow of gases through tubes or narrow aper-
tures must be limited solely by the frequency with which the
molecules strike the walls of the tube or aperture and may thus
be thrown back in the direction of incidence. At higlier pressures
the rate of flow of gases through narrow tubes is governed by
Poiseuille’s law. If O denotes the amount of gas (measured in
terms of P. V) which flows per second through a tube of diameter
D and length [/, and 5 denotes the coefficient of viscosity, Poi-
seuille’s law may be expressed by means of the equation,

DA(P,-Py)PTT Ty
O="155 91 @7)

where P is the pressure at which Q is measured and P,-P,
denotes the difference in pressure at the two ends of the tube.
At very low pressures this relation is no longer valid, and for a
reason which is self-evident. At ordinary pressures the rate
of flow of gases must be limited by the frequency of collisions
between molecules, hence the necessity for introducing the co-
efficient of viscosity in the formula for the rate of flow. At very
low pressures, however, where the length of L, the mean free
~ path, is much greater than that of D, it is meaningless to speak
of a coefficient of viscosity and it is therefore necessary to dis-
card the hydrodynamical equations upon which Poiseuille’s
relation is based, in order to arrive at a more accurate relation
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for the rate of flow of gases through tubes. A similar difference
has been observed for the laws of heat flow in gases at low and
high pressures. “For pointing out the manner of attacking both
these problems and deducing a number of relations which are
applicable to gases at low pressures, we are indebted to the theo-
retical and experimental investigations of M. Smoluchowsky, M.
Knudsen, and W. Gaede, who, since 1908, have published a large
number of papers dealing with this subject.*

The term ‘‘molecular flow” wassuggested by Knudsen® to
designate the condition of gases flowing through tubes at such
low pressures that collisions between the molecules are infre-
quent as compared with collisions at the walls. As has been
shown, at these pressures L is much greater than [) and

the ratio % increases with decrease in pressure, so that any mole-
cule striking the inner surface of the tube at any point is repelled
all the way across the tube until it strikes the opposite wall.
Knudsen now assumes that any plane surface, no matter how
smooth it may appear, consists in reality of toothlike projections
which are probably due to one or more atoms being irregularly
piled up above the surrounding atoms; that is, these projections
are of molecular dimensions, and they are irregularly distributed
over the surface. Consequently, ‘‘a gas molecule on striking
the surface is repelled in a direction which is totally independent
of the direction of incidence, and the distribution of directions
of an infinitely large number of molecules after reflection from
a surface follows Lambert’s cosine law for the reflection of light
from a glowing body.”

Introducing Maxwell’s distribution law and Meyer’s equation
for the number of molecules in a gas at rest that strike unit area,
Knudsen arrives at the following relations for the case in which
the diameter of the tube or aperture is infinitesimally small as
compared with the length of the mean free path.

In the case of a circular tube of diameter D, and length /, the
quantity of gas, Q., which flows through per second, with a
difference of pressure P,-P, is given by the equation,

P
Qz— T'Vl\/;:

. *This subject is discussed at greater length in Chap. VI, and also in connection with
the theory of the molecular gauge (p. 101).

3 Ann. Phys. 28, 75, and 28, 999 (1908). Abh. Bunsenges. 3, 103 (1914). Also M. L,
Dunoyer, loc. cit.

(28)
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where
6/ 23941

Vor v Db (29)
and p; denotes the density at 1 bar pressure and the temperature
of the tube.

From the gas laws it follows that,

M
P =g I5X10° T

It will be observed that equation (28)isanalogousto Ohm's
law, so that we may speak of the term Wiy/p, as the resistance
to flow of the tube at the temperature T for a given gas. For
different gases, the value of the resistance varies as the square
root of M.

For the case of a circular opening in a thin plate, equation (28)
is still valid, but the value of W is given by the equation,

\/ 21!' 3.184
L S
where A is the area of the opening, and D its diameter.
Hence where we have a tube of diameter D and length / con-
necting two vessels at low pressures, the total resistance to flow,
of this tubing, is

— (23941 3.184\ ~—
Wy/pr= (*’ s +“DT) VP (31)

By means of these equations it is possible to calculate
the quantity of gas that can flow through any given tube or
opening at low pressures. The value of Q is obtained in terms of
P V, that is, the volume in cm.? at a given pressure P, in bars.

TABLE VI

RATE OF FLOW OF AIR AND HYDROGEN AT LOW
PRESSURES AND 20 DEG. C.

W,=

¥y

(30)

Do iio Q:

] I D w : RS, (Air) 7—P: (Hyd.)
1 cm. 1 cm. 5.578 5204. 19710.

10 it 27.124 1070. 4053.
1 0.1 2712.4 10.70 40.53

10 I 0.1 24258.4 1.196 3.60

l
l
As an illustration of the application of the above equation, Table
VI gives the volume (in cubic cm.) of air or hydrogen (at 1 bar

pressure) that would flow through different sizes of tubing for
a difference of pressure of 1 bar, and room temperature. For
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air at 203 deg. abs, and 1 bar pressure, p,=1.189X10~? and for
hydrogen, under the same conditions, p, =8.271 X 10,

From equation (31) and the data in Table VI it isevident that
for long tubes of very small diameter (capillaries) the end cor-
rection is negligible. The values of (, for air and hydrogen may
then be derived from the data in the table for [=10 and D=0.1
by applying equation (29).

These examples illustrate the effect of narrow tubeson the
rate of exhaust at low pressures, and it is therefore absolutely
essential that in experiments at low pressures where maximum
speed of exhaust is desired, the connecting tubing should be as
large in diameter as practicable, and also as short as possible.

Laws of Flow at Higher Pressures

The equations given aboveare strictly accurate only at such

low pressures thatQ is infinitesimally small. Actually it has

.

been found by Knudsen that the equations are accurate to within

D B :
5 per cent even at pressures where ——=0.4. For air at room tem-

&
perature and 1 megabar, the value of L is 9.4 X10~® cm., and at
a pressure P (bars) L,=9'—;'. So that in case of a tube 1 cm. in

diameter, the equation for molecular flow would be accurate to
within 5 per cent for all pressures below about 3.76 bars.

It is of interest in this connection to discuss briefly the manner
in which the rate of flow of gas through a tube varies at higher
(P2—P)
from the above discussion that for very low pressures this ratio
is constant for any given gas and independent of the pressure.
As, however, the pressure is increased the value of F is
observed to decrease at first until it reaches a minimum value
which is about 0.95 of its value at very low pressures. As the
pressure is increased still further, F increases and the rate of
increase with pressure is given by Poiseuille’s law. From ex-
periments over a large range of pressures with different gases,
Knudsen has derived the following semi-empirical relation which
is found to hold at all pressures:

9 (1+aP)
F=oP+h s (32)

pressures. If we denote the ratio, by F, it is evident

where,
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w D* BT (18
= 198 7l (Poiseuille’s constant)

b=—v171_\7‘?l (Coefficient of r_r_lolecula.r flow)
Cl:\/pT; D Al by = 124\/[)1 D

For ordinary pressures this equation assumes the form already
given for Poiseuille’s law, equation (27), while at very low pres-
sures it becomes identical with equation (28). In order to illus-
trate the application of equation (32) and also show the effect
of pressure on the rate of flow of gases it is of interest to calculate
by means of this equation the value of F at different pressures
for air flowing through a tube 10 cm. long and 1 cm. in diameter,
at room temperature. In Table VII, F expresses the volume in
cubic cm., measured at 1 bar pressure and room temperature
that flows through the tube for a difference of pressure of 1 bar
at the ends and an average pressure of P bars.

TABLE VII
RATE OF FLOW OF AIR AT DIFFERENT PRESSURES

P (bars) F (equation 32) F—1070
10¢ 13.56 x 10¢ 13.56 x 10®

100 2227 1157
50 1555 485
20 1160 90

10 1058.1 —11.9

5 1025.7 —44.3

4 1023.6 —46.4

3 1025.2 —44.8

1 1043.6 —26.4

0.1 1065.4 — 4.6

0.01 1069.6 — 0.4

¢=135.6 b=1070 a=0.19033 c2=0.2360

These results have been plotted in Fig. 3. Itisseentha the
minimum value in F occurs at about 4.5 bars. Even at this
pressure the difference between the value calculated by means
of equation (32) and that calculated by applying the simple
equation (28) combined with equation (31) is less than 5 per cent
of the value, F =1070, calculated by the last mentioned method.
Table VII also shows that the resistance of tubes is very much
greater at extremely low pressures than at ordinary pressures.
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Thermal Molecular Flow?*?

If two vessels at different temperatures are connected by a
capillary tube, it is observed that at low pressures (where L is
greater than D), there is a flow of gas from the colder to the
hotter chamber until a pressure is established sufficient to check
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it. For small differences in temperature, the pressure difference

varies directly as the pressure and inversely as the temperature.

It is also independent of the nature of the gas. The condition of

equilibrium of pressures in the two parts of the system is then

given by the relation:

i} !7: P _ Tz Wt

f‘2 \ 1 P2 Tl : (33)

As the pressure is increased, the pressure difference rises less

rapidly and finally reaches a maximum value. It then decreases

and at higher pressures varies inversely as,the pressure and also

inversely as the density of the gas. Under these conditions there
2 M. Knudsen, Ann. Phys. 31, 205 and 33, 1435 (1910); G. D. West, Proc. Phys. Soc.

31, 278 (1919). The latter gives a critical discussion of the laws of thermal transpiration
at'both low and medium pressures.
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is a flow of gas from the cold to the hot vessel along the surface of
the tube and in the reverse direction along the axis. The con-
dition for equilibrium at ordinary pressures is

P1=P2 0r%=— (34)

Equation (33) is applicable to experiments at low pressures
where different parts of a system are maintained at different
temperatures. A usual case is where an appendix or trap con-
nected with the vessel to be exhausted is kept immersed in liquid
air (7’=80 approx.), while the pressure in the system is deter-
mined by some form of sensitive gauge. Assuming that the
latter is at room temperature (7 =298). it follows that the
pressure in the part of the system immersed in liquid air is

\/_‘39. =0.52 of that read by the gauge.
298 :



o
DY)

CHAPTER 11
HIGH VACUUM PUMPS

Classification of Methods for the Production of Low Pressures

The methods for the production of low pressures-may be
classified conveniently under the following headings:

I. Mechanical Pumps
: 1. Piston pumps
2. Toepler and Sprengel mercury pumps
3. Rotary mercury pumps
4. Rotary oil pumps
5. Gaede ‘“Molecular’” pump ;

1. Jllercury Vapor Pumps
. Gaede “diffusion’”’ pump
" Langmuir ¢ condensation pump

I111. Physical- Chemical Methods
1. Charcoal or other absorbing agent at low temperature
2. Clean-up of residual gases by chemical reactions
3. Clean-up of gases by ionization methods

General Theoretical Considerations Regarding Vacuum Pumps!

In comparing vacuum pumps it is necessary to consider the
following factors, which are the main characteristics of a pump:

1. Exhaust Pressure. Thisisthe pressure against which the
pump may be operated. In general, the higher the degree of
vacuum desired on the ‘‘fine’”’ or intake side of the pump, the
smaller the exhaust pressure should be. - The low exhaust pres-
sure is then obtained by means of another (so-called ‘‘rough’’)
pump in series with the high vacuum pump. Two or more rough
pumps may be used in series in order to obtain a sufficiently low
exhaust pressure for the fine pump.

2. Degree of Vacuum Attainable. ‘‘ This is the lower limit of
pressure which may be attained in a closed vessel connected to
the pump. With most types of pump the degree of vacuum
attainable depends to a large extent on the exhaust pressure

‘used. This is usually due to leakage through the pump.” In

the case of the mercury vapor pumps, there is theoretically no
lower limit to the pressure which may be attained, while in that of
the Gaede molecular pump the limiting pressure bears a con-
stant ratio to the exhaust pressure.

1 In writing this section, the author has made extensive use of the article by Dr. Langmuir
on ‘‘The Condensation Pump in the General Electric Review, Dec., 1916, p. 1060.
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3. Speed of the Pump. The law for the rate of decrease in
pressure in a closed vessel connected to a pump is quite similar
to that of chemical and physical reactions of the first order.

It may be stated as follows: If py denotes the lower limit of
_pressure attainable with the pump, then the rate of decrease in

Fig. 4. Geryk Vacuum Pump, Power, Drive

pressure at any instant is proportional to p — po, where p denotes
the pressure at that instant. That is,
d X
~L =k (p—p) (35)
where k is a constant. Further consideration shows that with
a given pump the rate of exhaust must vary inversely as the
volume (V) of the vessel to be exhausted. Thus we can write
dp S
DL S 35b
where S is a constant for the given pumping system, that is,
pump and connecting tubing. Integrating the last equation we

obtain the relation,
vV P1—Po
= Sty o (i £ 36
S=—in Pz—Po) (36)
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where ¢ is the interval of time required to reduce the pressure
in the volume V, from p; to p..

Gaede? has defined S as the speed of the pump, and it is ordi-
narily measured in cubic cm. per second. It is readily seen
that from the above equation S may also be defined as follows:

With a pump of speed S, it is possible to reduce, in each
second, the pressure in a volume S em.? by 63.2 per cent of the
maximum possible decrease in pressure. It is necessary to distin-
guish between the speed as defined in this manner and the actual
speed of exhaustion, which we may denote by E. The latter is
defined thus:

_dp _E
G- vP
or
V1
, o tlnp-. (37)

It is only when po=0, that S and E are identical, and remain
constant during the.whole period of exhaust. Inall other cases the
speed of exhaust gradually decreases and as the pressure in the
vessel approaches the limiting pressure, po, E decreases rapidly
until it becomes zero when the pressure has decreased to p,.

The actual speed of exhaust depends not only upon the design
of the pump but also upon the diameter and length of the con-
necting tubing between pump and vessel to be exhausted. The
pump and tubing together really constitute a system which is the
equivalent of a pump of lower speed. Mention has been made
in Chapter I of the results of Knudsen’s investigations on
the resistance to flow in tubes. According to these results, the
quantity of gas, Q, flowing through a narrow tube is given by the
relation

p2—P1
where W4/, is the *‘resistance,”’ and pa— 1 is the difference in
pressure at the ends. As in the previous chapter we shall write

& _*Q £
' 4 pe—p1 W/p (38)
Let us now assume that the volume of the tube is negligible
compared to the volume of the vessel to be exhausted, and that
the limiting pressure for the pump, po=0. Let p, denote the pres-
sure in the vessel and p, the pressure at the pump intake (end
of the tube). Also let S, denote the speed of the pump itself,

*Ann. Phys. 41, 337 (1913).

(28)
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and S, the speed of pump and connecting tubing. Then since the
guantity of gas taken out each second by the pump is the same
as that flowing through the tube, we have the following relations:
Q=F(p—p)=S1 p1=S2 p»

Eliminating p; and p, from these equations, we obtain the
equation, : ,
1 5wl
i AT 3¢
SusitE e
which shows the effect of the added resistance of the tube on the

speed of the pumping system. It will be observed that% has

the same dimensions as Wa/p, (or 1/F), that is, the speed of a
pump may also be looked upon as the reciprocal of a resistance to
flow of gases through it, and by analogy with electrical usage we

may define %} as the “impedance’ of the pump itself and —1—2 as

the impedance of pump and tubing. Similarly we may regard
S1, Seand F, as “‘admittances.”’

It follows logically from these considerations that ““in oper-
ating vacuum pumps of high speed it is essential to use tubing
of large diameter (and short length) between the pump and the
vessel to be exhausted if full advantage is to be taken of the
speed of the pump.” As an illustration of the effect of narrow
tubes in diminishing the effective speed of a pump, let us consider
the case of a tube 10 cm. long and 1 cm. diameter connected
with a pump of speed S;=1400 cm.? per second (which is the
value for a molecular pump under ordinary operating conditions).

The “‘ resistance ’’ of such a tube has been calculated inthe pre-
vious chapter. For air at room temperature 1 /Wy/,=F =1070.
Applying equation (39) it follows that S, =606, that is, thespeed of
the pumping system is about 43 per centof that of the pump alone.

With a pump which has a speed of 4000 cm.2 per second (such
speeds are easily attainable with mercury vapor pumps) the same
piece of tubing would diminish the actual speed of exhaust to 844
cm.? per second. In order to make effective use of the speed of
this pump, it would be necessary to use very much larger tubing.
Thus, let us assume that the connecting tube has a diameter of
3 cm. and a length of 30 crr. (To use tubing larger than this is
usually impracticable, while the length given is about as short
as would be practical.)

WA/ p1=10"%X1.04 (for air at 20°C.)
SIS D5
Hence, S;=2825 ¢cm.? per second.
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These results indicate how seriously the speed of a mercury
vapor pump may be limited by the resistance of the tubing
unless this is of very large size. It also follows from these
considerations that in the case of a low speed pump such as the

R

Fig. 5. Details of Construction of Geryk Vacuum Pump
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Gaede diffusion pump (S=80) or a rotary oil pump (S=100),
the resistance of the tubing, as long as it is not too large, is not
nearly as important a factor as in the case of high speed pumps.

-

D

Fig. 6. Gaede Piston Pump

MECHANICAL PUMPS

The early forms of exhaust pumps were of the piston type.

As they have been largely superseded in modern practice, espe-
cially for high vacuum work, no detailed mention of them need
be made in this connection. reover, they are described in
most elementary text-books o ysics.

Geryk Vacuum Pump

This is a modern form of the piston type of pump (see Figs. 4
and 5), made by the Pulsometer Engineering Co. The illustrations
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and the following description are given by E. H. Barton:?

“Referring to Fig. 5, A is the suction pipe, B theair port
into the cylinder above the piston, C is the piston whose bucket
leather is kept up to the cylinder wall by oil pressing in the
annular space D, E is the piston valve, F an air pipe to relieve
the piston on the first few strokes, G, H and I collars and cover
forming a good joint and delivery valve combined.

‘‘When the piston is at the bottom of its stroke as shown,
there is a perfectly free opening from A to B. As the piston rises
the port B is cut off and the cylinder full of air irresistibly car-
ried up to outlet valve G. No air can get back past the piston
as it is covered with oil. When the piston approaches the top of
its stroke, it lifts the valve G off its face and gives a free outlet
for the air. The oil on the piston then mingles with that shown
above G, but the right quantity returns with the piston on the
closing of G. L is the plug for filling up with oil, which is very
non-volatile, moistureless and non-solvent of air and fills all clear-
ance spaces and seals the valves.”

With a single-cylinder pump of this type itisclaimed thata
pressure of about a quarter of a millimeter of mercury can readily
be obtained.

Gaede’s Piston Pump?

This form, shown in Fig. 6, consists really of three piston
pumps in series. The vessel to be exhausted is connected at
R. As the piston rod D moves upwards, it carries with it'the
three pistons A, B, and C. The air is thus forced from N
(which communicates with the tube M) through the valves O in
the stationary partitions ¢, b, and a into the chamber K from
which it is ejected into the air by the vent q. The top chamber
K also contains a small amount of oil which forms an emulsion
with the water and other vapors condensed above the piston A.
“This emulsion is forced, together with the air, through the
valve o in the cover @, through the tube P above the valve, and
thence into the chamber K. This chamber is filled with a
fibrous mass by which the oil and water emulsion is separated into
its components. In consequence of its greater density, the water
collects on the bottom M of the chamber, and may be pumped
off as often as necessary by means of a glass syringe and rubber
tube connected to the tube N extending upwards out of the pump.

3 An Introduction to the Mechanics of Fluids, p. 197 (Longmans Green & Co., 1915).

See also Encycl. Britannica, 11th Edition, Vol. 22, p. 64

¢ W. Gaede, Phys. Zeits. 14, 1238, 1913.

See also E. H. Barton, loc. cit. pp. 198-9, from whose book the descnptlon given in the
text is quoted.
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The oil overflows through the tube S into the space between a
and M, whence it re-enters the pump barrel to combine with
fresh quantities of water vapor.”

According to Gaede’s published account it is possible with
this pump to obtain a pressure as low as 0.00005 mm. mercury;
.. 0.067 bar., when exhausting into atmospheric pressure.

Sprengel Pump

The use of a water-jet as a suction pump is quite familiar.
With this pump, the minimum pressure obtainable is that corre-
sponding to the vapor pressure of water at the temperature which
it has in the supply line;i.e., from 5 to 10 mm. mercury. As the
vapor pressure of mercury at ordinary temperatures is only about
1 to 2 bars it is possible by means of a stream of mercury to
obtain fairly low pressures, and by interposing a refrigerating
chamber between the vessel to be exhausted and the nozzle
which communicates with the mercury stream it is possible to
obtain still lower pressures. The Sprengel mercury pump oper-
ates on this principle, and some of the simpler forms are described
in most elementary text-books.®?

G. W. A. KahlbaumS® has described a form of Sprengel pump
which he states to be capable of exhausting a 400 cubic cm.
bulb in 30 minutes to 0.004 bar. In a subsequent paper’ he gives
the following data with regard to the speed of exhaust of a 500
cubic ecm. bulb:

3 minutes to 0.5 mm. mercury
15 minutes to 0.000165 mm.
30 minutes to 0.000069 mm. =.092 bar
He states that with special care he was able to get a pressure
as low as .0024 bar. This pressure is evidently that of residual gas
and does not include the pressure of the mercury vapor itself,
which, as stated above, would be between 1 and 2 bars.

Geissler-Toepler Pump?®

The principle of this pumpisfundamentally the same as that
used by Torricelli in his famous experiment. In this type (Fig.7)
mercury forces the piston and also opens and closes certain ports,
so that no valves are needed except one rough glass valve (g) to

5 See Encycl. Brit. loc. cit., also Winkelmann, Handbuch der Physik. I, 2, pp. 1314-1332,
contains a very detailed description of the different forms of Sprengel and Toepler mercury
pumps.

¢ Wied. Ann. 53, 199 (1894).

7 See also L. Zehnder, Ann. d. Phys. 10, 623 (1903), for a description of an improved
form of Kahlbaum's pump.

8 See Encycl. Britannica and Winkelmann, loc. cit., also Barton loc. cit., from whose
book Fig. 7 is taken.
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Fig. 7. Toepler Pump

prevent the mercury from entering the vessel, E, which is being
exhausted. The essential parts of the pump are made of glass
and the air from E is exhausted byalternatelyraising and lowering
the mercury reservoir R which is connected to the tube of baro-

Digitized by Microsoft ®
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metric length below B. At each upward ‘‘stroke,’’ the gas in B
is closed from E and forced through the tube F, into the atmos-
phere at M. Then on the downward stroke, the pressure in E
is lowered by expansion of the gas into B. E. Bessel-Hagen®
has described a modified form of Toepler pump with which he
claims to have obtained pressures of residual gas as low as 0.016
bar.’® Both the Sprengel and Toepler pumps have rendered very

Fig. 8. Gaede Rotary Mercury Pump

useful service in high vacuum investigations,and there is no doubt
that with care it is possible to obtain pressures as low as .02 to
.01 bar by their use.

The great disadvantages of these pumps are, however, two-
fold. First, they require constant personal attention during the
exhaust and second, the speed of exhaust is extremely slow, as
it depends upon the rate at which the mercury can be raised and
lowered alternately. It is of interest to note in this connection
the results obtained by Scheele and Heuse!! in their investigation
of the degree of vacuum attainable with different types of pump.
They used a 6 liter bulb and measured the speed of exhaust by
means of a very sensitive McLeod gauge.* In the experiments

tWied. Ann. 12, 425, 1881.

10 Other forms of Toepler pump are described by a A Stock Ber. deutsch. chem. Ges.
38. 2182, 1905, and E. Grimsehl, Phys. Zeits. 8, 762,

11 Zeits. f. Instrumentenkunde, 29, 47, 1909.
* See Chapter III for description of this gauge.
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with a Toepler pump, each stroke actually required two minutes,
and twomore minutes were allowed between each stroke for equal-
ization of pressure. Table VIII gives the pressures at the end of
different intervals of time.
The last column gives the ‘‘speed of exhaust’’ as calculated
by equation (37). Compared with the speed of even 100
cm.3/sec. obtained by a Gaede rotary mercury or an ordinary
oil pump (described later) the speeds given in Table VIII are
manifestly very low. Considering, furthermore, that in the
case where gas is continually evolved from the walls, the min-
imum attainable pressure is given by the ratio S/q where ¢
denotes the rate of gas evolution, it is seen that in actual practice
it would be very difficult to obtain pressures below .01 bar by
means of a Toepler pump.
Similar results were obtained by Scheele and Heuse in investi- -
gating the rate of exhaust of a 6 liter bulb by means of a Sprengel
pump (Zehnder’s form).2

TABLE VIII i
SPEED OF EXHAUST WITH TOEPLER PUMP

, press : 23V P

{minutes) (mm. Hg.) ‘ ey 60t log P
0 0.0645 | |
2 0.0399 } i 0.40
24 0.0254 0.38
18 0.0107 ~ |
60 0.00709 | 0.35
108 0.00141 3} |
120 ‘ 0.00093 | 0.35
180 0.00024 |
192 0.00015 | 0.39
240 0.000053 | e
252 0.000038 | -
264 0.000032 | iy
300 ; 0.000025 | :

Gaede Rotary Mercury Pump

An automatic form of Toepler pump has been described by
U.von Reden,®with which he claims to have exhausted a 500 cm.*
bulb in 13 minutes to a pressure of .00001 mm. From his data,
the speed of exhaust is found to be about 20 cm.3/sec. In 1905,
W. Gaede designed a rotary mercury pump which has been used
to a very large extent in the commercial exhaust of incandescent

2 Ann. d. Phys. 10, 623 (1903).
13 Phys. Zeits. 10, 316, 1909.
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lamps and Roentgen tubes until quite recently. The pump as
described inthe first publication* and illustrated in Fig. 8, consists
of an iron casing (with glass front) partially filled with mercury,
in which a porcelain drum is made to rotate. A rough pump
producing a vacuum of 10 to 20 mm. is used as fore-pump.
Fig. 9 shows a vertical sectionof the pump, and Fig. 10a front view.
The iron case is shown at g, and G is a heavy glass plate through
which pass the tubes R and r which connect to the vessel to be

X
(G
WI t fis
Ecea
T_a
gl ¢ Y lg
f,
 —
¥
g

X
Fig. 9. Gaeds Rotary Mercury Pump,
Vertical Section

exhausted and the fore-pump respectively. The porcelain
drum ¢ is built up of two (or more) sections as shown in Fig. 9
and rotates on the axis a. As the drum rotates in the direction
of the arrow the compartment W is at first increased in volume
and thus sucks in the gas at the opening f, from the vessel to
be exhausted. During the second part of the revolution, the
opening f becomes covered with mercury, as shown at f, and the
gas is then forced out under pressure from the compartment w,
into the space between the walls Z; and #; and into the rough
pump connection at P.

Fig. 11 shows an improved form of the pump in which the
opening to the rough pump r is brought in through the iron casing.
The vessel to be exhausted is connected at E, and a side tube ¢
is provided with P; Os to take up water vapor. The tube MOF
acts as manometer and also makes it possible to exhaust with

14 Verh. d. deutsch. Physik. Ges. 7, 287, (1905). Phys. Zeits. 6, 758-760 (1905).
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the rough pump alone at the beginning. As the vacuum im-
proves, the mercury in o rises and seals off the connection to the
rough pump through a s;,. The system is then ready for exhaust-
ing to lower pressure by means of the mercury pump.

Table IX gives data for the speed of exhaust of a volume of
6250 cm.® with a Gaede rotary pump operating at 20 r.p.m.

TABLE 1X
SPEED OF EXHAUST WITH ROTARY MERCURY PUMP

: | 23V, P
t (min.) P (mm.) | E= 0t log F
0 9

5 0.03 [ 94.5
10 0.0018 46.5
15 0.00023 34.0
20 0.0001 13.8
25 0.00007 6.9
0.0

30 0.00007

Fig. 10. Gaede Rotary Mercury Pump,
Diagrammatic View

The speed of this pump is therefore approximately 100
cm.?/sec. at the maximum, while the degree of vacuum attain-
able is about .00007 mm. or 0.1 bar.*®

Rotary Oil Pump?®
Figs. 12 and 13 show the construction of a pump of this type
designed by Gaede primarily for the purpose of acting as a fore-

1 Later improvements in this pump have been described in Verh. d. deutsch. Physik.
Ges. 9, 639 (1907), and Phys. Zeits 8, 852 (1907).

1 G. Meyer, Verh. d. deutsch Phys. Ges. 10, 753 (1907).
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pump to the rotary mercury pump just described. It is also
shown in Fig. 187at the right hand side. The pump consists of
a steel cylinder A which rotates eccentrically inside a steel casing.
The projections at S are held tightly against the inner wall by
means of springs, so that as the cylinder rotates the air is sucked
in at C and forced out through the valve D into the oil chamber
O and from there into the atmosphere at J. The oil serves as

Fig. 11. Improved Form Gaede Mercury Pump

automatic lubricant and also helps to prevent air from leaking
back into the fine pump side, by forming a film between the
rotating and stationary members.

Fig. 14 illustrates a standard form of rotary oil pump used in
incandescent lamp factories and which can also be used as a fore-
pump to higher vacuum pumps such as Gaede’s Molecular or
Langmuir’s Condensation pump. With a fore-pump pressure
of about 1 em. mercury, such a pump is capable of exhausting
to a pressure of approximately 1 bar, and with two pumps in
series the fine side pressure may be lowered to 0.1 bar."”

VK. T. Fischer, Verh. deutsch. Physik. Ges., 7, 383 (1905), has described a form of rotary

oil pump for use in commercial exhaust operations. With two pumps in series exhausting
into atmospheric pressure he states that a pressure of about 2 bars may be obtained.




- TSR

Lae

High Vacuum Pumps 51

With a pump of this type operating at about 400 r.p.m.,
the speed of exhaust is 100-150 cm.? per second.

Gaede Molecular Pump

The Gaede molecular pump undoubtedly marks a distinct
advance in the design of pumps for the production of high
vacua. The difference between this pump and the types
previously constructed has been well described by Gaede himself
in the paper which he published in 1913:"

Fig. 12. Gaede Rotary Oil Pump, Side View

‘“All high vacuum pumps known up to the present consist of

an exhaust arrangement which, according to the original idea

of Otto von Guericke, separates a definite volume of gas from
the vessel to be exhaustad, and than gives it up to a fore-vacuum
or the atmosphere. It is absolutely essential in these pumps
to separate the rough side from the higher vacuum side as
much as possible. This is accomplished in the mechanical pumps
by tight-fitting pistons and valves, and in the case of mercury
and oil pumps by means of the hqulds themselves. On the other

18 W, Gaede, The Molecular Air Pump. Ann. d. Phys. 41, 337-380 (1913).  This paper
contains a complete discussion of the theory and construction of the pump. Briefer
descnptlons may also be found in the following:

W. Gaede, Physikal, Zeits. 13, 864-870 (1912), and Verh. d. deuts. Phys. Ges. 14,
775-787 (1912).

K. Goes, Physikal, Zeits. 13, 1105, and 14, 170-2 (1913). Description of some
experiments with the pump and precautions in using it. .

Electrician (London), 70, 48-50 (1912).

K. Jellinek, Lehrbuch d. Physikal, Chemie, I, I, pp. 330-333 (1914).
(1913)L Dunoyer, Les Idees Modernes sur la Constitution de la Matiere, pp. 215-271
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hand, in the case of the molecular pump there is no separa-
tion, whether piston or fluid, between the high-vacuum and fore-
vacuum.’”’ ' The gas is dragged along from the vessel to be
exhausted into the fore-vacuum by means of a cylinder rotating
with high velocity inside a hermetically sealed casing. The
pump thus represents a logical development and application
of the laws of flow of gases at very low pressures as investigated
by Knudsen, Smoluchowski, and Gaede himself.

Fig. 13. Gaede Rotary Oil Pump, Front View

The fundamental principle of the pump may be illustrated by
means of Fig. 15. The cylinder A rotates on an axis a (in the
direction of the arrow) inside the air-tight shell B and drags the
gas from the opening # towards the opening , so that a pressure-
difference is built up in the manometer M, as shown by the
mercury-levels at o and p. Between m and n there is a slot in
the case B as shown in the diagram, while at every other point
- Aand B are very close together. Now, at ordinary pressures
the viscosity is independent of the pressure. Under these
conditions, as Gaede shows, the difference in pressure at o
and p depends only on the speed of rotation #, of the cylinder,
the coefficient of viscosity of the gas, n, the length of the slot.
L and h the depth measured radially, according to the follow-
ing relation:

pr—pe=06 Lun/[h?

At low pressures, however, the number of collisions between

gas_molecules becomes relatively small as compared with the



High Vacuum Pumps

Fig. 14. Standard Form of
Rotary Oil Pump

Fig. 15.

Diagram Explaining Operation of Molecular Pump

“

e
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number of collisions between the gas molecules and the walls.
Under these conditions the molecules therefore tend to take
up the same direction of motion as the surface against which
they strike, if the latter is in motion. This conclusion is based
upon the investigations of Knudsen on the laws of molecular

///w :

Fig. 16. Gaede Molecular Pump,
Front View

flow, which have been discussed in Chapter I. The relation
previously deduced is therefore found to be no longer true and
instead of the pressure-difference remaining constant at con-
stant speed of rotation, the pressure-ratio is now constant and
independent of the pressure in the fore-vacuum. Gaede shows
that at very low pressures,
2 1 / P. 2= Ku

where K is a constant whose value depends upon the nature of
the gas and the dimensions of the slot in the casing B of the
pump, so that at constant speed of rotation #, the ratio between
the pressures on the two sides of the pump is constant.

The construction of the actual pump based on these
principles is illustrated in Figs. 16 and 17, while Fig. 18 shows
the pump connected in series with a Gaede rotary oil pump.



VA

g

3 emie; £
=

4

High Vacuum Pumps 55

The rotating cylinder A (Figs. 16 and 17) has 12 parallel slots
around the circumference, into which project the extensions C
from the outer casing. If A rotates clockwise, the pressureat m
is greater than that at n, and in order to increase this pressure
different sections are connected in series. The distance between

" S
K
é’ % 3 7 i
i
§ \}\ 5 A0
a Y. Vs @ 2L/ i 5
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| (IZE Y
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302 |
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s
Fig. 17. Gaede Molecular Pump,
Side View

the outer edge of the cylinder A and the inside of the shell B
is about 0.01 em. The over-all radius of A is 5 cm., and the
depth of the slots varies from 0.15 cm. in the outer section to 0.6
cm. in the inner ones. With the cylinder rotating clockwise
as indicated, the vessel to be exhausted is connected at S,
while the opening T ‘is connected to an ordinary mercury or oil
pump capable of exhausting to a pressure of less than 0.05
mm. Hg. As the speed of rotation of the cylinder is very high
(about 8000 r.p.m.) oil cups are provided at F, and the shaft N is
so designed that the oil in the spiral slot is driven outwards
by the centrifugal action. The slots in the rotor are so
arranged that the lowest pressure is in the center, and the
pressure increases uniformly outwards until the ends, where
it is equal to that produced by the rough pump.
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Fig. 18. Assembly of Gaede Molecular and Gaede Rotary Oil Pumps

The effect of varying the speed of rotation or the rough pump
pressure on the degree of vacuum produced by the molecular
pump, is shown in Table X.

TABLE X

EFFECT OF SPEED OF ROTATION ON DEGREE OF VACUUM
OBTAINED WITH GAEDE MOLECULAR PUMP

Speed of Rotation Rough-pump Press. Press. on Fine Side
R.P.M. mm. Hg. mm. Hg.
12000 ’ 0.05 0.0000003
12000 1 0.000005
12000 10 0.00003
12000 20 0.0003

6000 0.05 0.00002

2500 0.05 0.0003

8200 0.1 Not measurable
8200 1. 0.00002

8200 10 0.0005

6200 0.1 0.00001

6200 1.0 0.00005

4000 1l 0.00003

4000 1 0.0003
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The pressures on the fine side were measured with an
extremely sensitive type of McLeod gauge except in the case
of the first result given in the table which was estimated. The
writer's own experiments! with the Gaede molecular pump at
8000 r.p.m. have shown that with a rough pump pressure of
20 mm. the fine side pressure was 0.0004 mm., so that the ratio
of the pressures was 50,000—a result which is in accord
with figures given by Gaede.

>

egra>
1300 3¢
1400

Fig. 19. Effect of Rough-pump Pressure on
Speed of Gaede Molecular Pump

The speed of the pump as defined by equation (37) has
been found by Gaede to vary with the magnitude of the
rough-pump pressure. The curve A in Fig. 19 shows that the
maximum speed is about 1400 cm.® per second with a fore-
vacuum of 0.01 mm. For comparison Gaede also shows the
curve B for his rotary mercury pump, which has a speed of
about 130 cm.3 per sec., at the maximum.

MERCURY VAPOR PUMPS*

The fact that a reduction in pressure can be obtained by a blast
of steam or air has been known and applied in the industry for
a long time. In steam aspirators or ejectors such as are used
tor producing the low pressure required in the condenser of a

18 S. Dushman, Phys. Rev. 5, 224 (1915).

2 The introductory remarks are based largely upon the discussion of this subject by
I. Langmuir in his paper on, ‘‘The Condensation Pump, an Improved Form of High
Vacuum Pump,' General Electric Review, 1916, p. 1060, also Journ. Franklin Inst.,
182, 719 (1916). Phys. Rev. 8, 48 (1916). An excellent discussion of the mercury vapor
puénsgs(dl%schbed in this section has also been written by A. Gehrts, Naturwissenschaften,

19)
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steam turbine, ‘‘the high velocity of the jet of steam causes,
according to hydrodynamical principles, a lowering of pressure,
so that the air to be exhausted is sucked directly into the
jet.”  An analysis of the action of the aspirator shows,
according to Langmuir, that in its action two separate
processes are involved.

““1. The process by which the air is drawn into the jet.

‘2. The action of the jet in carrying the admixed air along
into the condensing chamber.

B . B

Fig. 20. Diagram Illustrating Principle of Diffusion Pump

“The aspirators cease operating at low pressures because
of the failure of the first of these processes. If air at low
pressure could be made to enter the jet, and if gas escaping
from the jet could be prevented from passing back into the
-vessel to be exhausted, then it should be possible to construct
a jet pump which would operate even at the lowest pressures.”’

This problém has been solved in two different ways by
Gaede and Langmuir. In the pumps devised by each of
these, a blast of mercury carries along the gas to be exhausted
into the condenser (process 2). In order to introduce gas
into the blast of mercury, Gaede has used diffusion through
a narrow opening. On the other hand, Langmuir has made use of
the fact that the mercury. atoms on colliding with the gas
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molecules must impart to the latter a portion of the momentum
which they possess in virtue of their high average kinetic
energy, while the mercury atoms themselves are removed
rapidly from the stream of mixed gases by condensation on
the cooled walls.

’

Gaede’s Diffusion Pump?!

The action of Gaede’s ‘‘diffusion” pump can best be illus-
trated by referring to Fig. 20. A blast of steam is blown through
the tube A B, in which is fixed a porous diaphragm C. The
vessel to be exhausted is attached at E. Water vapor diffuses
through the capillaries in the diaphragm into the trap D
where it is condensed by some refrigerating agent, while air
diffuses through the diaphragm in the opposite direction into
the tube A B, from where itis drawn away rapidly by the
blast of steam. The result is that the pressure in E decreeses
and finally reaches a very low value.

A study of the phenomena of diffusion of gases through mer-
cury vapor in narrow tubes led Gaede to the conclusion that at
sufficiently low pressures, where the mean free path L of the
air molecules in mercury vapor is comparable with the diameter
d of the tube, the volume of air, V, diffusing through a tube of
length [, per unit time, is given by relation of the form:

V=knd*/Il (40)
where k is a constant for any given gas A. In other words, the
speed of exhaust is independent of the actual pressure of the
gas in the vessel to be exhausted, and the relative decrease in
the pressure per unit time therefore remains constant as the
pressure in the system is decreased. This result obtained
empirically by Gaede is evidently in agreement with Knudsen'’s
deductions as stated in equations (28) and (29), Chapter I.

The actual construction of the diffusion pump is shown in
Fig. 21. The porous diaphragm is replaced by a steel cylinder C
with a narrow slit S whose width can be altered by means of
the set screws H. The cylinder is set in the mercury trough G,
which forms a seal between the low and high pressure parts.
The mercury at A is heated and the stream of ‘vapor passes over
the slit in the steel cylinder in the directions indicated by the
arrows. The air or other gas from the system to be exhausted
(connected at F) diffuses into this mercury stream at S, and then
passes out through E into the fore-pump which is connected at V.
Any mercury vapor passing out through S is condensed on the

" % Ann. Phys. 46, 357-392 (1915).

v
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A

Fig. 21. Gaede Diffusion Pump

glass in the immediate neighborhood, by means of the water
cooling jacket K; K,. The opening V connects with the fore-
pump or other source of rough vacuum and is used for exhausting
the system until the pressure gets low enough for the operation
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of the diffusion pump to become effective. As soon as this stage
is reached the mercury in the trap automatically closes this
opening and the exhaust then continues by means of the diffusion
pump.

According to Gaede’s theory the maximum speed of the pump
is attained when the width of the slit S is of the same order of
magnitude as the mean free path of the gas molecules in the slit
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Fig. 22. Effect of Mercury Vapor Pressure on Speed of
Diffusion Pump

and when the vapor pressure of the mercury is only slightly
in excess of the pressure in the fore-vacuum (at V). Consequently
the temperature of the mercury vapor has to be maintained at a
fairly constant value. For this purpose a thermometer, T, is
placed inside the tube B.

The effect of varying the temperature of the vapor (and
consequently its pressure) on the speed of exhaust is shown by
the data (given by Gaede) in Table XI and the plot of these
in Fig. 22. These results were obtained with a slit width of
0.012 cm. The maximum speed of 80 cm.? per sec. was attained
at a temperature of the mercury vapor of 99° C. At this tem-
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perature the pressure of the mercury vapor is 0.27 mm., while
the mean free path for air in mercury at this pressure according
to Gaede's calculation is about 0.023 cm.

Table XII shows the effect of varying the width of the slit.
The noteworthy fact is that the speed of the pump remains
constant as the pressure in the exhausted system is decreased,
a result which. Gaede previously deduced from theoretical
consideration, as mentioned already.

The great advantage of the diffusion pump over all the pre-
vious types of pump consists therefore.in the fact that there is

TABLE XI

EFFECT OF PRESSURE OF MERCURY VAPOR ON SPEED OF
EXHAUST WITH DIFFUSION PUMP

T P (mm.) S T )2 S
9v0°C. 0.165 13.4 118.5 0.72 51
94 0.20 60 127.5 1.10 38
97 | 0.24 70 134 1.51 23
99 0.27 80 139 1.84 15

113 | 0.55 62 143.5 2.2 11

theoretically no limit to the degree of vacuum which can be
attained by its operation. In the case of the Gaede rotary
pump and all mechanical pumps the speed of exhaust decreases
with decrease in pressure. Inthe case of the Gaede molecular
pump the minimum pressure attainable depends upon the
pressure in the fore-vacuum as the ratio of the pressures
is constant for the pump. There is thus with all these
pumps a fixed lower limit to the lowest pressure attainable
in the exhaust system. While there is no such limitation
with the diffusion pump, it does have the double disadvantage
of low exhaust speed and the necessity of carefully regulating the
temperature of the mercury vapor.
TABLE XII
EFFECT OF WIDTH OF SLIT ON SPEED OF EXHAUST WITH
DIFFUSION PUMP

WIDTH OF SLIT =0.025 cMm. WIDTH OF SLIT =0.004 cM.

? l . ? T
0.025 mm. 7% 0.07 mm. 52
0.009 72 0.028 48
0.0025 67 0.006 40
0.0008 Vi 0.0015 38
0.0002 73 0.0004 41
0.00006 70 ~0.00007 40
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Langmuir’s Condensation Pump

Both these disadvantages are removed in the type of mer-
cury vapor pump designed by Langmuir, while the advantages of
the diffusion pump are retained. In constructing and operating
a pump of this type it occurred to Langmuir that ‘ the limitation
of speed could be removed if some other way could be found to
bring the gas to be exhausted into the stream of mercury vapor.’’2°
As stated previously, Langmuir comes to the conclusion that the
ejector pump must become inoperative at low pressure, since
at these pressures, ‘‘according to the kinetic theory of gases,
the molecules in a jet of gas, passing out into a
high vacuum must spread laterally, so that there would be no
tendency for a gas at low pressures to be drawn into such a
blast.”

Furthermore, under these conditions, the mercury atoms
condense on the walls of the inner tube near the inlet and
owing to the latent heat of evaporation raise the temperature
of the walls so that condensation ceases, and the mercury
atoms are merely reflected from the walls in all directions.
Consequently there is just as much tendency for the mercury
to diffuse back towards the exhaust system as away from it,
and the air molecules are thus prevented from entering into the
mercury blast at the nozzle.

These considerations and the results of his previous investiga-
tions on the mechanism of condensation of gas molecules on
solid surfaces* led Langmuir to the conclusion that the mercury
atoms could readily be prevented from diffusing back in the direc-

. tion from which the gas molecules are diffusing by simply cool-

ing the walls of the tube near the mercury vapor outlet. Under
these conditions the mercury atoms ought to be rapidly condensed
as they strike the walls. At the same time the gas molecules dif-
fusing in from the system to be exhausted would collide with the
high speed mercury atoms at the jet and thus acquire a velocity
component fromm the latter which would remove them rapidly
from the space around the jet opening. The whole action of
the pump constructed on the basis of this reasoning thus rests on
the fundamental principle that the mercury vapor is rapidly
condensed as it leaves the jet and the temperature is main-
tained so low that the mercury does not re-evaporate to any
measurable extent. Langmuir has therefore suggested that
pumps based on this principle should be designated as *‘ Conden-
sation’’ pumps.

* These investigations are discussed in Chapter VI.
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A convenient type of glass condensation pump constructed
on this principle is shown in Fig. 23.

““In order that the pump may function properly it is essential
that the end of the nozzle L shall be located below the level
at which the water stands in the condenser J. In other words,

i

Fig. 23. Langmuir Condensation Pump, Glass Form

the overflow tube K must be placed at a somewhat higher
level than the lower end of thé nozzle as is indicated in the
figure. The other dimensions of the pump are of relative unim-
portance. The distance between L and D must be sufficiently
great so that no perceptible quantity of gas can diffuse back
against the blast of mercury vapor, and so that a large enough
condensing area is furnished.
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“The pump may be made in any suitable size. Some have
been constructed in which the tube B and the nozzle L. were
one and a quarter inches in diameter while in the other pumps
this tube was only one quarter of an inch in diameter and the
length of the whole pump was only about four inches. The larger
the pump the greater is the speed of exhaustion that may be
obtained.

‘‘In the operation of the pump the mercury boiler A is heated
by either gas or electric heating so that the mercury evapo-
rates at a moderate rate. A thermometer placed in contact with
the tube B, under the heat insulation, usually reads between
100 and 120 deg. C. when the pump is operating satisfactorily.
Under these conditions the mercury in the boiler A evaporates
quietly from its surface. No bubbles are formed, so there is
never any tendency to bumping.

“ Unlike Gaede's diffusion pump, thereisnothingcritical about
the adjustment of the temperature. With an electrically heated
pump in which the nozzle L was 7% in. in diameter, the pump
began to operate satisfactorily when the heating unit delivered
220 watts. The speed of exhaustionremains practically unchanged
when the heating current is increased even to a point where
about 550 watts is applied.

‘*The back pressure against which the pump will operate de-
pends, however, upon the amount and velocity of the mercury
vapor escaping from the nozzle. Thus in the case above cited,
with 220 watts, the pump would not operate with a back pres-
sure exceeding about 50 bars, whereas with 550 watts back pres-
sures as high as 800 bars did not affect the operation of the pump.”

Condensation Pumps Built of Metal

For most practical purposes a glass pump has many disad-
vantages. Langmuir has therefore applied the same principles
to the construction of a metal pump.

One such typeof pump which has proved relatively simple
in construction and efficient in operation is shown diagrammati-
cally in Fig. 24. ‘A metal cylinder A is provided with two
openings, B and C, of which B is connected to the backing pump
and C is connected to the vessel to be exhausted. Inside of
the cylinder is a funnel-shaped tube F which rests on the bottom
of the cylinder A. Suspended from the top of the cylinder is a
cup E inverted over the upper end of F. A water jacket, J,
surrounds the walls of the cylinder A from the level of B to a
point somewhat above the lower edge of the cup E.
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“Mercury is placed in the cylinder as indicated at D. By
applying heat to the bottom of the cylinder the mercury is
caused to evaporate. The vapor passes up through F and is
deflected by E and is thus directed downward and outward
against the water-cooled walls of A. The gas entering at C
passes down between A and E and at P meets the mercury vapor

_-C

E

SR D

Fig. 24. Diagram of Construction of Condensation Pump,
Metal Form

blast and is thus forced down along the walls of A and out
of the tube B. The mercury which condenses on the walls
of A falls down along the lower part of the funnel F and returns
again to D through small openings provided where the funnel
rests upon the bottom of the cylinder. A more detailed drawing
of the pump as actually constructed is shown in Fig. 25.”

A pump in which the funnel F is 3 cm. in diameter and the
cylinder A is 7 cm. in diameter gives a speed of exhaustion for
air of about 30004000 cm.? per second. It operates best against
an exhaust pressure of 10 bars or less and requires about 300

watts energy consumption in the heater circuit.

Degree of Vacuum Obtainable

““The condensation pump resembles Gaede’s diffusion pump
in that there is no definite lower limit (other than zero) below
which the pressure cannot be reduced. This is readily seen
from its method of operation. A lower limit could only be
caused by diffusion of gas from the exhaust side (N in Fig. 23)
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back against the blast of mercury vapor passing down from L.
The mean free path of the atoms in this blast is of the order
of magnitude of a millimeter or less and the blast is moving
downward with a velocity at least as great as the average molec-
ular velocity (100 meters per second for mercury).*

Fig. 25. Langmuir Condensation Pump, Metal Form

““The chance of a molecule of gas moving a distance about 4.6
times the mean free path without collision is only one in a
hundred. To move twice this distance the chance is only 1
in 100% etc. If the mean free path were one millimeter the chance
of a molecule moving a distance of 4.6 cm. against the blast with-
out collision would be 1 in 10%. In other words, an entirely
negligible chance."’

* Thés is apparent when we consider that no appreciable number of atoms pass up into the
space E,
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Actual observations with the ionization gauge* in this labo-
ratory have shown that it is possible with the Langmuir conden-
sation pump to obtain pressures which are of the order of 10~*
bar or less. The limiting factor which ordinarily makes it
impossible to obtain pressures as low as this, is the continuous
liberation of gas from the glass walls or metal parts, so

Fig. 26. Condensation Pump, Arc Type

that it becomes extremely difficult to obtain vacua in excess
of the above order of magnitude. The necessary precau-
tions in using the pump are discussed at greater length in
Appendix I.

Other Forms of Mercury Vapor Pumps
Other forms of mercury vapor pumps have been described by

H. B. Williams,?2 Chas. T. Knipp,” and L. T. Jones and N. O.
Russell.? The construction used by the latteris shown in Fig.
26. The advantage of this form is that it ‘‘ permits using the
pump as a mercury still at the same time that it is being used for
exhaustion purposes. Two barometer columns introduce the
mercury into the arc, the arc being started by blowing in one
neck of the Woulff bottle. As shown at B the mercury vapor
is driven through the nozzle N, and condenses in the chamber
surrounded by the water jacket, J. The condensed clean mercury
is then drawn off at O.”” With a current of 10-15 amps., a
speed of exhaust of 400 cm.? per sec. was obtaineds

* See Chapter III for description of this gauge.

22 Phys. Rev. 7, 583 (1916).

28 Phys. Rev. 9, 311 (1917), and 12, 492 (1918).
* Phys. Rev. 10, 301 (1916).
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A simple construction for a condensation pump has also
been described by W. C. Baker.® In this form as well as
Knipp's the main object of the design is to simplify the glass
blowing.

Fig. 27. Crawford’s Form
of Condensation Pump,
Vertical Type

J. E. Shrader and R. G. Sherwood? have used a modified
form of Langmuir condensation pump made of pyrex. Full
details with all necessary dimensions are given in the original
paper. The speed of the pump was measured for different
amounts of energy input into the mercury heater and was
found to be a maximum at about 400-3500 watts input. With

% Phys. Rev. 10, 642 (1916).
# Phys. Rev. 12, 70 (1918).
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the speed of exhaustion purposely cut down by a special
constriction, the maximum speed observed was around 225 cm.?
per sec. and pressures as low as 2X10~® mm. Hg were obtained
after care had been taken to heat up all the glass parts to a tem-
perature of 500° C. for a long time.

An interesting form of mercury vapor pump is that devised by
W. W. Crawford? and shown in Figs. 27 and 28. ‘‘ The mercury
vapor generated in the boiler B at a pressure of 10 mm. of
mercury or more, escapes through the narrow throat T

Fig. 28. Crawford’s Form of Condensation Pump,
Horizontal Type

(Fig. 27), ahead of the point of entrainment. The vapor
expands in the diverging nozzle N, and the issuing jet passes
through the tube E, which it fills, and condenses in D, mostly,
where it is found at the upper end. A slight amount of vapor
escapes into the chamber A and condenses there. The con-
densed vapor drains back through the tubes e and b, to the
boiler.” The vessel to be exhausted is connected at ¢, while D
connects with the rough pump. The speed of the pump in
series with 10 cm. of tubing, 1.9 cm. in diameter was observed to
be around 1300 ¢cm.? per sec. at a boiler pressure of 10 mm. of Hg.
A two-stage mercury vapor pump to work against a primary
vacuum of 2 cm. given by a water aspirator, has been described
by C. A. Kraus.?® It consists essentially of two Langmuir con-
densation pumps in series. The pump is very rapid and is
capable of exhausting 1500 cm.?to less than 10~* mm. in 10 min.

27 Phys. Rev. 10, 557 (1917).
2% J. Am. Chem. Sec. 39, 2183 (1917).
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H. F. Stimson has also constructed a two-stage pump along
the same principles,” which is illustrated in Fig.29. ‘‘ The oper-
ation of the pump is as follows: Cooling water entering at tube
A flows up through the water jacket B above the lower end of
nozzle F, up through the water jacket C above nozzle G, and
out tube D. Mercury vapor from the boiler entering through
tubes E flows through the nozzles F and G, is liquefied in the
condensation chambers H and I, falls into the tubes K, and
returns to the boiler through tube L. Gas from the vessel to
be exhausted enters at M, flows past nozzle F, is compressed by
the jet of mercury vapor in the condensation chamber H, and
flows up through N to the intermediate pump. From here it
flows past the nozzle G and is compressed through O into the
chamber I to a pressure measured by the attached manometer,
then out by tube P to the water aspirator.”

The speed of the pump as defined by Gaede’s equation was
observed to be about 250 ccm. per sec.?®

General Remarks Regarding Exhaust Procedure

As has been pointed out in a previous section, the vacuum
actually attained by the use of any pump is dependent, first, on
the type of pump used, and second, on the rate at which gases
are given off from the walls of the vessel to be exhausted and
metal parts inside it. In the case of the Gaede molecular pump,
as stated previously, the degree of vacuum attainable (P,) is de-
pendent upon the exhaust pressure (P,) produced by the rough
pump. As the value of the ratio P,/P; is about 50,000, it is
evident that even with a rough pump pressure of one bar, the
pressure attainable with this pump is less than 10~*bar. Inthe
case of the mercury vapor pumps there is theoretically no lower
limit pressure, and the only limitation is therefore that due to
the second cause mentioned above.

The gases occluded on the walls of the glass vessels consist
for the most part of water vapor and carbon dioxide gas along
with slight amounts of carbon monoxide and other gases which
are not condensible at the temperature of liquid air. Metal
parts usually contain carbon monoxide and hydrogen gases.*
In order to eliminate these gases it is essential to heat the glass
walls and metal parts to as high a temperature as practicable.

®» J. Washington Acad. Sciences 7, 477 (1917).

0 M. Volmer, Ber. 62 (b), 804 (1919), has_also constructed a similar form of two-stage
E:i)sdgensation pump, which is described briefly in an abstract in J. Chem. Soc. 114, ii, 225
19). B
* See Chapter IV for discussion of the absorption of gases by glass and metals.
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Fig. 29. Stimson’s Form of Condensation Pump

The longer the duration of the heating and the higher the
temperature, the lower the pressure of residual gases.

A usual procedure is to heat the glass vessels in an oven,
during exhaust, for an hour or longer. Feor lead glass, the tem-
perature in the oven should not exceed 360° C.; in the case of
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lime glass, the temperature may be raised to 400° C., and for
vessels made of pyrex, the oven temperature may be increased to
200°C. The ovenmay be heated either by gas flames, or more
conveniently by electrically heated grids, as the latter method
permits of a more uniform distribution of temperature inside the
oven and also is more convenient for regulation.

)
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Fig. 30. Vacuum Furnace for High Temperature Exhaust

Where a very high degree of vacuum is desirable it is possible
to heat the glass to temperatures higher than those mentioned
above, by reducing the pressure of air in the oven itself, so that
the glass walls will not collapse because of external pressure.
Eor this purpose Langmuir devised the form of oven shown in

Tig" 30.%

It consists of a metal chamber 7, which is open at the bottom
but rests upon a base plate 8, with which it makes an air-tight
joint. The chamber is provided with a heating coil wound on

# I, Langmuir ,U. S. Pat. 994,010 ,Ma 30, 1911.
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the inside and separated from the walls by heat-insulating lining.
The leads for this heating coil are shown at 11. Uprights 9
are provided for the purpose of allowing the oven to be raised
or lowered. As the chamber 7 is to be exhausted it is necessary
to make the joint between it and the base plate 8 air-tight.
This may be accomplished by means of a rubber gasket, and
in order to prevent injury to this by the heat, the chamber
and the base plate are cooled by water, which flows as indicated
by the arrows through the tubes 23, 24, 25 and 27. Openings
are provided in the base plate for the connection between the
vessel to be exhausted and the pump, and also for exhausting
the chamber itself. A rough pump is, of course, all that is nec-
essary in the latter case.

With this type of oven it is possible to heat the glass about
100° C. higher than in an ordinary oven, so that the residual
water vapor and other condensible gases are removed more
completely.

In the case of metal parts the elimination of gases is a more
difficult matter. Where these parts are so constructed that
current can be passed through them (wires or filaments) they
ought to be heated to as high a temperature as the metal will
stand without injury. In the case of hot cathode devices the
anodes can be heated to incandescent temperatures by electronic
bombardment.’?> Heating the metal parts in a vacuum furnace
before putting them in the glass vessel also assists materially
in the subsequent exhaust on the pump. Special care should
be taken to remove all traces of grease and oil from machine-
made parts, by washing in acetone and alcohol and drying
thoroughly before assembling in the glass vessel.

In order to eliminate mercury vapor and condensible gases
emitted from the grease used on the ground glass joint between
the pump and the vessel to be exhausted, it is necessary to
interpose some form of refrigerating chamber in which these
vapors are condensed, as shown at G in Fig. 23. (See also Appen-
dix I.)

The most efficient refrigerating agent is, of course, liquid
air, which is now available in a large number of laboratories.
Failing this, a suspension of solid carbon dioxide in acetone or
ether may be used. In the latter case it is well to insert a tube
containing P,O; between the oil pump and the fine pump to
take care of water vapor. Observations in this laboratory have
shown that in using a condensation pump it is possible to

32 For illustrations of ‘this the reader may refer to the following publications:

I. Langmuir, Phys. Rev. £, 450 (1913).
S. Dushman, Phys. Rev. 4, 121 (1914).
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obtain practically as low pressures with solid CO, and P,O;
as with liquid air, but the interval of time required to attain
this low pressure is ordinarily much longer with the former.

The temperature produced by fresh liquid air evaporating
freely into the atmosphere is about — 190° C. (83° K.), but rises to
a higher value as the nitrogen boils away and leaves the oxygen
behind.?®* With solid carbon dioxide a temperature of —78° C. is
obtained. Table XIII shows the vapor pressures of a number of
different gases at these low temperatures. Inthe case of methane,
ethane and ethylene the pressures given have been extrapolated
from the data given in the standard tables for higher tempera-
tures, by plotting the value of log P against 1/T, where T is the
absolute temperature. The values plotted in this manner are
found to lie on a straight line, thus making the extrapolation an
easy matter.

Table XIV givesthe vapor pressures of carbon dioxide, ice and
mercury. In all cases the data for the lower temperatures have
been extrapolated in the same manner as for those given in the
previous table.

As is evident from these data, ice and mercury have no appre-
ciable vapor pressure at—190° C., while carbon dioxide has a
vapor pressure between 0.001 and 0.0001 bar at this temperature.
Under these conditions any of the latter gas if condensed in the
liquid air trap would produce a constant pressure of residual
gas of at least 10~ bar. Under the same conditions ethylene
and ethane would produce pressures that might exceed 10 bars.
However, these gases are not met with in ordinary exhaust
operations. The other gases are non-condensible at the temper-
ature of liquid air, and are therefore removed by the pump.

It is also evident that atthe temperature of evaporating
solid CO, (—78° C.) the vapor pressure of mercury is negligibly
small, but that of ice is quite high, hence the necessity for
using P,O; in order to take care of this. It is also advisable
in all cases of exhaust operations not to use the refrigerating
agent during the initial stagés of heating, so that the bulk of
condensible gases will be. removed by the pump. Otherwise
the vapors may be condensed in the trap and maintain a con-
stant pressure of residual gases in the system for a very long
time.

Temperatures below —190° C. may be obtained by working
with liquid air under reduced pressure. As is evident from
Table XIII, it is possiblein this manner to obtain a temperature

3 E, C. C. Baly, Phil. Mag. 49, 517 (1900). This paper gives complete data regarding
the relation between compositioa and boiling point in the distillation of liquid air.
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TABLE XIII
VAPOR PRESSURE OF “NON-CONDENSIBLE” GASES,
AT LOW TEMPERATURES

Temperature Absolute Pressure in
Degrees Centigrade I Temperature mm. Hg.
Oxygen (02)
,lf A i, &/
—183.0 90.1 760
—~211.2 61.9 7.75
r Nitrogen (N,)
—195.8 , i 760
—210.6 62.5 86
Carbon Monoxide (CO)
| |
—190 83 863
~200 73 249
Methane (CH,)
—185.8 87.3 79.8
—201.5 71.6 50.2
Argon (A)
—186.2 78.9 300
—194.2 86.9 760
Ethylene (C.H,)

—175.7 97 0.76

— 188 85 .076

—197 76 .0076

—205 68 .OOOZG

Ethane (C.Hs)

—150 123 7.6

— 180 93 .076

—190 83 .0076

—198 75 .00076
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Fig. 31. Arrangement of Exhaust System

" aslowas —200°C. At this temperature the vapor pressure of
solid CO. is less than 10~° bar, and it is therefore possible under
these conditions to obtain extremely low pressures of residual
gases.
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Either liquid air or solid CO, prevents the diffusion of vapors
emitted by grease around the joint, as these vapors are all con-
densible at these temperatures. .

Determinations in this laboratory of the vapor pressures
of vacuum pump oils have shown that these range around 1 to
0.1 bar at room temperature, decrease to about one-fifth this
value at 0° C., and are negligibly small at —78° C. Stopcock
grease and similar compounds possess even lower vapor
pressures. - g

Further details regarding the actual operation and care of
typical exhaust systems are given in Appendix I.

; TABLE XIV
VAPOR PRESSURE OF ‘“CONDENSIBLE’” GASES
Temperature Absolute Pressure
Degrees Centigrade Temperature [ in Bars
Carbon Dioxide (CO,)
—148 125 100
—168 ¢ 105 1
—182 91 0.01
—193 80 0.0001
Ice (H.O) 3
—20 253 1045
—30 243 384
—40 233 128
—50 223 39
—60 > 213 9.6
—76 197 1.0
—89 184 0.1
—101 172 .01
—111 162 .001
Mercury (Hg) %
+30 303 37 -
+20 293 1.6 (2.43)
+10 283 0.65 (1.03)
0 273 .25 (0.47)
—-10 263 .087
—20 253 .029
—40 233 .0023
—78 195 4.3X
10—
—180 93 23X
10—

# Extrapolated from K. Scheele and W. Heuse's data, Ann. d. Phys. 29, 723 (1909).

% Extrapolated from Knudsen’s data, Ann. d. Phys. 29, 179 (1909). However, C. F. Hill
(Phys. Rev. 18, 113) has recen ly obtained values which are considerably higher. These
are given in brackets.
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APPENDIX I
Fig. 31 shows diagrammatically an arrangement of the Lang-
muir condensation pump and accessory connections which is
convenient for high vacuum exhaust operation.

Fig. 32. Photograph of Set-up for Exhausting Coolidge
X-ray Tubes

An ionization gauge, G, or other tube to be exhausted, is
connected through the liquid air trap T to the pump P. The
rough side of the latter is connected to a McLeod gauge and also
the oil pump. As mentioned, the tubing between the con-
densation pump and the vessel to be exhausted should be as wide
as possible. The oven for baking out during exhaust is indicated
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diagrammatically as OO. Fig. 32 is a photograph of a set-up
such as is used in the exhausting of Coolidge X-ray tubes in the
factory.

Care of the Condensation Pump: According to the instruc-
tions, 626 grams of absolutely clean mercury should be poured
into the pump. Under normal conditions, with 300 watts input
into the heater and a flow of 1000 cm.® per minute through the
cooling coils, only the lower portion of the pumps should run
warm. If for any reason the flow of water ceases and the grease
around the joint is melted, the pump should be removed, the
mercury emptied out, and the pump cleaned with gasolene as
directed in the instructions. Very little mercury should con-
dense in the glass grinding above the pump. If, however,
the grinding rapidly becomes covered inside with mercury and
feels warm, 1t is an indication that the pump is not exhausting
and a cleaning is required.

Some observations carried out in this laboratory on the vari-
ation in exhaust pressure with energy input into the heater are
of interest in this connection. The following table gives the
watts used and the corresponding minimum pressure obtained
as measured by an ionization type of gauge. The oil pump
pressure was 0.0146 mm. of Hg. '

‘Watts in Heater Minimum Pressure in Bars

130 0.27

150 0.07

170 0.04

180 0.023

200 i 0.013

220 0.007

240 0.0025

280 | 0.002

300 0.002

Care of Rubber Tubing: All rubber tubing for use in vacuum
systems should be cleaned well inside before use. This is best
accomplished by washing with a warm 10 per cent solution of
caustic soda, then with water and alcohol, and finally drying
thoroughly by blowing air through it, or exhausting with a
rough pump. The rubber tubing between the condensation
pump and glass tube leading to the mercury trap should be as
short as possible. Heavy vaseline or grinding grease* should be

* K good stopcock grease may be made by heating approximately equal parts of pure
rubber and vaseline. The rubber should be cut into very fine pieces and the heating con-
tinued until the mixture has about the consistency of heavy molasses.
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used to make the junctions air-tight, and after the tubing is in
place a little castor oil should be dripped over the joints, and
over the rubber tube itself.

Mercury Trap: 'This is inserted next to the rough side of the
condensation pump and is essential in order to prevent mercury
from getting into the oil pumps, where it would gradually disin-
tegrate the bearings. A very good scheme which has been used
successfully in this laboratory is to make this trap quite large
(about 1 liter volume) and fill it with broken pieces of glass
tubing, thus increasing the surface for the condensation of
any mercury vapor that diffuses out through the rough side
opening of the condensation pump.

Detection of Leaks: A small Tesla coil, one end of whichis
grounded, is a useful accessory device in all exhaust operations.
The high tension terminal of the coil is encased in rubber tubing
and provided with a wooden handle so that it can be touched to

- any part of the glass system. A pin-hole leak will show up by

the direct passage of a spark to this point, while at all points
there will be a uniform glow if the pressure is over a few bars
and there will be no glow at all when the pressure is one bar or
less.

Seal-Off Procedure: Constrictions in glass vessels at points
where they are to be sealed off after exhaust should not be too
thick walled, otherwise a large body of glass will have to be
heated during the seal-off, causing the liberation of a great deal of
gas. Furthermore, the constriction should be torched till it is
almost melting and the pump allowed to exhaust the gas thus
liberated for about two: minutes, after which the sealing off
should be performed as rapidly as possible without heating the
glass any more than absolutely necessary.

The importance of these precautions may be judged from
the following observations: An ionization gauge, having a vol-
ume of about 100 cm.?, was exhausted till the residual gas pres-
sure was less than 0.001 bar. On sealing this off without ob-
serving the precautions mentioned, the pressure in the sealed off
tube was 0.25 bar, whereas by torching the constriction first
and sealing off afterwards, it was possible to obtain a residual
gas pressure in the sealed off gauge of less than 0.01 bar.
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CHAPTER 111

MANOMETERS FOR LOW GAS PRESSURES

For the measurement of pressures that lie between one at-
mosphere and one cm. mercury, a standard form of mercury
barometer is generally used. Such a method is obviously very
insensitive when it is necessary to measure pressures below
this range, and consequently a number of types of manometers
have been developed by different investigators for this purpose.

In the simplest type of-low-pressure gauge, the difference
between the actual pressure and that in an extremely good
vacuum is measured by some very sensitive optical method.
This is the principle of Rayleigh’s manometer. On the other
hand, the MclLeod gauge-represents an interesting application
of Boyle’s law to very low pressures. By compressing a given
volume of the gas whose pressure is to be measured to a very
small known volume, the pressure is amplified several thousand-
fold and may beread directly.

Again, instead of attempting to measure the pressure
directly, use may be made of the fact that the amount of heat
conducted from a surface varies with the gas pressure.
Similarly, the damping effect of gas on a body set in vibration
or rotation varies with the pressure. > In each case, however,
it is necessary to know the law of variation between the observed
effect and the pressure.

In the following chapter are described some of the different
types of low-pressure gauges that have been used by different
investigators. Only those forms are described in detail which
have proved to be most generally useful in the present state of
high-vacuum technique; while other forms, which are of more or
less historical interest, are mentioned rather briefly.

MERCURY MANOMETERS

Rayleigh’s Gaugel

The essential parts of this gauge (Fig. 33) are two glass
bulbs, one of which communicates with a good vacuum by a
tube C, and the other with the system in which the pressure
is to be measured. Two glass pointers are sealed into the bulbs,
and the latter are connected to a T-connection which forms the
upper end of a barometric column A. Mercury can be raised

! Phil. Trans. 196, A. 205 (1901) Zeits. physikal. Chem. 87, 713 (1901).

¢
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and lowered in the bulbs by means of the reservoir D and the
level thus brought up so as to be flush with the ends of the
pointers. Any difference in pressure on the mercury in the two
bulbs is then measured by gradually tilting the framework AK
and observing the deflection on a mirror which is fastened
vertically on top of the bulbs at I. According to Rayleigh this
gauge can be used to read pressures between 1.5 mm. and
1X 10~ mm. of mercury.

4

>
Fig. 33. Rayleigh's Gauge

A modified form of this gauge was used by K. Scheele and
W. Heuse? for measuring the vapor pressure of water at tem-
peratures below 0 deg. C., and similar manometers have been
constructed by M. Thiesen,® and E. Hering.*

More recently, an ingenious modification of Rayleigh’s
method has been used by C. F. Mindel® for measuring vapor
pressures at very low temperatures. A very sensitive optical
method for measuring slight differences in level of two mercury
surfaces, developed by K. Prytz,® has been used extensively by
different investigators in connection with Rayleigh's method.”

2 Zeits. f. Instrk. 29, 344-349 (1909).K. Jellinek, Lehrbuch d. physikal. chem. I, 1, p.
321. Ann. d. Phys. 29, 723 (1909).

* Zeits. {. Instrk. 6, 89 (1886) and 24, 276 (1904).

¢ Ann. d. Phys. (4), £1, 320 (1906).

§ Zeits. f. Physikal. Chem. 85, 435 (1913).

¢ Ann. d. Phys. (4), 16, 735 (1905).

1 C. F. Mandel loc. cit., and M. Knudsen, Ann. d. Phys. (4) 38, 1435 (1910).



84 Manometers for Low Gas Pressures

In the optical lever manometer, described recently by J. E.
Shrader and H. M. Ryder,® the same object is attained by a
very simple construction. The following description is quoted
from the original paper:

‘A mercury U-tube manometer (Fig. 34) is formed in the
usual manner, except that the surfaces of the mercury are so
arranged as to be of relatively large area. Above one of the
surfaces, within the tube, is arranged an optical lever as shown

7o source of
gases or vopors:

H\e(
E WVecvum
Atmesphare

Fig. 34. Optical Lever Manometer

% Pump

in the illustration. This lever is supported by two knife edges,
a-a, which rest on loops of wire, which in turn are sealed into the
glass walls of the tube; a glass bead b, fused to the end of the
lever arm, acts as a float on the mercury surface, and in this way
transmits the motion of the mercury surface to the lever arm.
A mirror M attached at the position shown acts in the usual
manner to reflect a beam of light from a lamp to a scale, if the
gauge is to be arranged as an indicating instrument. If the
gauge is to be used for recording variations in pressure, the scale
may be replaced by a photographic device such as is used in
oscillographic work. -

¢ Phys. Rev. 18, 321 (1919).
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Fig. 35. McLeod Gauge

“The cross connection ¢ provides an easy means of evacuat-
ing the whole system with one pump located as shown. With
this stopcock or mercury cutoff open, a zero reading can be
easily obtained, after which this connection may be closed and
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the gases or vapors introduced for measurement. This system
provides also for the measurement of small variations in pres-
sure, with an original pressure of any desired value, this value in
no way affecting the absolute sensibility of the gauge.”

A sensitivity of 10~ mm. of mercury is claimed for the
gauge, and it certainly ought to prove useful in those cases
where the McLeod gauge is inapplicable.

McLeod Gauge

The principle of this gauge consists in compressing a given
volume V of the gas whose pressure P is to be measured, to
a much smaller volume v and observing the resultant pressure
¢ which in accordance with Boyle’s law is given by the relation

p=PV[v

Thus the sensitivity of the gauge increases with increase in the
ratio V /v.

One of the simplest forms of McLeod gauge is shown in
Fig. 35." The bulb V, to which is attached a capillary tube aa,
is connected to the low-pressure system at E and also to the
barometric column 7. In order to avoid errors due to the effect
of capillarity, a tube bb of the same diameter as aa is sealed on
as a by-path to the larger tube E. To operate the gauge the
reservoir B is raised, thus forcing the mercury in the barometric
column upward until the gas in V is shut off from the remainder
of the system.

As the mercury is raised further, the volume of gas V is
compressed until finally the mercury in the capillary bb is level
with the upper end of the capillary ae (corresponding to the
point O on the scale). The pressure on the gas in the capillary
is then evidently equal to that of the mercury column of height
h. Now let a denote the volume of the capillary per unit length,
and P denote the pressure in the system at E. Then it follows
from Boyle’s law that

P =%h2 (41)

Since a and V are constant for any particular gauge, it fol-
lows that the pressure is proportional to the square of the
observed value of k. It also follows from this equation that the
smaller the ratio a/V the greater the sensitivity of the gauge.
Practical considerations, however, make it impossible to use
either extremely fine capillaries or very large volumes for V.
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The following data for a gauge used by the writer are of in-
terest in this connection as an indication of the range of pres-
sures that can ordinarily be measured with a McLeod gauge:

Gauge No. 1

V=171 cm.?, a=0.00407 cm.? per cm. length (diameter of
capillary =0.72 mm.).
Hence, measuring s in cm.,

2
p=9'211_?'17_h.=2,38x10“ h? (mm. of mercury)

6
= %%X2.38x 10~ h?2=0.317 h* (bar)

That is, for k=1 cm., P=0.317 bar; and for h=1 mm.,
P =0.0032 bar, so that for a 10-cm. length of capillary aa, the
range of pressures that could be measured with this gauge is
from 0.003 to 32 bar.

Actually, it is impracticable to make V larger than 500
cm.® and with capillaries smaller than 0.5 mm. the mercury
tends to stick badly and the gauge is very sluggish in operation.
With V=500, and a=2X10"% (d=0.5 mm.), 1 cm. on the
capillary would correspond to 4X10~°® mm. of mercury, or ap-
proximately 0.053 bar, and 1 mm., to 0.00053 bar. In general,
the lower limit of pressure that can be measured with a McLeod
gauge is about 0.01 bar.

It is evident that the McLeod gauge does not indicate the
pressure of mercury vapor and condensible vapors such as those
of oil, water, and ammonia. Even in the case of carbon dioxide
the gauge is very inaccurate. In using it to measure very low
pressures, such as those produced by a Gaede molecular or
Langmuir condensation pump, a liquid air trap should be inserted
between the gauge and the remainder of the system in order to
prevent diffusion of mercury vapor into the vessel to be ex-
hausted.

Regarding the accuracy of the gauge for indicating the
pressure of the so-called permanent gases (Ha, He, Ne, Ar, O,
Ni and CO) a careful investigation carried out by Scheele and
Heuse® has shown that if the bulb and tubing are carefully dried
(to eliminate the presence of a film of water) the results ob-
tained in the case of air are certainly reliable down to pressures
of 0.01 mm. of mercury and are probably just as exact at lower
pressures.

% Ber. d. deutsch. Physikal. Ges. 10, 785 (1908).



88 Manometers for Low Gas Pressures

Lord Rayleigh!® found by means of his differential manom-
eter that in the range of pressures 0.001 mm. to 1.5 mm.
Boyle’s law holds accurately for N,, H,, and O,; and Scheele
and Heuse!! observed the same result with their membrane
manometer. A very careful investigation on this point was
carried out by W. Gaede® in connection with his work on the
laws of flow of gases at low pressures. He found that in the
case of nitrogen and hydrogen, when care is taken to dry the
walls thoroughly, the McLeod gauge is quite accurate down to
very low pressures (below 0.0001 mm.), while in the case of
oxygen, errors are liable to arise because of the formation of an
oxide scum on the surface of the mercury which causes the
surface to wet the glass in the capillary. However, this scum
may be removed by heating the capillary carefully and the
mercury then becomes quite clean again.

There are certain features about the McLeod gauge that
must be carefully observed both in its construction and opera-
tion. In sealing off the upper end of the capillary aa (Fig. 35),
care should be taken to have the capillary bore terminate in as
blunt a surface as possible, so as to ensure a fair degree of ac-
curacy in reading the very lowest pressures.

The rubber tubing connecting the reservoir B and the tube.
T should be thoroughly cleaned and dried before use to get rid
of any loose particles and also to eliminate as much as possible
the injurious action of the sulphur present in the rubber. Only
the cleanest mercury should be used and all glass parts of the
gauge should be dried thoroughly before filling with mercury.
A new McLeod gauge will be found to give very erratic results
at the beginning until all the condensible vapors adhering to
the walls have been removed by gentle heating with simultane-
ous exhaustion. ;

For extremely sensitive gauges, where the volume ¥ is
large, the mass of mercury to be raised and lowered is so great
that the design shown in Fig. 35 becomes impracticable. In
these cases, the reservoir 7 may be replaced by a wide bore
glass tube with snugly fitting glass plunger. Where a rough
vacuum line is available, the top of the reservoir can be closed
by a rubber stopper through which passes a two-way stopcock;
one way being connected to the rough vacuum, and the other to
the atmosphere. The mercury in 7 can then be raised or low-

1 Phil. Trans. (A) 196, 205 (1901).

11 Ber. d. deutsch. Physikal. Ges. 17, 10 (1909).
2 Ann. d. Phys. 41, 289 (1913).
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ered by opening the stopcock to the atmosphere or to the rough
vacuum respectively.'3

In order to avoid the error which arises when reading the
very small volume of the capillary at the upper end, it is often
preferable to compress the gas in the capillary aa to a definite
volume and then observe the height h of the mercury in the
capillary bb above this level. Under these conditions, since

v
P=T;h

it 1s evident that h is directly proportional to the pressure to be
measured. The value of h may then be observed very accurately
by means of a cathetometer. This method of using the
McLeod gauge is, however, not as sensitive at low pressures as
is the preceding method. Again, in some cases, where
the range of pressures to be measured is fairly large, the
single capillary aa may be replaced by two or more capil-
laries of gradually increasing bore, the coarser bore being sealed
onto the bulb V and the finer one on top of this. The serious
objection to this construction, however, is the inaccuracy of the
measurements at the junction between the two capillaries.

While the construction shown in Fig. 35 is the usual form
of McLeod gauge used in exhaust work, a number of modifi-
cations have been suggested which are more convenient in
special cases. An interesting construction is that designed by
H. J. Reiff'* and shown in Figs. 36 and 37. The advantages
of this form are its compactness and avoidance of the use of
rubber tubing which, as Reiff points out, sooner or later causes
the mercury to get dirty. The gauge is mounted on a board
which can be turned 90 deg. about the axis at C (Fig. 37).
The system in which the pressure is to be measured is connected
at R by rubber tubing. In the position shown in Fig. 36, the
reservoir G and tube V! are filled with mercury up to the stop-
cock H. To measure the pressure, the board is turned into a
vertical position and H opened until the mercury rises in M
to the desired level. The bulb G* prevents any mercury from
overflowing into the tube V2. After the measurement is com-
pleted the board is again turned into the position shown in Fig.
36 and the mercury returned into the reservoir G.

13 An excellent description of the construction of such a McLeod gauge, sensitive to
%ressures as low as 10~¢ mm., is given by Gaede in the article referred to in footnote (12).

3 ]e_ used a capillary tube 0.35 mm. in diameter, while the volume of the bulb was about
iter.

W Zeits, f. Instkunde, 84, 97 (1914).
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In the same paper Reiff has also described a further modi-
fication of this construction in which the readings are directly
proportional to the pressure. Other forms of the McLeod gauge
have been described by A. Wohl and M. S. Losantisch,’® and
L. Ubbeholde.!®

MECHANICAL MANOMETERS

A number of attempts have been made to construct low-
pressure manometers indicating the mechanical deformation
suffered by a surface under pressure. At ordinary pressures

Fig. 36. Short Form of McLeod Gauge, Front View

this principle has been utilized in the construction of the Bour-
don Spiral. Ladenburg and Lehmann,V” and subsequently M. G.
Johnson-and D. Mclntosh,!’® have described a low-pressure
gauge consisting of a flat tapered glass tube bent in the form of
a spiral. The walls are usually very thin, so that the device
may be sensitive to small pressure differences. A glass mirror
is attached to the end of the spiral and the latter is sealed
into another chamber in which the pressure may be varied. The
system whose pressure is to be measured is coanected to the

15 Ber. d. deutsch. chem. Ges. 38, 4149 (1905).

18 Zeits, f. angew. Chem. 19, 755 (1906).

17 Verh. d. deutsch. Phys. Ges. 8, 20 (1906).

13 J. Am. Chem. Soc. 81, 1138 (1909); Zeits. f. Physikal. Chem. 61, 457 (1908).
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spiral. In using the instrument, the pressure outside the spiral
is varied until it is equal to that in the spiral, as indicated by
the mirror, and the pressure outside is then measured by an
ordinary mercury manometer. The device has been used for
measuring the pressure of corrosive gases like chlorine and am-
monium chloride vapor. A similar type of manometer has

Fig. 37 Short Form of McLeod Gauge, Rear View

also been used very recently by C. G. Jackson for measuring
the dissociation pressure of cupric bromide.” These gauges are,
however, not sensitive to pressures below about 100 bars.

Scheele and Heuse’s membrane manometer® consists of
a very shallow cylindrical glass box separated into two compart-
ments (parallel to the flat sides) by a thin copper membrane.
One compartment is connected to the system, while the other
is connected directly to a high-vacuum pump. The deformation
of the membrane, due to the slight difference in pressure on
the two sides, is then measured by noting the number of
interference rings produced by the pressure of the membrane
against a glass plate.

¥ For further details regarding this type of manometer, refer to K. Jellinek, Lehrb. d.
Physikal. Chem. I, 1, p. 638, also to the references given in footnotes () and ().

0 Zeits. f. Instrk. 29, 14 (1909).
Ber. d. deutsch. Phys. Ges. 1909, p. 1,
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The instrument was found capable of measuring pressures
down to about 0.0001 mm. of mercury, but difficulties were
encountered in using it because of the contmual gas evolution
from the walls of the device.

VISCOSITY MANOMETERS
Theory

In Chapter I it was shown that if a plane is moving in a
given direction with velocity # relative to another plane situ-
ated parallel to it at a distance d, there is exerted on the latter
a dragging action whose magnitude is given by the equation

B=1 - ®
where 7 denotes the coeffizient o1 viscosity, and B denotes the
rate of transfer of momentum, per unit area.

It was found, however, by Kundt and Warburg® that at
very low pressures, where the mean free path of the molecules
becomes of the same order of magnitude as the distance be-
tween a moving and a stationary surface placed in the gas,
there is distinct evidence of a slipping of gas molecules over
the planes, so that the apparent viscosity is decreased. As the
pressure is lowered the amount of this slip is found to increase
and at very low pressures it varies inversely as the pressure.?

Denoting the coefficient of slip by é, it can be shown that
the amount of momentum transferred per unit area from the
moving surface to that at rest is

RN )
B FEGY (42)
Thus, owing to slip, there is an apparent increase in the thick-
ness of the gas layer between the two surfaces, which amounts
to é for each surface.

As has already been stated, Kundt and Warburg found
that at very low pressures & is inversely proportional to the
pressure, and approximately of the same order of magnitude
as the mean free path L, of the gas molecules at the corre-
sponding pressures.

More generally, we can write

o=al
where a is a constant. It is evident that at very low pressures,

21 Pogg. Ann. 155, 340 (1875).

22 *The diminution of the viscosity at very low pressures is well shown by an incandescent
lamp with a broken filament. If this be shaken while the lamp is exhausted it will be a
long time before the oscillations die away; if, however, air is admitted into the lamp,
through a crack made with a file, the oscillations when started die away almost immedi-
ately.” Poynting and Thomson. Properties of Matter, pp. 218-220.
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where d is small compared to L, equation (42) reduces to
P

- (43a)
a - A snane 8 Al.
Since L—-()d.) p\r—-RT
2X0.35 M
B= - p. M\Im—f (43b)

That is, with a given gas at constant temperature, the rate
of transference of momentum is directly proportional to the
velocity of the moving sur