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In Memory of Professor Alexander Roth 

Prior to the publication of this updated and enlarged edition of Vacuum 
Technology, Professor Alexander Roth died suddenly in September 1989. Profes
sor Roth had completed this third revision early in 1989, and passed away during 
the galley proof stage. 

The book Vacuum Technology has first been published in 1976. The vast 
success of this book is evidenced by the fact that the first edition was reprinted 
four times and the second edition three times. It is no exaggeration to say that his 
work is a classic, present in each laboratory working with vacuum techniques, 
and is used in many courses on this subject. 

During his professional life Professor Roth published over 40 papers, as well 
as other books on vacuum technology. He was a member of the American 
Vacuum Society since 1963 and later was elected as one of its Senior Members. 
He founded the Israeli Society for Vacuum Technology in 1968 and was its first 
president. Professor Roth was also one of the individual founder members of the 
International Organization for Vacuum Science and Technology, IUVSTA, and 
was its treasurer for the period 1971-74. For almost two decades he was the head 
of the Vacuum & Technology Department at the Soreq Research Centre, Yavne, 
Israel, and later acted as the director of the Centre. 

Professor Roth was a unique combination of a scientist, engineer and an 
excellent educator. His untimely death was a shock for many, and the void he 
leaves behind will be felt for a long time. 

The Publisher 



Preface 

"The Aristotelians and Cartesians have said that there is no vacuum at 
all in the tube of Torricellius since glass has small pores, which the 
beams of light, the effluvia of the loadstone, and other very thin fluids may 
go th rough ." Third Paper of Leibnitz to Clarke. 

Although the phenomena are not precisely those assumed by the early investi
gators, the "ho r ro r vacuum" exists, at least here on the earth, where the surround
ing exerts its "oppos i t ion" to our at tempts at isolating a part of the space and 
completely evacuating its gas content . This is—in fact—just a particular case 
of the general tendency to oppose any disturbance of the equilibrium. In outer 
space, where the equilibrium pressure is in the vacuum range, no efforts are re
quired to evacuate our vessel; on the contrary, many difficulties are encountered 
in keeping it at atmospheric pressure. 

The "hor ro r vacuum" appears to the vacuum technologist as the combined 
effect of conductance, leak rate, desorption, permeation, vapour pressure, diffu
sion, etc., and Vacuum Technology comprises to date the knowledge developed 
to avoid or to use these phenomena in order to achieve, measure and maintain 
lower and lower pressures. 

This book is a result of the Postgraduate Course given by the author at the 
Faculty of Engineering of the Tel-Aviv University. It at tempts to cover vacuum 
technology from the low vacuum up to the ultra-high vacuum as it is known today. 

The material presented in the book was selected with a double a im: 
—to give enough detailed explanations on principles and phenomena that the 
author considered as fundamental for any worker in the field, and 
—to give the reader the necessary connections to the li terature on those topics 
which are not treated in detail. The book includes numerical examples, tabulated 
and plotted data, as well as a collection of nomograms which may provide the 
answers to most of the questions which occur to workers in this field. 

It is hoped that the book will provide a useful background for graduates and 
undergraduates in Universities and Technical Colleges, and serve as a " h a n d b o o k " 
for scientists and engineers having to cope with problems of vacuum technology 
in R & D work or in industry. 
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for their publications, and to them I acknowledge my indebtedness.I wish to express 
my thanks to the authors and to the publishers for their kind permission to re
produce material from their publications. 

I am very grateful to my daughter, Miss Michaela Roth , B .Sc , for prepar ing 
and drawing the figures for this book, and to Mrs . Rebeca Kuznetz for typing 
the manuscript. 
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Preface to the Third Edition 

The first edition of this book (1976) was the result of a Postgraduate Course 
given by the author. The first, and then the second edition of the book (1982) 
were, and are still used in many Vacuum Technology courses, including some of 
those of the American Vacuum Society. Besides its role in educational activities, 
the book serves as one of the "handbooks" for those working in this field, or in 
fields connected to "Vacuum Technology". 

Almost a decade has passed since the writing of the second edition. The 
activities of the Vacuum Technology were much extended as a backing to space 
technologies, surface investigations, solar energy, accelerators and storage rings, 
microelectronics, thermonuclear fusion, lasers, superconductors, biotechnologies. 

As a result of these requirements the turbomolecular, the nonevaporable 
getter- and the cryopumps received important roles. 

Extension of pumping technologies brought also some extension of pressure 
measuring techniques, especially regarding the calibration techniques and inter
national comparison of standards. 

Material technology succeeded to reduce outgassing rates by appropriate 
discharge and bombardment treatments - even on very large systems. 

The progress of Vacuum Technology in the last decade was presented in the 
many national conferences held in various countries, in the last four international 
congresses of IUVSTA (Cannes - 1980, Madrid - 1983, Baltimore - 1986, Köln 
- 1989) and in the hundreds of papers published in the journals dedicated to 
High- and Ultrahigh vacuum and related subjects. 

This third edition includes about 350 new papers added to the previous list of 
References. 

The third edition is revised and updated with: 
- Thermomolecular pumping; 
- Throughput; 
- Transmission probability; 
- Electronic circuit simulation; 
- Sorption on charcoal; 
- Desorption from porous materials; 
- Desorption from stainless steel, Al alloys (outgassing rates); 
- Ion bombardment (glow discharge) cleaning; 
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P R E F A C E T O T H E T H I R D E D I T I O N 

- Claw-type pumps; 
- Turbomolecular pumps - improvements; 
- Cryosorption; 
- N E G (nonevaporable getter) linear pumps; 
- Standards for measurement of pumping speed (Recommended prac

tice, test domes); 
- Spinning rotor gauges; 
- Quartz friction gauges; 
- Increase of sensitivity of thermocouple gauges; 
- Lubrication in vacuum; 
- Calibration of diffusion leaks; 
- Improvements in leak detection. 

The author wants to express his indebtedness to all those authors and 
acknowledge the credit for their publication. 

I also wish to express my thanks to the Staff of Elsevier Publishing Co. for 
their kind help and cooperation in the publishing of the third edition. 

A. R O T H 
August 1989 
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Commonly used symbols 

A - area (also depth of grooves on sealing surfaces) 
a - distance (also radius) 
a, b - sides of rectangle 
Β - circumference, perimeter 
C - conductance 
Cr - compression ratio 
c p - specific heat (constant pressure) 
c v - specific heat (constant volume) 
D - diameter 
D12 - coefficient of diffusion 
Ε - energy 
e - charge of the electron 
F- force 
/ - molecular sticking coefficient 
h - height (also thickness) 
ι, / - current 
7 - m e c h a n i c a l equivalent of heat (also factor defining molecular-viscous flow) 
i T - h e a t conductivity (also correction factor molecular flow) 
k - Boltzmann's constant 
L - length 
LT, L0 - latent heat of evaporation 
m - mass (of molecule) 
M - molecular weight 
η - molecular density 
N- total number (of molecules) 
iVA - number of molecules per mole 
Ρ - pressure 
Ρ - average pressure 
P u - ultimate pressure 
Pv - vapour pressure 
PT - probability factor 
q - gas flow (molecules per second) 
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XX C O M M O N L Y U S E D S Y M B O L S 

qL - specific leak rate 
qD - specific outgassing rate 
qp - specific permeation rate 
Q - throughput 
r, R - radius 
R - sealing factor 
RQ - gas constant (per mole) 
Re - Reynold's number 
S - pumping speed 
S p - pumping speed at pump inlet 
t- t ime 
tc - temperature (°C) 
T- temperature (°K) 
V - volume 
ν - velocity 
w - width (of seals) 
W- mass or specific mass (per sec, per cm 2) 
Y - correction factor (viscous flow) 
α (alpha) - accommodation coefficient 
y (gamma) - ratio c p/ c v (also surface tension) 
δ (delta) - molecular-viscous flow ratio 
ε (epsilon) - slip coefficient 
η (eta) - viscosity 
λ (lambda) - mean free path 
Λ (lambda) - free molecular heat conductivity 
ξ (xi) - molecular diameter 
ρ (rho) - density, mass per unit volume 
τ (tau) - period (time) 
φ (phi) - molecular incidence rate 
ψ (psi) - correction factor (viscous flow) 



CHAPTER 1 

Introduction 

1.1. The vacuum 

Although the Latin word vacuum means "empty" , the object of vacuum tech
niques is far from being spaces without matter. At the lowest pressures which 
can be obtained by modern pumping methods there are still hundreds of mole
cules in each cm 3 of evacuated space. 

According to the definition of the American Vacuum Society (1958) the term 
"vacuum" refers to a given space filled with gas at pressures below atmospheric, 
i.e. having a density of molecules less than about 2 .5 χ 10 19 molecules/cm3. 

The general term "vacuum" includes nowadays about 19 orders of magnitude 
of pressures (or densities) below that corresponding to the standard atmosphere. 
The lower limit of the range is continuously decreasing, as the vacuum techno
logy improves its pumping and measuring techniques. 

1.1.1. Artificial vacuum 

Here on the earth vacuum is achieved by pumping on a vessel, the degree of 
vacuum increasing as the pressure exerted by the residual gas decreases below 
atmospheric. Measuring a system's absolute pressure is the traditional way to 
classify the degree of vacuum. Thus, we speak of low, medium, high and ultra-high 
vacuum corresponding to regions of lower and lower pressures (fig. 1.1). 

At first approach the limits of these various ranges may look as arbitrary, since 
for each range there are specific kinds of pumps and measuring instruments. 
In fact, each of these various vacuum ranges corresponds to a different physical 
situation. In order to describe these situations it is useful to utilize the concepts 
of molecular density, mean free path, and the time constant to form a monolayer, 
concepts which are related to the pressure, as well as to the kind of gas and its 
temperature. 

1 



2 I N T R O D U C T I O N (CH. 1) 

Fig. 1.1 Relationship of several concepts defining the degree of vacuum. 

These terms will be mathematically analyzed in further chapters. For the sake 
of this introduction, they can be defined as : 

- Molecular density is the average number of molecules per unit volume. 

- Mean free path is the average distance that a molecule travels in a gas between 
two successive collisions with other molecules of that gas. 

- Time to form a monolayer is the time required for a freshly cleaved surface to 
be covered by a layer of the gas of one molecule thickness. This time is given 
by the ratio between the number of molecules required to form a compact 
monolayer (about 8 x l 0 1 4 molec/cm2) and the molecular incidence rate (at 
which molecules strike a surface). 
Tables 1.1 and 1.2 list values of these terms, and fig. 1.1 shows their 

relationship. 
By analysing the ranges shown on fig. 1.1 and the values of the terms listed in 
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Table 1.1. 
Values of molecular density λ , molecular incidence rate φ, mean free path λ, and time to form 

a monolayer τ , as a function of pressure P , for air at 25°C. 

Ρ 
Torr 

η 
m o l e c / c m

3 Φ 
molec/cm

2
* sec 

λ 
c m 

τ 
sec 

760 2 . 4 6 Χ 1 0
1 9 

2 . 8 8 χ Ι Ο
23 

6 . 7 Χ 1 0 -
6 

2 . 9 Χ 1 0 -
9 

1 3 . 2 5 Χ 1 0
1 6 

3 . 7 8 Χ Ι Ο
20 

5 . 1 Χ 1 0 -
3 

2 . 2 Χ 1 0 -
6 

ί ο -
3 

3 . 2 5 Χ 1 0
1 3 

3 . 7 8 Χ Ι Ο
17 

5 .1 2 . 2 Χ 1 0 -
3 

ι ο -
β 3 . 2 5 Χ 1 0

1 0 
3 . 7 8 Χ 1 0

1 4 
5 . 1 Χ 1 0

3 
2 . 2 

ί ο -
9 3 . 2 5 Χ 1 0

7 
3 . 7 8 Χ 1 0

1 1 
5 . 1 x 1 0

e 
2 . 2 Χ 1 0

3 

ί ο -
1 2 3 . 2 5 Χ 1 0

4 
3 . 7 8 Χ 1 0

8 
5 .1 χ ΙΟ

9 
2 . 2 x 1 0

e 

Ι Ο
- 15 3 . 2 5 X 1 0 3 . 7 8 Χ 1 0

5 
5 .1 χ Ι Ο

12 
2 . 2 Χ 1 0

9 

Table 1.2. 
Values* of φ, χ and τ for various gases at 25°C and 1 0 ~

3
 Torr. 

Gas Φ 
m o l e c / c m

2
 sec 

λ 
cm 

τ 
sec 

H
2 1 4 . 4 x 1 0

17 
9 . 3 1 χ 1 0 -

3 

H e 1 0 . 4 x 1 0
17 

14 .7 2 . 3 x 1 0 -
3 

N
2 3 . 8 5 X 1 0

17 
5 . 0 2 . 1 X 1 0 -

3 

° 2 3 . 6 0 X 1 0
17 

5 . 4 2 . 4 X 1 0 -
3 

A 3 .22X 1 0
17 

5 . 3 2 . 6 X 1 0 -
3 

Air 3 . 7 8 X 1 0
1 7 

5 .1 2 . 2 X ΙΟ"
3 

H 2 0 4 . 8 0 X 1 0
1 7 

3 . 4 l . l x l O "
3 

co 2 
3 . 0 7 X 1 0

17 
3 . 3 1 . 7 x ΙΟ"

3 

•Notat ions as in table 1 .1 . 

tables 1.1 and 1.2, it results that the physical situations characterizing the various 
vacuum ranges are : 

Low (and medium) vacuum - the number of molecules of the gas phase is large 
compared to that covering the surfaces, thus in this range the pumping is direct
ed toward rarefying the existing gas phase. The range extends from atmospheric 
pressure to about 10~2 Torr. 

High vacuum - the gas molecules in the system are located principally on surfaces, 
and the mean free path equals or is greater than the pertinent dimensions of the 
enclosure. Therefore the pumping consists in evacuating or capturing the mole
cules leaving the surfaces and individually reaching (molecular flow) the pump . 
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This is the range where particles can travel in the vacuum enclosure without 
colliding with other particles. The range extends from about I O - 3 to I O - 7 Torr . 

Ultra-high vacuum - the time to form a monolayer is equal or longer than the 
usual time for laboratory measurements, thus "c lean" surfaces can be prepared 
and their properties can be determined before the adsorbed gas layer is formed. 
This vacuum range extends from about 10~7 to 10~ 16 Torr (lower limit decreasing 
with the progress of the technology). Hobson (1973) calculated that a pressure of 
IQ -33 j o r r c an k e achieved (theoretically) by cryopumping. 

The classification of Kaminsky and Lafferty (1980) proposes to divide the 
lowest pressure range in: very high vacuum 1 0 " 4 - 1 0 ~ 7 Pa (about 1 0 ~ 6 - 1 0 ~ 9 

Torr); ultra-high vacuum 1 0 ~ 7 - 1 0 " 1 0 Pa (about 1 0 " 9 - 1 0 " 1 2 Torr); and extreme 
ultrahigh vacuum less than 1 0 " 1 0 Pa ( 1 0 ~ 1 2 Torr). 

Composition of the gas - While the total pressure in a vacuum chamber decreases, 
the composition of the gas phase changes as well. In the low vacuum range the 
composition of the gas mainly resembles that of the atmosphere (table 1.3). In 
the high vacuum range the composition changes continuously, toward one which 
contains 70-90 percent water vapour. The water molecules come from the sur-

Table 1.3. 
Gas compositions. 

Component Atmosphere*
1
* Ultra-high vacuum 

Percent by Partial pressure Partial pressure 
volume Torr 

(2) 
Torr 

(3) 

N 2 
78 .08 5 .95 X 1 0

2 
2 X i o - 1 1 

o 2 
20 .95 1.59 X 1 0

2 
— 3 X I O "

13 

Ar 0 . 9 3 7 .05 6 X i o - 1 2 
— 

c o 2 0 .033 2 . 5 X ί ο - 1 
6 .5 χ i o - 1 1 

6 x 1 0 ~
i a 

N e 1.8 χ ΙΟ"
3 

1 .4 X i o - 2 
5, .2 x i o - 1 1 

— 
H e 5 .24 χ ΙΟ"

4 
4 X i o - 3 

3 .6 χ i o - 1 

Kr 1.1 χ ΙΟ"
4 

8 . 4 X i o - 4 
— 

H 2 
5 . 0 χ 1 0 ~

5 
3 . 8 X i o - 4 

1 .79 χ i o - 9 
2 X IO"

11 

X e 8 . 7 χ 1 0 -
6 

6 . 6 X i o - 5 
— 

H 2 0 1.57 1.19 χ 10
1 

1 .25 χ jO-io 9 x 1 0 -
1 3 

C H 4 2 χ ΙΟ"
4 

1.5 χ i o - 3 
7 .1 x i o - 1 1 

3 χ 1 0 -
1 3 

o 3 
7 χ ΙΟ"

6 
5 .3 χ i o - 5 

— — 
N 2 0 5 Χ ΙΟ"

5 
3 . 8 χ i o - 4 

— 
CO — 1. 4 x 1 0- i o 9 χ I O "

12 

(1) Norton (1962) p. 11, (2) Dennis and Heppel (1968) p. 105, (3) Singleton (1966) p. 355. 
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faces. As pumping is continued and heating is applied, the carbon monoxide 
content increases. In the ultra-high vacuum range hydrogen is the dominant 
component (table 1.3), coming mostly from the bulk of the materials (permea
tion). 

1.1.2. Natural vacuum 

Vacuum on earth Nature uses "low vacuum techniques" in some of the functions 
of life of animals, but no natural high vacuum is known on earth. Some of these 
"applications" are very vital, as our own respiration, others like the vacuum 
action of mosquitos are rather bothersome. 

Human beings are pumping to about 740 Torr during their respiration, and 
may achieve pressures as low as 300 Torr by suction. The octopus is able to achieve 
pressures of about 100 Torr (Champeix, 1965). 

Vacuum in space As the pressure of 760 Torr at sea level is a result of the "atmos
pheric column", the pressure decreases with the altitude. U p to 100 km altitude 
(troposphere and stratosphere) the pressure decreases quite regularly by a factor 
of 10 for each increase in altitude of 15 km, which results in a pressure of 10~3 

Torr at about 90 km altitude. At higher altitudes high vacuum exists. 

Fig. 1.2 Characteristics of the high altitude atmosphere surrounding the earth. Plotted after data 
from Nicolet (1960), Dushman and Lafferty (1962), Holkeboer et al. (1967), Rittehouse and 

Singletary (1968), Champion (1969). 
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The ionosphere (100-400 km) contains a large number of ionized atoms, and 
its pressure decreases only by a factor of 10 every 100-200 km. This decrease results 
in a pressure of about 10" 1 0 Torr at an altitude of 1000 km. According to figs. 1.2 
and 1.1 above 400 km, ultra-high vacuum conditions exist. Above this altitude 
the pressure decreases at an even slower rate, thus at 10 000 km a pressure of 
about 10~13 Torr exists. 

Since the average spacecraft travels at a velocity considerably in excess of that 
of the average gas molecule, the pressures measured on spacecrafts are actually 
determined by the spacecraft velocity and gas particle concentration. Thus the 
diagram (fig. 1.2) of the high altitude atmosphere is expressed in concentration 
(density) units. 

The gas molecule concentration (density) is estimated to fall in the shaded 
area of fig. 1.2, since the density varies with the time of day and the amount of 
solar activity. At an altitude below 200 km, the atmosphere is essentially air. 
Between 200-1000 km the gas is principally atomic nitrogen and oxygen, which 
may be largely ionized at periods of solar maxima. There is some evidence of an 
appreciable amount of helium at about 700-1000 km altitude. Above an altitude 
of 1500 km, the gas consists of neutral atomic hydrogen, protons and electrons. 

1.2. Fields of application and importance 

1.2.1. Applications of vacuum techniques 

The large variety of applications of vacuum can be classified either according 
to the physical situation achieved by vacuum technology (table 1.4) or according 
to the fields where the application belongs. 

Obviously each of the applications of vacuum technology utilizes one or more 
physical situations obtained by rarefying the gas. Some of them achieve products 
or facilities in which the vacuum exists during all their life (lamps, tubes, accele
rators, etc.), others only use vacuum technology as a step in the production, the 
final product being used in atmospheric conditions (vacuum coating, drying, im
pregnation, etc.). 

According to the physical situations created by vacuum the various applications 
may be resumed (table 1.4) as follows: 

The pressure difference achieved by evacuating a vessel can realize forces on the 
walls up to 1 kg/cm2. These forces are used for holding or lifting solids, for the 
transport of solids or liquids, and for forming (shaping) objects. 

Plastic or rubber cups applied on surfaces so that the air be excluded from the 
cup, can hold small objects. The same principle is used to fasten tools on work 
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Table 1.4. 
Applications of vacuum techniques. 

Physical 
situation 

Objective Applications 

Low 
pressure 

Achieve pressure 
difference 

Holding, Lifting 
Transport (pneumatic, cleaners, 

filtering) 
Forming 

Low molecular density Remove active 
atmospheric 
constituents 

Lamps (incandescent, fluorescent, 
electric discharge tubes) 

Melting, sintering 
Packaging 
Encapsulation, Leak detection 

Remove occluded or 
dissolved gas 

Drying, dehydration, concentration, 
Freeze drying, Degassing 
Lyophylisation, Impregnation 

Decrease energy 
transfer 

Thermal insulation 
Electrical insulation 
Vacuum microbalance 
Space simulation 

Large mean free path Avoid collisions Electron tubes, cathode ray tubes , 
television tubes, photocells , photo-
multipliers, X-ray tubes 
Accelerators, storage rings, 
mass spectrometers, isotope separators, 
Electron microscopes, 
Electron beam welding, heating 
Coating (evaporation, sputtering), 
Molecular distillation 

Long 
monolayer formation time 

Clean surfaces Friction, adhesion, emission studies, 
Materials testing for space 

tables (chucks). Here the middle part of a large rubber membrane forming the 
base of the tool is mechanically pulled away, to form a vacuum enclosure with 
its periphery sitting on the table. 

By using sniffers which are evacuated after being placed with their mouth on 
the object to be lifted, very small objects can be precisely lifted and transferred 
(e.g. filaments in the mass production of lamps). Relatively large (flat) objects 
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can be lifted (plates, cars) if the mouth of the lifting cup is large, 5-7 tons can be 
lifted with a mouth of 1 m 2. 

The vacuum cleaner is the simplest example of a widely used vacuum transport 
system. Vacuum cleaners are usually able to achieve pressures of 600 Torr , thus 
to suck objects of tens of grams/cm 2. Vacuum transport systems for grains and 
powders are based on features similar to vacuum cleaners. 

The pneumatic transport systems connecting post offices in Paris or London 
are examples of very large vacuum transport facilities. That of Paris has a length 
of about 300 km, of double, 60 or 80 mm bore tubes; they are using a pressure of 
450 Torr for the transport from post offices toward pumping stations, and an 
over-pressure of 0 .8 atm for transport in the opposite direction. The transport 
cylinders containing the letters move at speeds of 8-10 m/s. 

It is interesting to mention that pneumatic trains working on this principle 
were in function at Dublin (Ireland) and Saint-Germain (France) in the 1840-1860 
years. 

Vacuum is commonly used in laboratory and chemical industry to accelerate 
filtering speed. The pressure difference obtained by evacuation is used in the 
vacuum forming (molding) of plastics. 

The necessity of removing the chemically active constituents of the atmosphere 
(oxygen, water vapour) by vacuum pumping appeared together with the inven
tion of the incandescent lamps. In order to avoid oxidation of the filament heated 
at very high temperature, it must be an inert atmosphere. This atmosphere is 
constituted either by a high vacuum (about 10" 6 Torr) , or by an inert gas filled 
into the lamp after its evacuation at a high vacuum. 

The possibility of evacuating large chambers at a high vacuum level is used 
in vacuum metallurgy to protect active metals from oxidation during melting, cast
ing, sintering, etc. (Bunshah, 1958; Winkler and Bakish, 1971 ; Coates et al, 1977). 

Vacuum packaging of food, or materials sensitive to reactions with atmospheric 
components is used at a large scale in modern industry, the level of evacuation 
being usually in the low vacuum range. Vacuum encapsulation of sensitive devices 
(transistors, capacitors, etc.) is often carried out at high vacuum levels. The leak 
testing techniques using high sensitivity detectors can control the tightness of the 
encapsulation. 

Vacuum technology is used to remove humidity from food, chemicals, pharma
ceutic products, concrete, etc., and occluded (dissolved) gas from oils, plastics, 
etc. The fabrication of fruit juice, and concentrated milk, are examples of large-
scale productions based on vacuum concentration. This process does not require 
extensive heating in order to evaporate the water or solvents contained in the 
products. 

By using the vacuum drying process in conjunction with cooling, the products 
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are first frozen, the water being then removed by sublimation. This is the basic 
feature of freeze drying. In the products of freeze drying the final water content 
is very low, chemical changes are minimal, volatile constituents are essentially 
kept in the product (e.g. instant coffee), coagulation is avoided (blood plasma) 
and storage properties are excellent (Pirani and Yarwood, 1961; De Luca, 1977). 

Vacuum impregnation process consists in removing the occluded humidity or 
gases, and filling their place by another material. Although the commonly-known 
impregnation processes are those used to improve the dielectric properties of 
insulations (motor windings, capacitors, cables), vacuum impregnation tech
niques are also used to increase strength, or decrease combustibility of textiles, 
paper, wood, etc. (Holland-Merten, 1953). 

High vacuum is a thermal and electrical insulant. This property is used in the 
Dewar flasks for the storage of liquid air, nitrogen, helium, etc., as well as in the 
"thermos flasks" used to keep cool drink or food. Both are double-walled flasks, 
the space between the walls being evacuated at high vacuum. 

The electrical insulation properties of high vacuum are used in vacuum switches, 
as well as in high voltage devices (accelerators, tubes). Vacuum considerations play 
a central role in fusion devices for energy production such as Tokamaks and laser-
fusion systems. These aspects are discussed by Lewin and Tenney (1974), Prévôt 
(1974), Pustovoit (1974), Clausing (1976), Cohen (1976), Borghi and Ferrario 
(1977), Cullingford and Beal (1977), Heiland (1977), Abel (1978), Glaros et al. 
(1979), Gomay et al. (1979), Schwenterly et al. (1980), Wilson and Watts (1980), 
Murakami (1983), Cecchi and Knize (1984), Fuller and Haines (1984), Parris et 
al. (1984), Bennett (1987), Sedgley et al. (1987), Brooks et al. (1988), Sedgley et al. 
(1988), Yatsu et al. (1988). 

As the energy transfer in outer space is similar to that which occurs in ultra
high vacuum, space simulation became one of the sophisticated applications of 
vacuum technology. Space simulator chambers extend to volumes of more than 
1000 m 3, and some of them are evacuated to the lowest pressures which can be 
achieved today, (e.g. Forth and Frank, 1977). A recent application is the Space 
Shuttle, a vacuum laboratory travelling in space (at 200-500 km altitude) and using 
the high vacuum existing outside ; the Spacelab and its problems are discussed by 
Hamacher (1977), Kleber (1977), Mark (1977), Oran and Naumann (1977, 1978), 
Outlaw and Brock (1977), Seibert (1977), Falland (1981), Patrick (1981), Dauphin 
(1982), Curien and Rolfo (1983), Kleber (1983), Breckenridge and Russel (1986), 
Cohen (1986), Debe (1986, 1987), Czanderna and Thomas (1987), Schäfer and 
Häfner (1987). 
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Vacuum microbalance techniques use high and ultra-high vacuum to avoid any 
"background" resulting from the surrounding gas. 

The large mean free paths existing in high vacuum is used to avoid collisions 
between molecules, electrons, ions, in electron tubes, photocells, cathode ray 
tubes, X-ray tubes, accelerators, mass spectrometers, electron microscopes, etc. 
The techniques used to achieve high and ultrahigh vacuum in large accelerators 
and storage rings are discussed by Cummings et al. (1971), Fischer (1974, 1977), 
Bostic et al. (1975), Halama and Aggus (1975), Aggus et al. (1977), Hartwig and 
Kouptsidis (1977a, c), Rees (1977), Trickett (1977), Bennet et al. (1978), Schuchman 
et al (1979), Briggs et al. (1980), Bartelson (1983), Halama (1983), Reinhard 
(1983), Schuchman (1983), Ishimaru (1984), Bourgeois et al. (1987), Cruz et al 
(1987), Halama and Hseuh (1987), Benvenuti and Francia (1988). 
This same property is used in vacuum coating plants where the coating material 
evaporated from its source reaches the substrate being coated, by travelling in 
straight lines, without collisions. In this way thin films are deposited for a large 
number of optical, research, or ornamental uses (Holland, 1956; Maissel and 
Glang, 1970; Reale, 1976; Eckertova, 1977; Poulsen, 1977; Holland, 1978). 
Molecular distillation is another field where high vacuum is used in order to 
obtain very pure fractions by evaporating and condensing the molecules without 
any collisions to other gas molecules (Burrows, 1960, 1973; Watt, 1963). 

Ultra-high vacuum permits to study the real properties of surfaces (friction, 
adhesion, emission, etc.) since at these low pressures the times of formation of 
a monolayer are sufficiently long (hours, fig. 1.1). 

1.2.2. Importance of vacuum technology 

The list of applications of vacuum technology includes a large number of items 
which became symbols of the progress. From this point of view the importance 
of vacuum technology is evident. 

The size of the field can be shown by the number of persons (scientists, engi
neers, technicians and workers) involved in the world in the various aspects of 
vacuum technology. This number was in 1965 over one million, receiving a total 
of salaries of about three milliard dollars. At that time it was evaluated that more 
than four milliard lamps and one milliard electron tubes were produced per year. 

The number of persons active in the progress of vacuum science and techno
logy can be evaluated to tens of thousands, according to the number of members 
of IUVSTA. I.U.V.S.T.A. is the International Union for Vacuum Science, Tech
niques and Applications, which includes (in 1987), 24 National Vacuum Societies. 

The history and activities of IUVSTA are related by Lafferty (1987). 
The number of commercial firms producing general and specialized vacuum 

equipment ranges to about 100 (companies ranging from hundreds to thousands 
of persons). 
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1.3. Main stages in the history of vacuum techniques 

It can be considered that the history of vacuum techniques begins in 1643, 
when Torricelli discovered the vacuum which is produced at the top of a column 
of mercury when a long tube sealed at one end is filled with mercury and inverted 
in a trough containing Hg. 

A review of the early applications of vacuum is presented by Madey (1984). 
The pioneer period of vacuum techniques continues up to the invention of the 

electric lamp. In this period important theoretical and experimental scientific 
progress is achieved in the fundamentals of gas laws (Boyle-Mariotte, Charles, 
Gay-Lussac, Bernoulli, Avogadro, Maxwell, Boltzmann, etc.). The first progress 
in the practical use of vacuum was connected to the mechanical effects which can 
be achieved by using the pressure difference between vacuum and atmosphere. 
The classic experiment of Guericke (1654) showing that the two hemispheres 
of an 119 cm "evacuated" ball cannot be separated by pulling with 2 x 8 horses, 
demonstrated the atmospheric forces. 

The application of this knowledge to drive railway cars (Dublin) was used only 
a few years, but the pneumatic-vacuum transport systems begun in 1850-1860 
in London and Paris are still in use (slightly modernized!). 

The development of the incandescent lamp (Edison, 1879) was also a conse
quence of the pumping system invented during the previous years (Toepler, 
Sprengel, see table 1.5). The McLeod gauge* (1874) gave for the first time the 
possibility of measuring low pressures. The incandescent lamp has shown the 
usefulness of low molecular densities (removal of the active atmospheric consti
tuents), the cathode ray tube of Crookes (1879) was the first application of the 
increased mean free path, while the Dewar flask (1893) constitutes the first appli-
action of vacuum thermal insulation. 

The invention of the vacuum diodes (1902) and triode (1907), and of the tungsten 
filament (1909), begins the development of the electron tubes, and brought that 
of the incandescent lamps to a maturity (Langmuir, 1915). The "qual i ty" of the 
vacuum used in the production of the incandescent lamps was revealed to be in
sufficient in the new field of electron tubes, and this brought about research and 
development work on pumping and measurement (Dunkel, 1975). 

The Pirani gauge (1906), Gaede's (1915) and Langmuir 's (1916) diffusion pumps, 
and the hot cathode ionization gauge 1916), opened the possibilities of high 
vacuum technology. The development of high vacuum technology continued up 
to the second world war, in the years 1935-1936 receiving three new items : the 
gas ballast pumps, the oil diffusion pump, and the Penning cold cathode ioniza-

* Marland (1973), Thomas and Leyniers (1974). 
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Table 1.5. 
Stages in the history of vacuum techniques. 

Year Author Work (Discovery) 

1643 Evangelista Tofricelli Vacuum in the 760 m m mercury co lumn 
1650 Blaise Pascal Variation of H g column with altitude 
1654 Otto von Guericke Vacuum piston pumps, Magdeburg 

hemispheres 
1662 Robert Boyle Pressure-volume law of ideal gases 
1679 Edme Mariotte 
1775 A .L . Lavoisier Atmospheric air : a mixture of nitrogen 

and oxygen 
1783 Daniel Bernoulli Kinetic theory of gases 
1802 J.A. Charles Volume temperature law of gases 

J. Gay-Lussac 
1810 Medhurst Propose first vacuum post lines 
1811 Amedeo Avogadro Constant molecular density of gases 
1843 Clegg and Samuda First vacuum railways (Dublin) 
1850 Geissler and Toepler Mercury column vacuum pump 
1859 J.K. Maxwell G a s molecule velocity laws 
1865 Sprengel Mercury drop vacuum pump 
1874 H. McLeod Compression vacuum gauge 
1879 T.A. Edison Carbon filament, incandescent lamp 
1879 W. Crookes Cathode ray tube 
1881 J. Van der Waals Equation of state o f real gases 
1893 James Dewar Vacuum insulated flask 
1895 Wilhelm Roentgen X-rays 
1902 A. Fleming Vacuum diode 
1904 Arthur Wehnelt Oxide-coated cathode 
1905 Wolfgang Gaede Rotary vacuum pump 
1906 Marcello Pirani Thermal conductivity vacuum gauge 
1907 Lee de Forest Vacuum triode . 
1909 W . D . Coolidge Powder metallurgy of tungsten, 

Tungsten filament lamp 
1909 M. Knudsen Molecular flow of gases 
1913 W. Gaede Molecular vacuum pump 
1915 W . D . Coolidge X-ray tube 
1915 W. Gaede Diffusion pump 
1915 Irving Langmuir G a s filled incandescent lamp 
1915 Saul Dushman T h e kenotron 
1916 Irving Langmuir Condensation diffusion pump 
1916 O.E. Buckley H o t cathode ionization gauge 
1923 F. Holweck Molecular pump 
1935 W. Gaede Gas-ballast pump 
1936 Kenneth Hickman Oil diffusion pump 
1937 F .M. Penning Cold cathode ionization gauge 
1950 R.T. Bayard and D . Alpert Ultra-high vacuum gauge 
1953 H.J.Schwartz, R.G. Herb Ion pumps 
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tion gauge, items which together with the Pirani gauge remained up to now the 
usual components of most vacuum systems. 

After 1940 vacuum technology had a very large development in the direction 
of equipment for nuclear research (cyclotron, isotope separation, etc.), vacuum 
metallurgy, vacuum coating, freeze drying, etc. 

Up to 1950 the usual vacuum range extended to 10~ 6-10~ 7 Torr. Perhaps lower 
pressures were obtained before also, but no possibility existed for measuring 
lower pressures. The Bayard-Alpert gauge (1950) opened the way to measure 
lower pressures, in the range called later ultra-high vacuum. The ion-pumps 
produced after 1953 permitted to obtain very low pressures, and the so-called 
"clean vacuum" (Redhead, 1976). 

In the past decade, the space research gave a new quantitative j ump to vacuum 
techniques, by the numerous vacuum problems which had to be solved for space 
missions. 

Hobson (1984) predicts that in the future, "vacuum technology" will continue 
to contribute to: Space Science, Surface Science, Semiconductor Technology, etc. 
The main vacuum application will be in very large accelerators and colliders 
using superconductivity and cryopumping as well as in research of new materials 
for fusion technology. 

1.4. Literature sources 

Vacuum Technology is based on a very extensive literature of books, journals 
and conference transactions dealing with the various aspects of the subject. 

1.4.1. Books 

The first book on vacuum was published in Latin 300 years ago : Ottonis de 
Guericke : Expérimenta Nova Magdeburgica de Vacuo Spatio (J. Jansson, 
Amsterdam) 1672. 

It was republished in German (Von Guericke, 1968). Guericke's activity is 
remembered by Jahrreis (1987). 

Books on vacuum science and technology appeared after 1920; their list in 
chronological order is : Dushman (1922,) Newman (1925), Goetz 1926, Kaye 
(1927), Mönch (1937), Strong (1938), Yarwood (1943), Inanananda (1947). 
Bachman (1948), Tjagunov (1948), Dushman (1949), Guthrie and Wakerling 
(1949), Martin and Hill (1949), Jaeckel (1950), Korolev (1950), Wagner (1950), 
Davy (1951), Dunoyer (1951), Leblanc (1951), Reimann (1952), Hol land-Merten 
(1953), Miliner and Szalkay (1953), Zobac (1954), Groszkowski (1955), Heinze 
(1955), Roth (1955), Steyskal (1955), Laporte (1957), Champeix (1958), M o r a n d 
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(1958), Danilin (1959), Kuznetzov (1959), Mönch (1959), Delafosse and M o n -
godin (1961), Pirani and Yarwood (1961), Boutry (1962), Buch (1962), Dushman 
and Lafferty (1962), Eschbach (1962), Pupp (1962/64), Turnbull et al (1962), 
Barrington (1963), Guthrie (1963), Spinks (1963), Steinherz (1963), Beck (1964/66), 
Brunner and Batzer (1965), Champeix (1965), Grigorov and Kanev (1965), Lewin 
(1965), Rosebury (1965), Van Atta (1965), Wutz (1965), Castaner (1966), Diels 
and. Jaeckel (1966), Holkeboer et al (1967), Ward and Bunn (1967), Yarwood 
(1967), Dennis and Heppel (1968), Green (1968), Paty (1968), Henry (1971), 
Lapalle (1972), American Vacuum Soc. (1973a), Holland, Steckelmacher and 
Yarwood (1974), Duval (1975), Roth (1976), Göllnitz et al (1978), Sigmond (1979). 
Weissler and Carlson (1979), O'Hanlon (1980), Harris (1979), Haefer (1981), 
Roth (1982), Wutz, Adam and Walcher (1982), Ferrario (1983), Stuart (1983). 

Most of these books are in English, German or French; a few of those 
appeared in Russian, and those published in Bulgarian, Czech, Hungarian, 
Polish, Rumanian, Norvegian, Italian and Spanish are also included in this list. 

The field of ultra-high vacuum is covered by books dealing exclusively with 
this specific subject : Roberts and Vanderslice (1963), Trendelenburg (1963), 
Redhead, Hobson and Kornelsen (1968), Robinson (1968), Juilet and Nieuwen-
huyze (1969), Weston (1985). 

Various aspects of vacuum technology were treated by specialized books, 
going into the very details of these subjects : measurements are treated by Leek 
(1964), Berman (1985), pumping by Power (1966), sealing by Roth (1966), and 
leak detection by Marr (1968), Maurice (1971), Wilson and Beavis (1976). 
The technology of materials used in vacuum techniques was treated by Espe 
and Knoll (1936), Knoll (1959), Mönch (1959), Kohl (1960), Von Ardenne (1962), 
Rosebury (1965), Espe (1966/68), Kohl (1967), Katz (1974). 

As regarding the applications of vacuum technology, the field of thin films is 
covered by the books of Holland (1956), Auwarter (Î957), Berry et al. (1968), 
Maissel and Glang (1970), Reale (1976), Eckertova (1977), Stuart (1983), and that 
of vacuum metallurgy by Bunshah (1958), Cable (1960), Belk (1963), Winkler and 
Bakish (1971), vacuum insulation by Latham (1981), and micro-weighing in 
vacuum by Czanderna and Wolsky (1980). 

Weber (1968) and Hurrle et al. (1973) published dictionaries of high vacuum 
and Brombacher (1961) a bibliography on vacuum literature. 

A vacuum technology vocabulary was published by ISO/DIS-1981 and a 
dictionary of vacuum terms by Kaminsky and Lafferty (1980). 

1.4.2. Journals 

The journals exclusively dedicated to vacuum techniques and their applications 
are : 
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a. Vacuum (England), monthly, founded 1950. 
b . Vakuum-Technik (Germany), monthly, founded 1952. 
c. Le Vide (France), bimonthly, founded 1945. 
d. Journal of Vacuum Science and Technology (USA), bimonthly, founded 

1965. 
e. Vuoto (Italy), trimestrial, founded 1968. 
f. Nederlands Tijdschrift voor Vacuumtechniek (The Netherlands). 
g. Shinkum (Vacuum) (Japan), founded 1958. 
h. Vacuum Science and Technology (China), founded 1980. 

Besides these journals, a large number of papers on vacuum techniques and 
applications are published in: British J. Applied Phys., Experimentelle Technik 
der Physik, Japan J. Applied Physics (U.S.A.), J. Scientific Instruments, Mate
rials Evaluation, Nuclear Instruments and Methods, Review of Scientific Instru
ments, Research and Development, R.C.A. Review, Solid State Technology, 
and Thin Solid Films. 

The bibliography is covered by: 

a. Index Bibliographique du Vide (Vol. 1-4, 1966-1969), Internat. Union for 
Vacuum Science, Bruxelles. 

b . Vacuum and Surface Physics Index (founded 1965), Max Planck Inst., 
Garching bei München. 

c. NASA - Scientific and Technical Aerospace Reports. 

1.4.3. Conference transactions 

The International Congresses of Vacuum Science, Techniques and Applications 
are held every three years, and their Transactions (Proceedings) were published 
as follows: 

a. 1st International Congress, held Namur (Belgium) 10-13 June, 1958, 2 
volumes, (Pergamon Press, Oxford) 824p. 

b . 2nd Internat. Congress, held Washington 16-19 Oct., 1961, together with 
the 8th Symposium of the American Vacuum Society, 2 volumes, (Perga
mon Press, Oxford) 1351 p. 

c. 3rd Internat. Congress, held Stuttgart, 28 June-2 July, 1965, 4 volumes, 
(Pergamon Press, Oxford) 929p. 

d. 4th Internat. Congress, held Manchester, 17-20 Apr., 1968, 2 volumes, 
(Instit. Physics London) 827p. 

e. 5th Internat. Congress, held Boston, Mass. 11-15 Oct., 1971, 1 volume, 
(American Vacuum Society, New York) 1018p. 

f. 6th Internat. Congress, held Kyoto (Japan), 25-29 March, 1974, Vol. 1 
(Japanese Journal of Applied Physics, Suppl. 2), 865p. 
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g. 7th Internat. Congress, held Vienna (Austria), 12-16 Sept., 1977, Vol. 1 
(R. Dobrozemsky et al. Vienna), 378p. 

h. 8th Internat. Congress, held Cannes (France), 22-26 Sept., 1980, 4 volumes 
(Le Vide, Paris), 3570 p. 

i. 9th Internat. Congress, held Madrid (Spain), 26-30 Sept., 1983, 2 volumes 
(Spanish Vacuum Society). 

j . 10th Internat. Congress, held Baltimore (USA), 27 -31 Oct. 1986, 4 volumes 
(American Vacuum Society, New York). 

k. 11th Internat. Congress, Köln (W. Germany), 26-29 Sept. 1989. 
Most of the National Vacuum Societies publish the Proceedings of their 

Annual Symposia as well as their Conferences on Specific Subjects in the 
Journals mentioned in §1.4.2. 

1.4.4. Visual and audio-visual aids 

The cooperative work of specialists from various countries produced a set of 
326 slides (mainly in colour) covering the subjects of vacuum technology (funda
mentals, gauges, pumps, gas analyzers, vacuum deposition, leak detection). This 
set of slides (and explanatory booklets to each part) is available from the 
International Vacuum Union (IUVSTA, 1978). A video tape course on Vacuum 
Technology (11 cassettes, 10 hours) covering fundamentals, pumps, gauges, is 
also available (Anderson, 1978). 



CHAPTER 2 

Rarefied gas theory for vacuum technology 

2.1. Physical states of matter 

A collection of molecules can occur either in the solid, liquid or gaseous state 
depending on the strength of the intermolecular forces, and the average kinetic 
energy per molecule (temperature). 

The state in which molecules are most independent of each other is called an 
ideal or perfect gas. This is a theoretical concept which corresponds to the assump
tions that : (a) the molecules are minute spheres; (b) their volume is very small 
compared with that actually occupied by the gas; (c) the molecules do not exert 
forces upon each other; (d) they travel along rectilinear paths in a perfectly ran
dom fashion; (e) the molecules make perfectly elastic collisions. 

Some real gases, such as hydrogen, nitrogen, oxygen, argon, helium, krypton, 
neon, xenon, approximate closely at atmospheric pressures the behavior assumed 
for ideal gases. At lower pressures (vacuum) many more gases approach the ideal 
gases. 

Real gases, unlike ideal ones, have intermolecular forces. At pressures and 
temperatures where the molecules of the gas are brought close to each other they 
will begin to form new structures, which will have properties very different from 
those of the gas. When these new structures begin to form, the gas is said to be 
liquefying. 

Figure 2.1 shows a plot of pressure versus volume for different temperatures 
of a real gas (e.g. carbon dioxide). Curves A and B, for which the tempera
tures are high, are hyperbolas conforming to Boyle's law, describing a behavior 
assumed for ideal gases. At temperature T 3 , curve C is no longer completely 
hyperbolic. 

A small bump has formed at point P. At still lower temperatures, curves D 
and Ε show complete departure from the hyperbola of ideal gases; a flat plateau 
appears. When the system has the pressure and volume associated with points 

17 
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Fig. 2.1 Variation of pressure with volume in a real gas at various temperatures. T t > T 2 > 
T 3 > T 4 > T5. 

L or M, the material ( C 0 2 ) is in the gaseous state. Along the plateau N - 0 the 
temperature and pressure of the system are both constant while the volume chang
es. At Ν the material is in gaseous state, while at Ο it is a liquid. At Κ a fraction 
of the system is liquid. It is important to note that each curve (fig. 2.1) has only 
one plateau, that is, there is only one pressure for a given temperature, at which 
the gas will liquefy. At temperatures higher than that of curve C, there is no pres
sure at which the gas can be liquefied. Point Ρ on curve C is called the critical 
point. Table 2.1 lists the values of the critical temperature and pressure for various 
gases. 

From fig. 2.1 it is clear that at higher pressures the liquefaction process takes 
place at higher temperatures. The temperature at which a gas liquefies is called 
the boiling point and depends on the pressure of the system. For example, to boil 
at 20°C, water requires that the pressure of the surrounding gas be 17.54 Torr 
(table 2 .2) , mercury requires 1 . 2 x l 0 " 3 Torr , while C 0 2 requires 56.5 atm. 

The pressure exerted by the molecules on the surrounding atmosphere and liquid 
is called the vapour pressure. The vapour pressure depends on the temperature 
of the material. 

The boiling point of a liquid is that temperature at which the vapour pressure 
of the liquid is equal to the surrounding pressure. The normal boiling point corres
ponds to a vapour pressure of one atmosphere. If the vapour pressure is plotted 
vs. the temperature, curves as that in fig. 2 .2 are obtained. At the right side 
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Tablé 2 .1 . 
Triple points and critical points of various substances. 

Substance Formula Triple Normal Critical point 
point boiling 

° C point Temp. Pressure 
° C ° C A t m . 

Water H 2 0 0 . 0 1 1 0 0 . 0 0 3 7 4 . 0 2 1 7 . 7 

Carbon dioxide co 2 
- 5 6 . 6 - 7 8 . 4 * 3 1 . 1 7 3 . 0 

Carbon monoxide C O - 2 0 5 . 0 - 1 9 1 . 5 - 1 3 9 . 0 3 5 . 0 

Oxygen o 2 
- 2 1 8 . 8 - 1 8 2 . 9 - 1 1 8 . 8 4 9 . 7 

Nitrogen N 2 
- 2 1 0 . 0 - 1 9 5 . 8 - 1 4 7 . 1 3 3 . 5 

Argon A - 1 8 9 . 3 - 1 8 5 . 8 - 1 2 2 . 4 4 8 . 0 

N e o n N e - 2 4 8 . 7 - 2 4 6 . 0 - 2 2 8 . 5 2 6 . 9 

Hydrogen H 2 
- 2 5 9 . 2 - 2 5 2 . 8 - 2 3 9 . 9 12 .8 

H e l i u m
4 

H e
4 — - 2 6 8 . 9 - 2 6 7 . 9 2 . 2 6 

H e l i u m
3 

H e
3 — - 2 6 9 . 9 - 2 6 9 . 8 1.17 

Krypton Kr - 1 5 7 . 2 - 1 5 3 . 4 - 6 3 . 8 5 4 . 2 

Carbon tetrachloride C C 1 4 - 2 3 . 0 7 6 . 7 2 6 3 . 0 4 5 . 0 

Freon 11 C F CI 2 - 1 1 1 . 0 2 3 . 8 198 .0 4 3 . 2 

Freon 12 C F 2 C 1 2 - 1 5 8 . 0 - 2 9 . 8 112 .0 4 0 . 1 

Freon 22 C H F 2C 1 - 1 6 0 . 0 - 4 0 . 8 9 6 . 0 4 8 . 7 

Methane C H 4 - 1 8 4 . 0 - 1 6 1 . 5 - 8 2 . 1 4 5 . 8 

•Sublimation. 

(below) of these curves vapour exists, while at the left side (above) of the curve 
liquid exists. Table 2 . 2 lists the vapour pressures of water and mercury at various 
temperatures. 

If (fig. 2.1) the liquid is compressed a t pressures above point Q, a second 
plateau appears (fig. 2.3); it is here that the liquid undergoes a change of phase, 
into a solid. 

The temperature corresponding to the liquid-solid phase change at atmos
pheric pressure is called the freezing or melting point . 

The solid-liquid transition point (freezing at various pressures) varies accor
ding to curves as those shown on fig. 2.4, and their slope is negative, or positive, 
depending if the substance expands on freezing (e.g. water) or contracts on freez
ing (e.g. mercury). The known experiment of the ice cut by the wire under load 
shows that as the pressure is increased the "freezing po in t " is lowered. 

At all points on the vapour pressure curves (fig. 2.2) the liquid and vapour 
coexist in equilibrium, and at all points on the "freezing po in t " curves (fig. 2.4) 
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Table 2.2. 
Vapour pressure of water (ice), and mercury (Torr). 

Temperature Water Mercury Temperature Water Mercury 
(°C) ( °C) 

- 1 8 3 1 .4 X I O "
22 

3 . 4 8 X I O "
32 

30 3 1 . 8 2 2 . 8 X 1 0 -
3 

- 1 5 0 7 . 4 X I O "
15 

— 40 5 5 . 3 2 6 .1 X I O
- 3 

- 1 4 0 2 . 9 X I O "
10 

— 50 92 .51 1 .27 X 1 0 -
2 

- 1 3 0 6 .98 X IO"
9 

— 60 149 .3 2 . 5 2 X IO"
2 

- 1 2 0 1.13 X IO"
7 

— 70 2 3 3 . 7 4 . 8 2 X IO"
2 

- 1 1 0 1.25 X IO"
6 

— 80 355.1 8 .88 X I O "
2 

- 1 0 0 1.1 X i o -
5 

2 . 3 9 X I O -
1 1 

90 5 2 5 . 7 1.58 X IO"
1 

- 9 0 7 .45 X IO"
5 

— 100 760 2 . 7 2 X IO"
1 

- 8 0 4 . 1 X IO"
4 

2 . 3 8 X IO"
9 

150 3 5 7 0 . 4 2 . 8 0 
- 7 0 1.98 X 1 0 -

3 
1 .68 X 1 0 -

8 
200 11 650 17 .28 

- 6 0 8 .1 X 1 0 -
3 

9 . 8 9 X IO"
8 

250 29 817 7 4 . 3 7 
- 5 0 2 . 9 X 1 0 -

2 
4 . 9 4 X 1 0 -

7 
300 64 432 2 4 6 . 8 

- 4 0 9 . 7 X IO"
2 

2 .51 X 1 0 -
6 

400 — 1574 .0 
( - 3 8 . 9 ° C ) 

- 3 0 2 . 9 X IO"
1 

4 . 7 8 X I O "
6 

500 — 7691 
- 2 0 7 .8 X I O -

1 
1.81 X 1 0 ~

5 
600 — 2 2 . 8 atm 

- 1 0 1.95 6 . 0 6 χ 1 0 -
5 

700 — 5 2 . 5 atm 
0 4 . 5 8 1.85 X I O "

4 
800 — 103 .3 atm 

10 9 . 2 4 . 9 χ I O "
4 

900 — 1 8 0 . 9 atm 
20 17 .54 1 .2 X I O "

3 
1000 — 2 9 0 . 5 atm 

-760 - - / 

-
L i q u i d / ; 

-

Vapour 

- 3 1 8 ^ * 1 _J ι ! 
30 100 

Τ (°C) 

Fig. 2 . 2 Vapour pressure curve (water). 
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Fig . 2 . 3 Liquid-to-solid phase change, represented by the plateau A B . Curve A Q is identical 
with c u r v e Q O from fig. 2 . 1 . 

Τ — Τ — Τ 

α) b) a) b) 

Fig. 2.4 Fig. 2.5 

Fig. 2 . 4 Liquid-to-solid transition curves: (a) for substances which expand upon freezing; (b) for 
substances which contract upon freezing. 

Fig. 2 . 5 Boiling, freezing and sublimation curves: (a) for substances which expand upon freezing, 
(b) for substances which contract upon freezing. Points A and Β refer to the respective triple 
points. 

the solid and liquid coexist. At the intersection of these two curves (fig 2.5) 
all three phases coexist. The point is called the triple point of the substance. 
Values of the pressure and temperature corresponding to the triple point of 
various substances are listed in table 2 .1 . 

At pressures and temperatures below the triple point substances are changing 
from the solid to the vapour phase without passing through the liquid phase. This 
process is known as sublimation, and the line representing pressure - tempera
tures at which a solid and its vapour coexist - is the sublimation curve (fig. 2.5). 



Fig. 2 . 6 The Ρ—V—T surface for water and its projections. Reprinted from Himmelblau (1974), 
by permission of Prentice-Hall Inc. , Englewood Cliffs, N e w Jersey. 

22  R A R E F I E D GAS T H E O R Y F O R VACUUM T E C H N O L O G Y (CH. 2) 



( § 2 ) P E R F E C T A N D R E A L GAS LAWS 23 

Any equation of state which describes the changes in a thermodynamic 
system must be a function of three variables: pressure, volume and tempera
ture, and such an equation can be represented by a three-dimensional Ρ—V—T 
surface (fig. 2.6). The equations of this surface are discussed in §2.2.3 and 
2.2.5. 

2.2. Perfect and real gas laws 

2.2.1. Boyle's law 

By an ideal or perfect gas we mean one which obeys Boyle's law at all tem
peratures. The relationship established by Boyle (1662) and Mariot te (1679) is 
valid for gases over those ranges of pressures and temperatures for which the 
forces between the molecules of the gas can be considered negligible. Referring 
to table 2.1, at temperatures higher than the critical point any gas behaves as a 
perfect gas. The hyperbolas A and Β on fig. 2.1 represent the Boyle's law 

PV = const (2.1) 

Considering two different points on a hyperbola the relationship between them 
is written 

P\VX = P2V2 (2·2) 

describing an isothermal compression. 
If the apparatus shown in fig. 2.7a is considered, it can be seen that for any 

position of the mercury column, the pressure Ρ of the enclosed gas is equal to 
the atmospheric pressure P0 minus the gauge pressure caused by the column of 
mercury of height h. The product of the pressure Ρ and volume V remains a 
constant. 

Equation (2.2) can be used for determining volumes by measuring pressures or 
vice versa. The volume can be determined either by expanding the gas into the 
unknown volume (and into supplementary, known volumes) and measuring the 
fractional decrease of pressure (Lee and Peavey, 1976; Norström et al, 1977; 
Fortucci and Meyer, 1979), or by displacing the gas at a constant pressure and 
measuring the amount displaced (Kendall, 1974). If the volumes are known (cal
ibrated), the principle described by eq. (2.2) can be used for determining the 
pressure of the gas. 

This principle was used by McLeod (1874) in his high vacuum gauge, which 
has remained until now the reference gauge in calibrating other vacuum gauges. 
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F ig . 2 . 7 (a) Boyle's law apparatus; (b) McLeod gauge. 

The essential elements of a McLeod gauge are shown in fig. 2 . 7b, and consist of a 
glass bulb with a capillary tube extension on the top, a side arm connecting to 
the vacuum system, and some means of raising and lowering the mercury level 
within the gauge (see §6.3 .5) . By lowering the level of the mercury below A 
(fig. 2 . 7b), the bulb of volume V is evacuated through side arm B, and the gas 
in the bulb reaches the same pressure Ρ as that in the system (vacuum). By raising 
the level of the mercury the bulb is cut off from the side arm and the sample of gas 
trapped in the bulb is compressed into the capillary C t . The capillary C 2 is in 
parallel with a section of the side arm Β and has the same bore D as C t . Since 
the surface tension or capillary effect in C x and C 2 is the same, the difference 
in level of the mercury is due only to the pressure difference resulting from com
pression of the gas sample from the large volume V into the small volume of Ct 

above the mercury level hx. The pressure of the compressed gas in the closed capil
lary is proportional to Ρ + (Λ2—Αχ). 

According to Boyle's law 

(2.3) 

and 

P=A(h2-ni) ( A o - A J / I K - ^ A o - A J ] (2.4) 

where Ρ is the pressure (vacuum) of the system to be measured; Vis the volume of 
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of the bulb ; A is the cross sectional area of the capillaries C 1 ? C 2 ; h0 is the effective 
height of the closed end of Ct ; h2 is the mercury level in capillary C 2 . 

A McLeod gauge may conveniently be read by bringing the mercury level up 
to the point where h2=hQ (i.e. the level in the open capillary opposite the end 
of the closed capillary) or the mercury level can be set at some standard level hs 

in the closed capillary. In the first method with A 2= A 0, and Α 2 - Α 1 = ( Δ Α ) 1 , the 
pressure is 

By using a volume K=1300 cm 3, and capillaries of 0.63 mm bore (A = 0 . 3 2 
mm 2) , for a difference (Ah)l = \ mm between the levels in the open and closed 
capillaries, the pressure which can be determined is P = 0 . 3 2 / ( 1 . 3 χ 106 —0.32) = 
2 .4 χ I O - 7 Torr. In the second method with hx =AS, h0-hs is a constant, thus the 
pressure is 

P=A (hQ-hs) (h2-hs) I [V-A(hQ-hs)] ^(AjV) (A 0- /* s) (ΔΑ)2 (2.6) 

where (Ah)2=h2-hs. 
Thus the first method results in a pressure reading proportional to the square 

of the reading (2.5) whereas the second method leads to eq. (2.6) in which the 
pressure is proportional to the first power of the reading (linear scale). 

Details on the McLeod gauge are discussed in §6 .3 .5 . 

2.2.2. Charles' law 

Charles and Gay-Lussac (1802) observed that at constant volume the pressure 
of the gas increases linearly with its temperature, and that at constant pressure, 
the same phenomena happen with the volume. Their experimental results were 
described by the relations 

P=A(Ah)S I [V-A(Ah)i] x(A/V) (Ah), 

2 (2.5) 

Pt=Po(\+ß0 
(2.7) 

and 

v, = v0(i+ßtc) 
(2.8) 

where tc is the temperature in degrees Celsius, 
0 = 1/273; 
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PQ and VQ pressure and volume at 0°C. The extrapolation of these expressions 
to Pt=V{ = 0 has shown that this would theoretically happen at tc= — 273°C. 
On this basis the absolute temperature scale was established, where the zero point 
of the scale was set at / c = - 2 7 3 . 1 6 ° C exactly, so that the temperature Τ in °K 
(degrees Kelvin) is given by 

7 = r c 4-273 

By introducing this last relation in eqs. (2.7) and (2.8) it results that 

2.2.3. The general gas law 

Consider an ideal gas which at a given instant is specified by the thermodynamic 
quantities P0, K0, TQ. The change of these initial quantities, to a set of final co
ordinates Ρ2, K2, T29 can be interpreted as first expanding the gas at constant 
pressure to coordinates Pl9Vi9 Tx and then expanding it a t constant temperature 
to P2, V2, T2 (fig. 2 .8) . In the isobaric expansion AB, Charles ' law is valid, where 
Pl =P09 while in the isothermal expansion BC, Boyle's law can be used, where 
T1 = T2. By combining these two laws it results 

PT=(T/273)P0 (2.9) 

and 

Κ Τ=(Γ/273)Κ 0 (2.10) 

Vi = Vo(Tl/T0)=V0(T2/T0) (2.11) 

(P..V.W 

c 

ν 

Fig . 2 . 8 Isobaric expansion (AB) fol lowed by an isothermal expansion (BC). 



( § 2 ) P E R F E C T A N D R E A L GAS LAWS 27 

^ W P , ) a W o ) (2.12) 

thus 

PoVo/T0=P2V2/T2 (2.13) 

which shows that for a given gas PV/Tis a constant value. 
It was found that by relating PV/T to the concept of mole, its value is the same 

for any perfect gas. A mole is the weight in grams equal numerically to the molecular 
weight of a substance. One mole of oxygen ( 0 2 ) is 32 g, one mole of H 2 is 2.016 g, 
thus one mole of H 2 0 is 18.016 g. 

Avogadro demonstrated that at the same temperature and pressure the mass of 
a standard volume of gas is proport ional to its molecular weight. Experiments 
have shown that under standard conditions of temperature (0°C or 273.16°K) 
and pressure (normal atmospheric pressure defined as 760 Torr) , one mole (or 
gram molecular weight) of any gas occupies a volume of 22 415 cm 3 (22.4 liter). 
Values of molecular weights of some gases are listed in tab le 2.3. 

Table 2 .3 . 
Molecular weight M of gases. 

Gas Formula M(g /mole ) 

Helium H e 4 . 0 0 3 
N e o n N e 2 0 . 1 8 
Argon A 3 9 . 9 4 4 
Krypton Kr 8 3 . 7 0 
Xenon X e 131 .30 

Hydrogen H 2 
2 . 0 1 6 

Nitrogen N 2 
2 8 . 0 2 

Air 2 8 . 9 8 (average) 
Oxygen o 2 

3 2 . 0 0 
Chlorine C l 2 70 .91 

Ammonia N H 3 17 .03 
Carbon monoxide CO 28 .01 
Carbon dioxide co 2 

44 .01 
Methane C H 4 16 .01 
Acetylene C 2 H 2 2 6 . 0 4 

For one mole of gas, the expression 

PV J T=R0 
(2.14) 
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was written, where R0 is an universal constant*. 
The numerical value of R0 depends upon the units of pressure, volume and tem

perature used, if the pressure is measured in Torr, the volume in liters and the 
temperature in degrees Kelvin, then under standard conditions where Ρ=760 
Torr, K=22 .415 liters and Γ=273 .16°Κ , the value of R0 is 

Ro = ρν/τ=760 χ 22.415/273.16=62.364 Tor r . l i t /°K. mole. 

By expressing pressure and volume in CGS units, 1 atm = l .0133 χ 106 

dynes/cm2, and 

/ ? o = ( 1 . 0 1 3 3 x l 0 6 ) ( 2 . 24x l0 4) / 273 .16 = 8 . 3 1 4 x l 0 7 ergs/°K-mole. 

since 1 c a l = 4 . 1 8 6 χ 107 ergs, R0~2 cal/°K*mole. Table 2 .4 lists numerical values 
of R0 for various systems of units. 

Table 2.4. 
Numerical values of R0 for various systems of units. 

Ρ V Τ * o 

d y n e / c m
2 

c m
3 

° K 8.314 χ 10
7
 erg /°K mole 

N e w t o n / m
2 

m
3 

° K 8.314 Joule /°K mole 
Torr c m

3 
° K 6.236 χ 10

4
 T o r r - c m

3
/ ° K mole 

Torr liter ° K 62.364 T o r r l i t e r / ° K mole 
atm c m

3 
° K 82.057 a t m - c m

3
/ ° K mole 

For a gas sample of mass W, of a gas having a molecular weight M, the general 
gas law is written 

PV=(WIM)R0T (2.15) 

2.2.4. Molecular density 

Avogadro concluded that equal volumes of all gases under the same conditions 
of temperature and pressure contain equal numbers of molecules. 

The number of molecules in one mole is defined as Avogadro's number, NA. 
By X-ray techniques that accurately determine the interatomic spacing of solid 
crystals, the mass of the hydrogen atom is known to be 1.67 χ I O - 24 g. The mole-

*The symbol R refers to H.V. Regnault (1810-1878), successor of Gay-Lussac. 
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cular weight of H 2 (mole of hydrogen) being 2.016 g, it results that 

NA = 2.016/(2 χ 1.67 χ 1 0 " 2 4) = 6 . 0 2 3 χ 10 23 molec/mole. 

The Avogadro number also results from the precise measurement of the Faraday, 
F=96 488 coulomb, defined as the electrical charge necessary to deposit a mole 
of a substance in electrolysis. The charge of an electron being e = \ .602 χ 10" 1 9 

coulomb, it follows that 

NA = F/e=96 488/( 1.602 χ 1 0 - 1 9) = 6 . 0 2 3 χ 10 2 3 molec/mole. 

In eq. (2.15) W/M denotes the number of moles, thus 

(W/M)(NA/V)=n (2.16) 

is the number of molecules per unit volume. From eqs. (2.15) and (2.16), it results 
that 

n=(NA/R0) (P/T) (2.17) 

thus if Ρ is expressed in Torr, and R0 in T o r r c m 3 / ° K , the number of molecules 
per cm 3 is given by 

/7 = [6.023x 10 2 3/ (6 .236x ΙΟ4)] ( Ρ / Γ ) = 9 . 6 5 6 χ ΙΟ18 (Ρ/Τ) (2.18) 

At normal pressure (P = 760 Torr) and temperature (Γ=273 .16°K) , eq. (2.18) 
gives n=2.687χ 1019 molec/cm3, which is known as the Loschmidt number. 

From the molecular weight M and the Avogadro number NA, it results that 
the mass of a molecule, m (in grams), is 

m =(M/NA) = 1.66035 χ 10~ UM (2.19) 

The distances between molecules can be visualized by using a model in which all 
the molecules are steady and at the same distance from each other. In this case, 
the distance L (cm) between molecules is given by using eq. (2.18), and is 

L =n~l^4.6 χ 10" 7 J* (cm) (2.20) 

which gives at Γ = 2 7 3 ° Κ 
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L ^ 3 . 3 x IO"7 cm for Ρ = 760 Torr, 
ΙίΞ3 .0 χ 10" 6 cm for Ρ = 1 Torr, 
1 ^ 3 . 0 χ IO"3 cm for P = 1 0 ~ 9 Torr. 

It should be mentioned that these distances are (much) smaller than the mean free 
path (see §2.4.1), but are (very) large compared to the molecular diameters (see 
table 2.9) . Eq. (2.17) can also be written 

P=n(RJNA)T—nkT (2.21) 

by using k=RJNA, known as the Boltzmann constant. 
The value of the Boltzmann constant is 

k = 8.314 Χ 1 0 7/ ( 6 . 0 2 3 Χ 1 0 2 3) = 1.3805 X 1 0 " 1 6 e r g / ° K 

At very low pressures ( P < 1 0 ~ 1 0 P a ~ 7 X l O ~ 1 3 Torr) the walls of the 
vessel/pipe have a high sticking coefficient / (only a part of the incident gas 
molecules are reemitted). Da and Da (1987) calculated that in this case eq. (2.21) 
has to be written as 

P = n{2-f)kT/2 (2.21a) 

where h is the average density of the gas molecules in the chamber at a given 
time. 

The molecular weight of gas mixtures is established by using eq. (2.15). The 
partial pressure of the various gases being Pl9 P2, P3. . .Pn, their masses Wx, W2 

. . .Wn, and their molecular weights Afu M2. . Mn, eq. (2.15) becomes 

Ρ V=(ΣΡη) V= [Σ( WJMn)] R0T (2.22) 

If the average molecular weight of the mixture is M, then 

PV=(W/M)R0T= (Σ WJM)RJ (2.23) 

thus 

M = VWn)ß(WJMn) (2.24) 

2.2.5. Equation of state of real gases 

The general gas law (eqs. 2.14, 2.15) is valid for the region above the critical 
point (fig. 2.6) where the matter is in a state of gas. The P-V curve of real gases, 
(fig. 2.1) shows a flat plateau,corresponding to the liquid-gas transition. Near the 
critical point the behavior of real gases can be described very satisfactorily by 
a modified form of eq. (2.14), deduced by Van der Waats, 

[P+(AIV*)](V-b) = R0T (2.25) 

In this equation, the term A/V2 takes account of the fact that the attractive 
forces between molecules will bring them closer together and will thus have the 
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same effect as an additional pressure governed by the constant A. This "pressure" 
must be the stronger, the closer the molecules are together, hence A is divided 
by V2. 

The correction b reduces the total volume, b representing that part of it which 
is occupied by the molecules themselves. The volume which is excluded was esta
blished to be for each molecule four times that of the molecule itself, thus 

b=4NA (4/3) (π£3/8) (2.26) 

where NA is Avogadro's number, and ξ is the molecular diameter. 
The plot of eq. (2.25) appears in fig. 2 .9 . Exclusive of the region inside the 

dashed curves (region of l iquid-vapour equilibrium), fig. 2 .9 agrees with fig. 2 .1 
(experimental da ta) ; point Ρ corresponds to the critical point on fig. 2 . 1 . The 
dashed portions of the curves which show the pressure and volume both decreas
ing simultaneously, such as RS, are physically untenable. However in the region 
where Van der Waals ' equation fails to agree with experimental results, the plateau 
can be inserted so that the areas of the two lobes I and II are equal (fig. 2 .9 ) . 
With this understanding, Van der Waals ' equation can be used as a fair appro
ximation of the behavior of real gases. Attempts have been made to explain the 
portions ST and U R of the curves, by asserting that they refer to the states of 
supercooled gases and superheated liquids. 

ν — -
Fig . 2 . 9 Isotherms corresponding to Van der Waals ' equat ion of state. 

The values A and b in eq. (2.25) were determined by writing that at the critical 
point the three roots where the curve cuts the horizontal (fig. 2.9) are equal. 
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Eq. (2.25) can be written 

V*-[b+(R0T)/P] V2+(A/P) V-AbjP=0 (2.27) 

while the cubic equation with three roots at the critical volume VG, is 

( v- Vcf = Vz
 - 3 Vc V2+3 V2 V- Kc

3 = 0 (2.28) 

Comparing the coefficients of eq. (2.28) with those of eq. (2.27), it results that 
the constants are 

b = *RQTJPc and A=27b2Pc (2.29) 

The values of the constants calculated for various gases are listed in table 2 .5 . 

Table 2.5. 
Critical constants Tc, Pc, Van der Waals' constants A, b, molecular diameters ξ, and mean free 

paths λ, computed from eqs. (2 .26) , (2 .29) , (2 .56) . 

Gas Formula Pc A b ξ λ * Gas Formula 

° C atm r c m
3
~ J 2 . a tm 

| _ m o l e j 
c m

3 
/mole cm cm 

Hel ium He - 2 6 7 . 9 2 . 2 6 3. Λ\2χ 1 0
4 

23 .70 2 . 6 1 x 1 0 - 8 9 . 2 6 X ΙΟ 3 

N e o n N e - 2 2 8 . ,5 2 5 . 9 2. 1 0 7 X 1 0
5 

17 .09 2 . 3 8 X 1 0 - 8 Ι . 0 3 x 1 0 " 2 

Argon A - 1 2 2 . 0 4 8 . 0 1 .345X 1 0
6 

32 .19 2 . 9 4 X 1 0 -•8 7 . 3 4 x 1 0 - 3 

Krypton Kr - 6 3 . 0 5 4 . 2 2. . 3 1 8 X 1 0
6 

39 .78 3 . 1 6 X 1 0 - 8 6 . 3 8 x 1 0 " 3 

Xenon Xe 16 .6 5 8 . 2 4 . 1 9 4 X 1 0
6 

51 .05 3 . 4 3 X 1 0 - 8 5 . 40X 10" 3 

Hydrogen H 2 
- 2 3 9 . 9 12 .8 2. 450X 1 0

5 
26 .61 2 . 7 6 X 1 0 " 8 8 . 3 3 X 1 0 - 3 

Nitrogen N 2 
- 1 4 7 . ,1 3 3 . 5 1. 390X 1 0

6 
39 .13 3 . 1 4 X 1 0 " 8 6 . 4 4 X 10" 3 

Air — — — 1 .33 X l O
6 

36 .6 — — 
Oxygen o 2 

- 1 1 8 . ,8 4 9 . 7 1. 3 6 0 X 1 0
6 

31 .83 2 . 9 3 X 1 0 --8 7 . 4 0 X ΙΟ- 3 

Mercury Hg > 1 5 0 0 > 2 0 0 8 X l O
6 

17 .0 2 . 3 8 X 1 0 -•8 Ι . 1 2 x 1 0 " -2 

Ammonia N H 3 132 .4 111 .5 4 . .17 X l O
6 

37 .07 3 . 0 9 x 1 0 - 8 6 .68X 10 3 

Carbon 
monoxide CO - 1 3 9 .0 3 5 . 0 1 .485X 1 0

6 
39 .9 3 . 1 6 X 10" 8 6 .36X 10" 3 

Carbon 
dioxide co 2 

31 .1 7 3 . 0 3 .59 X l O
6 

42 .67 3 . 2 2 X 1 0 - 8 6 . 1 3 X 10" -3 

Acetylene C 2 H 2 36. 0 6 2 . 0 4 .39 X l O
6 

51 .40 3 . 4 4 x 1 0 " 8 5 . 3 8 X 1 0 " -3 

*Mean free path for P= \ Torr, Γ = 2 7 3 ° Κ . 
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2.3. Motion of molecules in rarefied gases 

2.3.1. Kinetic energy of molecules 

The kinetic theory of gases rests upon the fundamental assumptions that the 
matter is made up of molecules, and that the molecules of a gas are in constant 
motion, intimately related to the temperature of the gas. 

During their motion the molecules suffer collisions between themselves, and 
also impinge on the walls of the confining vessel. The momentum transfer from 
the molecules to the walls of the vessel results in the pressure P, which appears 
in previous chapters. Thus the pressure can be related to the kinetic energy of 
the molecules. 

Consider the collision of just one particle (molecule) of mass w, travelling with 
the velocity ν in the χ direction of a box of length L (in the χ direction), with 
walls of area A perpendicular to the λ: direction. The time between successive 
collisions with the wall A is At=2L/vx. The change of momentum A(mv) of the 
particle in each collision is 

A(mv)=mvx-m(— vx) = 2mvx 

Newton's second law defines the force F as the rate of change of momentum 
with respect to time, thus 

F= A(mv)/At = 2mvx/(2L/vx) =mvx

2/L (2.30) 

The average pressure due to this particle is 

PX=F/A =mvx

2/(AL) =mv2l V (2.31) 

where V is the volume of the box. The pressure due to Ν molecules is 

px = (N/V) mv~} = nmV2 (2.32) 

where v7 is the average value of ν 2 for η molecules. Similarly Py=nmvy

2

9 and 
Pz=nmv~*. Since this motion is random there is no difference in the average 
motion in the various directions, so that 

V 2 _ y 2 y 2 v
x

 r
y

 v
z 

According to the Pythagorean theorem 
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2 9
Ζ 

ν 2 — ν2 + vy

2 + ν / = 3v x

2 = 3vy

2 = 3v4 

thus the pressure measured in any direction is 

P = Px = Py=Pz=\ nmV2 (2.33) 

Comparing the expression of pressure given in eq. (2.33) with that given by 
eq. (2.21), it results 

Ρ = inmv2 = nkT (2.34) 

The average kinetic energy of a molecule being mv2, one concludes that 

Ε = % kT (2.35) 

i.e. the average kinetic energy of the molecules is the same for all gases, and is pro
portional to the absolute temperature. 

2.3.2. Molecular velocities 

The constant occurrence of collisions produces a wide distribution of velocities. 
In a collision of two molecules with velocities v t and v 2, the total kinetic energy 
is preserved, thus the quantity m(vi

2+v2

2)/2 is the same before and after the colli
sion, even if \ \ and v2 must change. 

Maxwell and Boltzmann expressed the distribution of the velocities by the law 

I dn , 4 / m y'2
 2 / -mv2\ 

T d T = / " = ^ f e ) v e x p\ - 2 ^ - ) ( 2' 3 6 ) 

where / „ is the fractional number of molecules in the velocity range between ν 
and v+dv , per unit of velocity range. 

The value of fv is zero for ν = 0, and ν = o o , and has its maximum at a value 

vp = (2kT/m)l/2 = (2R0T/M)l/2 (2.37) 

given by differentiating /„ with respect to ν and setting the result equal to zero 

dv n1'2 \2kT} \ kT J \ 2kT ) 

Figure 2.10 shows eq. (2.36), plotted versus v/vp. The value vp is known as 
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Fig . 2 . 1 0 Maxwel l -Bol tzmann molecular velocity distribution curve. 

the most probable velocity, i.e. more molecules have this velocity than any other 
value of the velocity. The vp value is different from the arithmetic average value 
v a v, which results from 

v a v = J°° v/^dv^j00
 fvdv = (2 /π" 2) (IkTjmfi* = 1.128 vp 

The mean square velocity v2 is obtained from 

72 = j°° v2fvdvj^° fvdv = 3kT/m 

and is the same as obtained in eq. (2.34). 
The root-mean-square velocity is therefore 

vr = [V2]l/2 = (3kT/m)1/2 = 1.225 vp 

(2.38) 

(2.39) 

(2.40) 

Which of these velocities is of interest as representing the average behavior of a 
gas depends upon the process under consideration. When the molecules directly 
influence the process by their velocity (e.g. flow of gases), the arithmetic average 
is used, while when the kinetic energy of the molecule influences the process the 
root-mean-square should be used. 
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Based on eqs. (2.19) and (2.21) 

ki'm = RJM (2.41) 

thus 

v av = 1.45 x 10 4(77M) 1 / 2cm/s (2.42) 

it results that the average air molecule (M = 29) at Γ = 3 0 0 ° Κ has a velocity of 
about 4 .6 χ 104 cm/sec. 

2.3.3. Molecular incidence rate 

In a similar way to eq. (2.36) the distribution function fvx of the velocities 
of molecules in the χ direction was written as : 

1 dnx , I m \ 1 / 2 / - m v / \ „ A^ 

ταΐ=/ν* = \2^τ) e x p h * r - ) ( 2
·

4 3) 

The number φ of molecules striking an element of surface (perpendicular to the 
χ direction), per unit time is given by 

Φ = f ^ vM (2.44) 

By introducing dnx from eq. (2.43) into (2.44) and integrating, it results that 

φ = [η/(2π^2)] (IkT/m)1'2 molec/cm2-s (2.45) 

and by using eqs. (2.38), (2.42), (2.17), it also results* 

0 = i /zvav = 3.513 χ 10 22 [P/(MT)1/2] molec/cm2-s (2.46) 

where Ρ is in Torr. 
Table 1.1 lists some values of φ. 
If a hole of area A is cut in the thin wall of the vessel beyond which the gas 

density is zero, the rate at which molecules of gas leave the vessel is 

* Equation (2.46) is valid only when the wall scattering follows exactly the cosine law (Edwards 
1978b). 
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q = φ A = I nvav A = 3.64 χ 103 (T/M)1/2 nA molec/sec (2.47) 

The volume of gas-at the pressure in the vessel escaping each second is obtained by 
dividing the flow q by the density n, thus 

dv/d/ = 3.64 χ ΙΟ3 (Γ/Λ/)1 7" Λ cm 3/s (2.48) 

which for air at 20°C would be 

dv/d* = 11.6 A liter/s (2.49) 

where A is in cm 2. 
The mass W of gas escaping can be found by combining eqs. (2.46) and (2.19), 

thus 

W=5.83 χ ΙΟ" 2 ?{Μ\Τψ2 g / s c m 2 (2.50) 

2.4. Pressure and mean free path 

2.4.1. Mean free path 

During their motion the molecules suffer collisions between themselves. The 
distance traversed by a molecule between successive collisions is its free path. 
Since the magnitude of this distance is a function of the velocities of the mole
cules, the conception of mean free path λ is used. This is defined as the average 
distance traversed by all the molecules between successive collisions with each other, 
or as the average of the distances traversed between successive collisions by the same 
molecule, in a given time. 

A molecule having a diameter ξ and a velocity ν moves at a distance vôt in 
the time δί. The molecule suffers a collision with another molecule if anywhere 
its center is within the distance ξ of the center of another molecule, therefore 
sweeps out without collision a cylinder of diameter 2ξ. This cylinder has a volume 

SV= (π/4) (2ξ)2 νδί (2.51) 

Since there are η molecules/cm3, the volume associated with one molecule is on 
the average l/n cm 3. When the volume <5Kis equal to l/n, it must contain on the 
average one other molecule, thus a collision has occurred. If τ = δί is the average 
time between collisions, 

l/n = πξ2ντ (2.52) 
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and the mean free path A is 

Α = ντ = 1/(πηξ2) (2.53) 

If we consider the more realistic case, in which not only the reference molecule 
is in motion but also the others, then eq. (2.53) must be written 

Α = [1/(πηξ2)] (ν/νΓ) (2.54) 

where ν is the absolute velocity, while vr is the relative velocity of the molecules. 
Clausius established that v/vr = | , thus 

A = 3/(4πηξ2) (2.55) 

Finally if the Maxwell-Boltzmann distribution of velocities is also considered, 
it results that 

A = 1 /[2ι/2πηξ2] =ΚΤ\\2^Ηξ2Ρ\ (2.56) 

by using eq. (2.21). 
This gives the relation 

A = 2.33 χ ΙΟ" 2 0 Τ/(ξ2Ρ) (cm) (2.57) 

where Τ is in °K, ξ in cm and Ρ in Torr. For air, at ambient temperature the sim
ple formula 

A = 5 x l 0 " 3/ i > (2.58) 

can be used, with P -Tor r and Α-cm. It can be seen that at Ρ = 10" β Torr A = 50 m, 
thus much larger than the dimensions of a vacuum enclosure, therefore at such 
pressures the molecules collide only with the walls of the vessel. 

Figure 1.1 shows the values of A for air, while table 1.2 lists some values for 
other gases. The values of ξ are listed in table 2 . 5 , as calculated from eq. (2.26), 
and in table 2 .9 as calculated from eq. (2.71). 

Eq. (2.53) shows no influence of the temperature on the mean free pa th ; it 
was established considering pure mechanical (elastic) collisions between mole
cules. 

Sutherland established experimentally that at constant n9 the mean free path 
is influenced by the temperature, and the dependence was described by the rela
tion 
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λ = \/[2^2πηξ2 (l+c/T)] (2.59) 

where the constant c (Sutherland's constant) is a measure of the strength of the 
attractive forces between the molecules. From this equation it was deduced that 

λτ = λπΙΙΙ+ΜΤ)] (2.60) 

where λτ is the mean free path at the temperature Γ, Aqo is the mean free path 
a t very high temperatures ( Γ = ο ο ) , and c is a constant. (See Table 2.6.) 

Table 2.6. 
Values of Sutherland's constant c. 

Gas 
λ
ο ο (cm) c 

at 1 Torr <°K) 

Hydrogen 1.056 Χ Ι Ο "
2 

76 
Nitrogen 6.1 X 1 0 -

3 
112 

Oxygen 6 .87 χ ΙΟ"
3 

132 
Water vapour 9 . 5 χ ΙΟ"

3 
600 

Helium 1.6 X 1 0 -
2 

79 
N e o n 1.12 Χ ΙΟ"

2 
56 

Argon 7 Χ Ι Ο "
3 

169 
Krypton 5 . 9 χ Ι Ο "

3 
142 

Similarly to eq. (2.56), the mean free path kX2of a gas mixture of two gases 1 
and 2, (i.e. λ of gas 1 colliding with molecules of gas 2) was written 

XU2 = 4π/[π(ξί+ξ2)
2 P2 (l+MJM2y*] (2.61) 

where ξΐ9 ξ2 are the molecular diameters of the gases 1 and 2 respectively, Mt 

and M2 their molecular weights, and 

P2 = n2kT 

the partial pressure of gas 2, in the mixture. It can be seen that for ξ ι = ξ 2 and 
Μγ =M2 this equation leads to 

λ2 = π/[21'*πξ*Ρ2] (2.62) 

which is identical with eq. (2.56). 
By introducing the value given by eq. (2.62), in eq. (2.61), and the fact that 

ξ11ξ2 = (λ2/?,ί)
1^2

9 it results that the mean free path of a gas mixture is given by 
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; . 1 (2 = 4 χ 2"*λ2 [1 + ( λ 2 / λ 1 ) 1 / 2] " 2 [1 + (MJM2)]-m (2.63) 

If the partial pressures of the two components are P1

<^P2, the molecules of gas 1 
will have much more collisions with those of gas 2, than with those of gas 1. Thus 
in this case λγ ζζλ , 2. By adding to air (M2 = 2 8 . 7 ; λ2 = 5 χ IO"3 cm) a very small 
quantity of He ( M x = 4 ; λγ = 14.5 χ IO"3) it results that 

>*H*~KI = 4 χ 2 ^ 2 ( 1 . 5 9 ) - 2 1 . 1 4 - ^ ^ ^ 2 . 1 A a ir 

Therefore the mean free path of helium molecules is twice that of the other mole
cules, thus they diffuse fast in the mixture; leak detection takes advantage of these 
phenomena. 

The mean free path of electrons / e (very small mass and diameter), according 
to eq. (2.63) is 

;.e = 4 ^ 2 " λ (2.64) 

while for the mean free path of ions λ{ the relationship 

λ-χ = ψ.λ (2.65) 

was established. 
The mean free path of gas molecules emitted from the external surfaces of 

spacecrafts is discussed by Walters (1982). 

2.4.2. Pressure units 

Pressure is the most widely quoted parameter in vacuum technology, and this 
brought into use a large number of pressure units, which appear in various texts. 

Pressure in a gas, defined in terms of gas impingement on a surface (see §2.3.1), 
is the time rate of change of the normal component of momentum of the imping
ing gas molecules per unit area of surface. Thus, the pressure exerted by a gas on 
a real surface is defined as the force applied per unit area. The various pressure 
units belonging to the coherent unit systems are based on this definition. 

As pressure can be measured by the height of a liquid column, the various 
non-coherent units of the pressure are related to these columns. 

In a coherent unit system, the unit of force [F] is expressed as 

[F] = [/] Im] [t]~* 

thus the pressure ρ = Fl~2 is expressed as 

[p] = [I]'1 im] [t]~* 
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where [/], [m], [t] are the base units of length, mass and time, respectively 
(SI, CGS, MTS systems). 

In the CGS system the dyn/cm2 is the pressure unit (table 2.7) . This unit is 
called microbar. The microbar is also called "barye" (in the French literature). 
The name of "vac" was proposed for the millibar. 

The MKS system uses the Newton per square meter (N/m 2) , which is called 
Pascal (Pa) in the French literature. The Gaede, Gd = 10~3 N / m 2. 

The British system uses the pound per square inch (psi, or lb/in2) , while the 
MTS (meter, ton, second) system has a pressure unit called "pieze" (\ pz = 103Pa). 

The technical atmosphere (at) is the name given to the kg (force)/cm2. 
The base unit of pressure recommended by the International Organization for 

Standardization (ISO) is pascal (Pa), but the use of bar is also accepted. 
These various units are summarized in table 2 .7 , their conversion to each 

other and to the various non-coherent units is given in table 2.8 (see also Moss, 
1987). 

The non-coherent pressure units used are: the physical atmosphere, the milli
meter and micron of mercury and the Torr, the millimeter and centimeter of water, 
and the inch of mercury. 

Table 2 . 7 . 
Coherent pressure units. 

System Unit of 
area 

Unit of force Unit of pressure 

C G S c m
2 

dyne 
1 dyn = 
1 g x m / s

2 

d y n e / c m
2 

1 b a r = 1 0
6
 d y n / c m

2 

= 1 0
5
 N / m

2 

SI ( M K S ) m
2 

Newton (N) 
1 N = l k g - m / s

2 
N / m

2 

1 Pascal (Pa) = 1 N / m
2 

Technical m
2 

kgf 
1 kgf = 9.81 Ν 

kgf /m
2 

1 at = 1 kgf /cm
2 

= 9.81 x 10
4
 N / m

2 

British f t
2 

i n
2 

1 lb — 
^ 4 .448 Ν 

lb/f t
2
 Ä 4 7 . 8 8 N / m

2 

lb / in
2
 ^ 6894 .7 N / m

2 

MTS m
2 

Sthene (sn) 
1 sn = l t m / s

2 

= 1 0
3
N 

pieze (pz) 
1 p z = 1 0

3
N / m

2 
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Table 2.8. 
Conversion factors (n) for pressure units (1X=/ iY) . 

dyne /cm
2
 microns of N / m

2
 m m of water millibar c m of water 

H g (Pascal) or k g / m
2 

dyne /cm
2
 or 

microbar 

microns of H g 

N / m
2
 (Newton 

per m
2
) 

m m of water or 
k g / m

2 

millibar (mb) 

1 

1.33 

10 

98 

7 . 5 X 1 0 -
1 

1 

7 . 5 

73 

l x l O "
1
 l . O l x l O "

2 
l x i o -

3
 l . O l x l O -

3 

1 . 33X 1 0 -
1
 1 . 3 5 X 1 0 -

2
 1 . 3 3 x l 0 ~

3
 1 . 3 5 x l 0 ~

3 

l x l O
3
 750 

1 

9 . 8 

100 

cm of water or 
Ger (Guericke) 980 

Torr 

in. of Hg 

lb / in
2
 (p.s.i.) 

Techn. atmo
sphere (at) 
k g / c m

2 

Bar 

730 98 

1 . 33X 10
3
 IX 10

3
 133 .3 

3 . 3 X 10
4
 2 . 5 4 x 1 0 * 3386 

6 . 8 X 1 0
4
 5 .17X 10

4
 6894 .7 

l . O l x l O -
1 

1 

10 .1 

10 

13 .59 

340 

700 

1 X 1 0 -
2
 l . O l x l O -

2 

9 . 8 X 1 0 * 

1 x 1 0
e 

7 . 3 X 10
5
 9 . 8 1 X 1 0 * 1 x 10* 

7 . 5 X 1 0
5
 1 x 1 0

s
 1 . 0 1 X 1 0 * 

9 . 8 X 1 0 - * 

1 

9 . 8 X 1 0 -
1 

1 .33 

33 

68 

980 

l x i o -
1 

1.01 

1 

1 .35 

34 

70 

l x l O
3 

Physical atmo
sphere (atm) 1 . 0 1 x 1 0

e 

l x l O
3
 l . O l x l O

3 

7 . 6 X 1 0
6
 1 .01X10* 1 . 0 3 x 10* 1 . 0 4 x 1 0

s
 1 . 0 3 x 1 0

s 
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T a b l e 2 .8 . (contd. ) 
Conversion factors (/i) for pressure units (1Χ=/χΥ) 

Torr in. o f H g l b / i n
2
 (psi) at ( k g / c m

2
) Bar atm 

7 . 5 X 1 0 -
4 

l x i o -
3 

7 . 5 X 1 0 -
3 

7 . 3 X 1 0 -
2 

7 . 5 X 1 0 -
1 

7 . 3 X 1 0 -
1 

1 

2 5 . 4 

5 1 . 7 

735 

750 

760 

2 . 9 5 X 1 0 -
5 

3 . 9 3 X 1 0 -
5 

2 . 9 5 X 1 0 - * 

2 . 8 9 X 1 0 -
8 

2 . 9 5 X 1 0 -
2 

2 . 8 9 X 1 0 -
2 

3 . 9 3 X 1 0 "
2 

1 

2 . 0 3 

2 8 . 9 

2 9 . 5 

2 9 . 9 2 

1 . 4 5 X 1 0 -
5 

1 . 9 3 X 1 0 -
5 

1 . 4 5 X 1 0 - * 

1 . 4 2 x ΙΟ"
3 

1 . 4 5 X 1 0 -
2 

1 .42X ΙΟ"
2 

1 . 9 3 X 1 0 -
2 

4 . 9 X 1 0 -
1 

1 

1 4 . 2 

14 .5 

14 .7 

1 . 0 1 X 1 0 - « 

1 . 3 3 X 1 0 -
6 

1 . 1 0 X 1 0 -
5 

1 X 1 0 - * 

l . O l x l O "
3 

l x l O "
3 

1 . 3 5 X 1 0 -
3 

3 . 4 X 1 0 -
2 

7 x ΙΟ"
2 

1 

1.01 

l x l O "
6 

1 . 3 3 X 1 0 - « 

l x l O "
5 

9 . 8 X 1 0 -
6 

l x i o -
3 

9 . 8 X 1 0 - * 

1 . 3 3 X 1 0 -
3 

3 . 3 X 1 0 -
2 

6 . 8 X 1 0 -
2 

9 . 8 X 1 0 -
1 

1 

1.01 

9 . 8 X 1 0 -
7 

1 . 3 1 x 1 0 - « 

9 . 8 X 1 0 -
6 

9 . 6 X 1 0 -
6 

9 . 8 X 1 0 - * 

9 . 6 X 10-* 

1 . 3 1 X 1 0 -
3 

3 . 3 X 1 0 -
2 

6 . 8 X 1 0 -
2 

9 . 6 X 1 0 -
1 

9 . 8 X ΙΟ"
1 

1 
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The physical or normal atmosphere {atm) was defined as the pressure exerted 
by a mercury column of 760 mm when the specific gravity of mercury is 13.595 
g/cm3 (at 0°C). 

1 atm =76 cm χ 13.595 g/cm3 χ 980.665 cm/s 2 

= 1.013 x 106 dyn/cm 2 = 1.013 χ 10 s N / m 2 

The Torr (Torricelli) is denned as the 760 t h part of the normal atmosphere 
thus 

1 Torr =1 .333 x l O 3 dyn/cm 2 = 133.32 N / m 2 

Practically 1 Torr = 1 mm Hg, theoretically 1 mm H g = 1.00000014 Torr . 
The m Torr (milli Torr) is equal to the micron of Hg (μ). The inch of mercury 

(in Hg) = 3 . 3 8 6 x l 0 3 N / m 2 . 
The mm H 2 O Ä 1 kgf/m2; the cm of water was called Guericke (Ger). 

2.5. Transport phenomena in viscous state 

2.5.1. Viscosity of a gas 

A gas streaming through a narrow-bore tube experiences a resistance to flow, 
so that the velocity in the direction of the flow decreases uniformly (parabolic 
distribution) from the axis until it reaches zero on the walls. In the same way the 
gas between two plates (fig. 2.11), one at rest and the other pulled in the plane, 
has a drift velocity zero at the contact with the steady plate, and a maximum 
velocity at the contact with the moving plate. Each layer of gas parallel to the 
direction of flow exerts a tangential force on the adjacent layer, tending to decrease 
the velocity of the faster-moving and to increase that of the slower-moving 
layers. The property of the fluid by virtue of which it exhibits this phenomenon is 
known as internal viscosity. Newton assumed that the internal viscous forces are 
directly proportional to the velocity gradient in the fluid. 

F 

Fig. 2.11 Drift velocity distribution due to viscosity. 
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Considering the gas between two parallel plates (fig. 2.11) separated by a dis
tance y, the upper plate being in motion with a velocity w. The gas will be steady 
at the level of the lower plate, whereas its drift velocity will be u at the contact 
with the upper plate. The drift velocity of the gas u' at some intermediate level 
y' will be 

u'=u(y'/y) (2.66) 

The coefficient of viscosity η is defined as the tangential force per unit area for 
unit rate of decrease of velocity with distance. Imagining the gas divided into lay
ers parallel to the surface, each having a depth A, the mean free path (layers in 
which the molecule has no collisions), the tangential force between adjacent lay
ers of area A is written 

F=nA(u/y) (2.67) 

where η is the coefficient of viscosity. 
According to the kinetic, theory, the tangential force per unit area is measured 

by the rate at which momentum is transferred between adjacent layers. Molecules 
from a distance λ above move down into the layer u' with a momentum 

(mu')+=m{y'+X)uly 

while those from a distance λ below move up with a momentum 

(mu')_ =m(y'-X)u\y 

The number of molecules that cross unit area per unit time in any direction in 
a gas at rest is equal to \ / 7 v a v. Hence the net rate of transfer of momentum 
across the area A is equal to 

F = IA nvav [ (mw' ) +- (mw' )_ ] = \Anvw mXujy (2.68) 

From eqs. (2.67) and (2.68), it results 

η = ι / imv a vA = \ρν„λ (2.69) 

where p=nm is the density of the gas. 
This equation is approximate only. When the distribution in random velocities 

and the distribution in free paths are taken into account the result of the calcu
lation (for rigid, elastic spherical molecules) gives (Dushman 1949); 
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f /=0.499«mv a vA (2.70) 

By using eqs. (2.56) and (2.38), it results that 

= 0.499/wvav _ 0.998 / mkTV'2 

η ~21/2Τξ2 πξ2 \ π ) } 

From eqs. (2.67), (2.70), (2.71) it can be seen that the dimensions of the co
efficient of viscosity η are [M] [ Γ ] - 1. In the CGS system the unit of viscosity 
is 1 poise = 1 g - c m " 1 ^ " 1 = 1 dyne-s-cm~ 2 while the SI unit is 1 P a s = 
1 k g - m - 1^ " 1 = 10 poise. Table 2.9 lists values of η for various gases. 

Since η is proportional to the Sutherland equations (2.59), (2.60) also apply 
to the viscosity. Thus 

Table 2.9. 
Coefficients of viscosity η of gases at 0 ° C , 760 Torr and computed values o f molecular diameters 

ξ and mean free path λ, according to eqs. (2 .71) , (2 .70) . 

Gas n ξ λ* 
micropoises c m c m 

Helium 186 .9 2 . 2 0 Χ ΙΟ"
8 

1 .32 X 1 0 -
2 

N e o n 312 .4 2 . 5 5 X 1 0 -
8 

9 . 8 2 X 1 0 -
3 

Argon 208 .8 3 . 6 9 Χ ΙΟ"
8 

4 . 6 7 Χ 1 0 -
3 

Krypton 2 2 4 . 9 4 . 2 7 X 1 0 -
8 

3 . 4 9 Χ Ι Ο "
3 

Xenon 216 .5 4 . 8 7 Χ ΙΟ"
8 

2 . 68 Χ ΙΟ"
3 

Hydrogen 8 4 . 7 2 . 6 8 Χ 1 0 "
8 

8 .83 Χ ΙΟ"
3 

Nitrogen 166 .6 3 . 7 8 Χ ΙΟ"
8 

4 . 4 5 Χ ΙΟ"
3 

Oxygen 191 .0 3 .65 X 1 0 -
8 

4 . 7 7 X 1 0 -
3 

Air 171 .2 3 . 7 6 Χ ΙΟ"
8 

4 . 4 9 Χ ΙΟ"
3 

Chlorine 124 .0 5.51 Χ ΙΟ"
8 

7 .61 Χ ΙΟ"
3 

Ammonia 8 8 . 9 4 . 5 7 Χ 1 0 "
8 

3 . 0 5 X 1 0 -
3 

Carbon monoxide 165.8 3 . 7 9 Χ ΙΟ"
8 

4 . 4 2 X 1 0 -
3 

Carbon dioxide 137 .6 4 . 6 6 Χ ΙΟ"
8 

2 . 93 X 1 0 -
3 

Methane 103 .2 4 . 1 8 Χ ΙΟ"
8 

3 . 6 4 Χ ΙΟ"
3 

Acetylene 93 .5 4 . 9 6 X 1 0 -
8 

2 . 5 9 Χ 1 0 -
3 

*λ for 0 ° C and 1 Torr. 
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0.998 lmkT\1/2 / / 1 . c\ 

where c is Sutherland's constant. 
According to this equation the viscosity of gases increases with temperature, 

whereas in the case of liquids the viscosity is known to decrease as the temperature 
is increased. 

These predictions are valid in a given range of pressure. At both very high and 
very low pressures, the viscosity of a gas departs from this prediction. At very 
high pressures the average distance between the molecules is so small that the 
intermolecular forces become important and the momentum transfer is very 
different from that assumed here. At very low pressures, when the mean free path 
exceeds the distance between the walls, collisions between molecules almost do 

It 

not occur. In this case the transfer of momentum is only between gas molecules 
and walls. 

The mean free path determines the behavior of the gas, and whether the gas 
exhibits the property of viscous or molecular flow. 

The theory of viscous and molecular flow is treated in detail in Chapter 3. 

2.5.2. Diffusion of gases 

Experience has shown that two gases placed in the same vessel diffuse into 
each other until the relative concentrations are the same everywhere in the vessel. 

Meyer has established that the coefficient of interdiffusion of two gases is given 
by 

# 1 2 = i H V a v l " 2 + ^ 2 W l ] / ( " l + « 2) (2.73) 

The coefficient of diffusion Di2 is expressed in [L]2 [T]'1 units. It is defined 
(Dushman, 1949) by 

Z ) n = *va vA (2.74) 

if the diffusion of molecules in the same gas (self-diffusion) is considered. 
By combining eqs. (2.74) and (2.69) it results that 

Dn = n/p (2.75) 

In fact by introducing various distribution factors, it was determined that 

Dtl = 1.34 η/ρ (2.76) 
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Table 2.10. 
Coefficients of interdiffusion Dl2 and the computed 

values of molecular diameters ξ, according to eq. (2 .77) . 

Gas 
( cm

2
/ s ) 

H 2- a i r 
H 2 - 0 2 

0 2 - N 2 

C 0 2 - H 2 

C 0 2- a i r 
c o o 2 

c o 2 - c o 

0.661 
0 . 6 7 9 
0 . 1 7 4 
0 .538 
0 .138 
0 .183 
0 .136 

3 .23 Χ ΙΟ"
8 

3 .18 X 1 0 -
8 

3 . 7 4 Χ ΙΟ"
8 

3 . 5 6 Χ Ι Ο -
8 

4 . 0 3 χ Ι Ο -
8 

3 .65 χ Ι Ο -
8 

4 . 0 9 χ Ι Ο "
8 

If concentration of one of the gases is very small (traces), n2 < nu eq. (2.73) 
becomes 

Table 2.10 gives the diffusion coefficients Dl2 (cm2/s) observed for several pairs 
of gases at 0°C and 1 atmosphere. 

The diffusion process found its application in the diffusion pumps, which are 
the most extensively used systems for achieving high vacuum. In 1915 Gaede 
published a description of a high vacuum pump, which involves no mechanical 
motion but depends for its operation on diffusion of residual gases through a slit 
or fine opening into a high velocity stream of mercury vapour travelling in front 
of the opening (Dushman, 1949; Dunkel, 1975). 

Gaede's apparatus (fig. 2.12) consists of a stream of mercury vapour AB pass
ing in front of the opening C of a tube connected to the volume Ε to be evacuat
ed. At R the side tube is cooled by water with the result that any mercury vapour 
passing into the tube is condensed at D . The residual pressure of the vapour at 
D is thus reduced to less than 1 0 - 3 Torr. The vapour stream in the vertical tube 
entrains any molecules of gas that get into the stream, and consequently there 
is a constant diffusion of gas from Ε towards C. 

If ν is the velocity of the mercury vapour in the direction CD, and η the concen
tration of gas molecules at any point χ along the length / (where x = 0 a t D, and 
x= — / at C), then the rate at which gas passes from D to C is given by 

(2.77) 
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A 

R 0 C 

Β 

Fig, 2 . 1 2 Principle of Gaede's diffusion pumping. 

Φι = — Di2(dn/dx) 

(Di2 is the diffusion coefficient of the gas in mercury vapour), and the rate at 
which gas molecules are returned from C to D , is 

φ2 =nv 

In the stationary state these rates must be equal, thus 

D12(dnldx)+nv = Di2(dP/dx)+Pv=0 (2.78) 

since η is proportional to the pressure P . From eq. (2.78) it results 

where Pc and PD denote the pressures at C and D , while Dl2 is the coefficient of 
diffusion. This equation shows that the gas flows from point D towards point C, 
since w, / and Di2 are all positive. 

dP/P= ~(v/Dl2)dx (2.79) 

and by integrating over /, 

(2.80) 
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2.6. Transport phenomena in molecular states 

2.6.1. The viscous and molecular states 

At low pressure, when the mean free path of the molecules of the gas becomes 
large compared with the dimensions of the enclosure, the energy transport from 
wall to wall does not include the collisions between molecules, thus it is no longer 
a function of the viscosity. 

ïn a vessel of volume V the number X of intermolecular collisions per unit 
time, is given according to eq. (2.56) by 

if the vessel has an internal surface A, the number of molecules striking the 
walls is given (eq. 2.46) by 

The ratio between the number of intermolecular collisions X and that of the 
collisions molecule-wall, is 

This ratio will show the limit between viscous state and molecular state, and 
according to eq. (2.83) this ratio is a function of n, thus of the pressure, of ξ 
(nature of the gas), and of the dimensions of the vessel V/A. 

Considering the model of a cylindrical vessel having a diameter D, and a length 
L large compared to D, the ratio V/A will be 

X — nV\\JX = ^/2πξ*η\ν V (2.81) 

Ν = Αφ=±ην„Α (2.82) 

Χ/Ν = 4 yjl κ η ξ2 V/A (2.83) 

V/A = ( π D
2
 L/4)/(KDL) = D/4 

thus 

Χ/Ν=\Γ2 πηξ2ϋ (2.84) 

or for air 

Χ/Ν = 6.2 χ ΙΟ" 1 9 nD, in SI units (see table 2.7). 

In table 2.11 it can be seen that at atmospheric pressure the number of mole
cule-molecule collisions is 15 million times that of molecule-wall collisions. The 
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Ρ λ η X/N State 
(Torr) (m) (mole /m

3
) 

760 6 .7 Χ Ι Ο
- 8

 2 . 4 6 Χ Ι Ο
25
 1 .5 Χ 10

7
 Viscous 

10 5 . 0 Χ ΙΟ"
6
 3 . 2 4 Χ Ι Ο

23
 2 Χ ΙΟ

5 

ΙΟ"
1
 5 . 0 Χ Ι Ο -

4
 3 . 2 4 Χ ΙΟ

21
 2 Χ ΙΟ

3 

ΙΟ"
3
 5 . 0 Χ ΙΟ"

2
 3 . 2 4 Χ ΙΟ

19
 20 

ΙΟ"
5
 5 . 0 3 . 2 4 Χ ΙΟ

17
 2 Χ ΙΟ"

1
 Molecular 

ΙΟ"
7
 500 3 . 2 4 Χ Ι Ο

15
 2 Χ 1 0 ~

3 

ΙΟ"
9
 5 . 0 Χ ΙΟ

4
 3 . 2 4 Χ Ι Ο

13
 2 Χ 1 0 ~

5 

pressure must drop to 5 Χ 10~5 Torr in order that their number be equal, (X/N=\). 
The viscous state does not change suddenly to molecular, between them an 

intermediate state exists. This will be analyzed in §3.6 in connection with the 
flow equations. 

2.6.2. Molecular drag 

in the viscous state, all the collisions were assumed to be perfectly elastic, thus 
the molecules striking a surface would be reflected as elastic balls. At low pres
sures, this image does not cover the experimental results. Experiments show pheno
mena, which can be explained by the image that the molecule "condenses" on 
the surface, rests on it a given time, and then it is "reevaporated" in a direction 
which is independent of that of incidence. 

We assume a surface which is "free" of any adsorbed layer of molecules. In 
the presence of a gas, the molecules of the gas will "condense" on the surface, and 
will " res t" on the surface a given time, before being reevaporated. The number of 
molecules striking the unit surface being (eq. 2.46) φ=\η v a v and that necessary 
to form a monolayer being φηχ = ( 2 / ^ 3 ) ς " 2 the time required to form this layer 
will be 

T m = Φη/Φ = (8Λ/3) ( « ί
2
 Vav)"

1
 = 7^3" {ξ2η)"1 (2.85) 

and in order to form the monolayer the molecules must rest on the surface at 
least this time. From eq. (2.85), for nitrogen, at 20°C, we find that 

T | n = 1.99 x 1 0 - 6 / P (2.86) 

Table 2 .11 . 
XIΝ as a function of Ρ for D=\ m. 
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χ 

ο 

Fig . 2 . 13 Principle of pumping by molecular drag. 

where τ is in seconds, and Ρ is in Torr. Thus f o r / > = 1 0 - 4 Torr, t n 2 = 2 .0 χ 10~2 

seconds, a time which is sufficient to transfer energy to the molecule. If the sur
face is in motion it can transfer a velocity component to the molecule. This is the 
principle on which the molecular pumps are designed. In such pumps the gas is 
pumped by a groove (fig. 2.13) having a depth hQ, and a width y. The groove 
is at rest, while the cover (bottom) is moving at a speed v, in the direction χ (posi
tive direction). In this case, for steady state, (zero flow), the pressure will increase 
in the ν direction. The result of the forces applied to a volume comprised between 
χ and x+dx will be 

The number of molecules striking the unit surface being «v a v/4 (eq. 2.46), 
the surface being ydx, and the momentum received by the "reevaporated" mole
cule being (maximum) mv, the force applied on the gas is 

df=(dP/dx) dx hQy (2.87) 

dq = \ n v
a v

m v yd* (2.88) 

From df = dq, we obtain 

(dPjdx) hQ= \nm v a v ν (2.89) 

from which by using eqs. (2.21) and (2.38), it results 

dP/P = [M/(2 π R0T)Y* (v/A0) d x 

(2.90) 

and by integrating 

dP/P = In (PIP0) = [M/ (2 π RQ T)]«*(ylhjx (2.91) 

which shows that the pressure ratio P/Poi which can be achieved by molecular 
drag (zero flow), is an exponential function of the length of the path x, and of 
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the relative velocity ν of the moving surfaces, and inverse to the distance h0 

between the surfaces. Eq. (2.91) also shows that the ratio P/P0 is greater when M 
is greater (heavy gases). The momentum transfer has been measured by Comsa 
et al. (1977). The molecular / turbomolecular pumps are discussed in §5.2.8. 

Molecular gauges were constructed using the principle of molecular drag. These 
gauges use either the method of the "decrement" or that of the " to rque" . In 
the decrement type of gauges, a surface is set in oscillation and the rate of decrease 
of the amplitude of oscillation is taken as a measure of pressure. Physically, the 
damping may be explained as due to the gradual equalization of energy between 
the moving surface and the molecules of gas striking it. 

In the torque type, a surface is set in continuous rotation, and the amount of 
twist imparted to an adjacent surface is used to measure the pressure. The mole
cules striking the moving surface acquire a momentum in the direction of motion 
which they tend in turn to impart to the other surface. If that surface is suspended 
on a filament, the filament will have a torsion. Molecular gauges are discussed in 
more detail in §6.4 . 

2.7. Thermal diffusion and energy transport 

2.7.1. Thermal transpiration 

The rate at which molecules leave a chamber through an opening in a thin 
wall was shown, eq. (2.47), as being 

q = φ A = J η v a v A 

thus the mass of gas leaving the chamber (rate of efflux) is given by 

W = mq = \ nmvayA (2.92) 

and since nm = ρ (specific gravity), 

If we have two chambers A and B, separated by a porous plug, and the gas 
in the chambers is at different temperatures TA and Γ Β, thermal transpiration 
will occur until an equilibrium state is established at which 

W = \pv„A = p[R0Tl(2nM)]V*A 

(2.93) 

PA VrA = PB\JTI 
Β 

(2.94) 
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and since ρ is proportional to P, and inversely proportional to Γ, eq. (2.18), it 
results* 

PJPB = (TJTBy>* (2.95) 

This is of importance in vacuum systems where low temperatures are used 
(traps, cryogenic pumping). Thus if a chamber A is a part of a system at liquid 
air temperature (7 ,

A=90°K) , and the pressure is measured by means of a gauge 
at room temperature (Γ Β = 300°Κ), then the real value of PA is given by 

pA = (90/300)1' 2 PB = 0.55 PB (2.96) 

When the two chambers are connected with a large bore tube or the pressure 
is higher, so that the mean free path is much smaller than the diameter, and 
collisions between molecules become predominant, the condition of equilibrium 
is PA=PB (instead of eq. 2.94), thus 

^ = ^ (2.97) 

The correction for thermal transpiration in capacitance gauges is discussed by 
Poulter et al (1983). 

Hobson (1970, 1973) found experimentally that eq. (2.95) is accurate for aper
tures and tubing with rough surfaces (e.g. leached Pyrex), but for tubes with 
vitreous (smooth) surfaces eq. (2.95) must be written PdPji=a(TAjTB)

112 where 
a~l. 1 — 1.3. This means that in such tubes a molecule has a greater probability 
of traversing the tube from the hot end to the cold end than in the opposite direc
tion. 

Based on this effect Hobson (1970) proposed the accommodation pumping. 
Two volumes (fig. 2.14) A and B, both at the same temperature T2, are joined to 
a third volume at temperature T1 through tubes of leached (atomically rough) and 
smooth Pyrex, respectively. For volume A, P1/P2/i=(Ti/T2)

1/2, while for volume 
Β, Ρί/Ρ2Β=α(Τί/Τ2)

1/2, thus the equilibrium pressure ratio which develops between 
A and Β is P2AlP2̂ —a. If A and Β are joined by a leached-smooth combination 
of η tubes arranged in series, then the pressure ratio can be P2A/PIB

 = A
"-

By using an experimental setup with 28 stages, Hobson (1970) obtained 
P2A/P2B = 23.3. 

Hemmerich (1988) describes pumping arrays of such pumps, called by him 
" thermomolecular pumps" . He measured in a single-stage experiment a pumping 
speed of 2.5 l i ter /second per cm 2 of pumping surface, and calculated that in a 
50-stage array a compression ratio of about 100 can be achieved. 

* The thermal transpiration exponent is always less than ±, as it was experimentally determined 
by Baker et al. (1973) and calculated by Siu (1973); Dadjburjor and Sandler (1976). 
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Fig. 2 .14 Principle of the accommodat ion pumping. After Hobson (1970). 

2.7.2. Thermal diffusion 

If a temperature gradient is applied to a mixture of two gases of uniform con
centration there is a tendency for the heavier and larger molecules (mass mi9 

diameter ξχ)> to move to the cold side, and for the lighter and smaller molecules 
( w 2, ζ2)ϊο

 mo v e to the hot side. The separating effect of thermal diffusion (co
efficient Z)T) is ultimately balanced by the mixing effect of ordinary diffusion 
(coefficient Di2), so that finally a steady state is reached and a concentration gra
dient is associated with the temperature gradient. 

The coefficient of thermal separation is defined by 

kj = Dj/Di2 (2.98) 

It was established that if kT is a constant then the amount of separation is given 
by 

Af=kT\n(TJT2) (2.99) 

The practical device utilized for the separation of mixtures of different gases and 
of isotopes uses a long vertical tube with a hot wire along the axis. Because of 
thermal diffusion, the relative concentration of the heavier molecules is greater 
at the cold wall. Convection causes the gas at the hot surface to rise to the top, 
where it is deflected to the cold wall. As a result, the heavier component concen
trates at the bottom, and the lighter at the top. 
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2.7.3. Heat conductivity of rarefied gases 
A s in t h e c a s e o f v i s c o s i t y , t h e p r o c e s s o f h e a t t r a n s f e r b y g a s e s is d i f f e r e n t 

i n t h e c a s e o f t h e viscous state a n d in t h a t o f molecular state. I n t h e first

t o t a l i t y o f m o l e c u l e s is r e s p o n s i b l e f o r t h e h e a t t r a n s f e r , w h i l e i n t h e s e c o n d c a s e 

t h e i n d i v i d u a l m o l e c u l e s c a r r y t h e h e a t f r o m w a l l t o w a l l . 

Heat conductivity in viscous state A s i n t h e c a s e o f v i s c o s i t y ( f ig .

c o n s i d e r l a y e r s o f t h i c k n e s s λ ( m e a n f r e e p a t h ) , b e t w e e n t w o p l a t e s w h o s e t e m 

p e r a t u r e s a r e 7\ a n d 7 2, a n d d i s t a n c e a p a r t y. T h e r e l a t i v e t e m p e r a t u r e d r o p 

b e t w e e n t h e l a y e r s is 2(Ti — T2)À/y s i m i l a r l y t o e q . (2.68). 
I f cv is t h e s p e c i f i c h e a t a l c o n s t a n t v o l u m e , t h e h e a t t r a n s f e r r e d p e r u n i t a r e a 

is 

Ε = I nvw (2m) cw (Ti - T2) λ/y - £ pv a v cy λ (Τ, - T2)/y (2.100) 

Therefore the heat conductivity Κ is given by 

K= | p v a vA c v (2.101

and comparing eq. (2.101) with eq. (2.69) it follows that 

K ^ c v (2.102

As in the case for the relation for η (viscosity), a more careful consideration of the 
mechanism of energy transfer leads to the relation 

Κ = J ( 9 7 - 5) η cw (2.103

where y=cp/cy is the ratio of the specific heat of the gas at constant pressure to 
that at constant volume. Κ is expressed in cal · c m - 1 · s - 1 -° K - 1 , if c v is 
expressed in cal · g - 1 · ° Κ - 1 . 

For monoatomic gases (A, Hg, etc.) 7 = f, for diatomic gases ( 0 2 , H 2 , N 2 , 
etc.) 7 = 5 , while for triatomic gases (e.g. C 0 2 ) V = | . Values of AT are listed in 
table 2 .12 . 

Since the viscosity is not a function of the pressure (eq. 2.71), it follows (eq. 
2.103) that the thermal conductivity of a gas is independent of pressure. This is 
valid as long as the pressure is higher than the range in which molecular state exists. 

Heat conductivity in molecular state When the gas pressure is so low that the 
molecular mean free path is about equal to or greater than the distance between 
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Table 2.12. 
Heat conductivity of gases Κ at 0 ° C (cal · c m "

1
 · s "

1
 · d e g K "

1
) . 

Gas Κ Gas Κ 

Hydrogen 
Nitrogen 
Oxygen 
Air 
Carbon monoxide 
Carbon dioxide 

4 . 1 9 X 1 ( T
4 

5 . 7 Χ 1 0 "
5 

5 . 8 Χ ΙΟ"
5 

5 . 8 Χ ΙΟ"
5 

5 .3 Χ ΙΟ"
5 

3 . 4 X 1 0 "
5 

Krypton 
Mercury 

Helium 
N e o n 
Argon 

3 .43 Χ 1 0 "
4 

1 .09 x 1 0 -
4 

3 . 9 χ ΙΟ"
5 

2 .1 Χ ΙΟ"
5 

1.2 Χ ΙΟ"
5 

the walls of the containing vessel, the gas is no longer characterized by a viscosity. 
In that case eq. (2.103) is no longer valid, and the conductivity is then found 
to depend upon the pressure. The process of heat transfer under these conditions 
is called free molecular conduction. In order to express the heat conductivity at 
low pressures, Knudsen introduced the concept of the accommodation coefficient 
(Dushman, 1949). 

The accommodation coefficient is defined as the ratio of the energy actually 
transferred between impinging gas molecules and a surface, and the energy which 
would be theoretically transferred if the impinging molecules reached complete 
thermal equilibrium with the surface. 

When molecules originally at a temperature 7j strike a hot surface at tempera
ture Ts (>TX complete interchange does not occur at the first collisions, and it 
may require many collisions for this to occur. The molecules reemitted from the 
hot surface consequently possess a mean energy which corresponds to a tempera
ture lower than Γ8, which we shall designate as Tx. The accommodation coefficient 
α is defined by 

If the molecules reach thermal equilibrium with the surface before escaping, 
Tr = Ts, then α = 1. On the other hand, if the molecules are elastically reflected 
without undergoing any change in energy, Tr = T{ and a = 0 . Table 2.13 lists 
some values of a. These values include both the transational and the rotational 
energy modes; their separate values are discussed by Ramesh and Marsden (1973, 

According to eq. (2.46) the number of molecules having a velocity between 
ν and v+dr , and which strike the unit surface in the unit time is 

a = ( r r - r i ) / ( r s - 7 i ) (2.104) 

1974). 
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W Pt N i 

Ordinary black 

Fe 

Hydrogen 0 . 3 6 ( 5 ) 0 . 2 8 (5) 
0 . 2 ( 1 ) 0 . 3 6 (1) 0 .71 (1) 0 . 2 9 (5) — 

Nitrogen 0 . 5 7 (1) 
0 . 8 7 (5) 

0 . 8 9 (1) 
0 .81 (5) 

— 0 . 8 2 (5) — 

Air — 0 . 9 0 ( 1 ) — 
Oxygen 0 . 9 ( 5 ) 0 . 8 5 (5) 0 . 9 5 (1) 0 . 8 6 (5) 
Carbon dioxide — — 0 . 9 7 (1) — 
Mercury 0 .95 (1) — — — 
Helium 0.016(4) — — — 
N e o n — — — 0 . 8 2 (5) 0 . 1 (3) 

0.4 (3) 
Argon 0 .85 (1) 

0 . 0 9 (6) 
0 . 8 9 (1) — 0 . 9 3 (5) — 

Krypton — 0 . 6 9 (2) — — 

* References : (Î) Dushman (1949), (2) Thomas and Brown (1950), (3) Eggleton and Tompkins 
(1952), (4) Thomas and Schofield (1955), (5) Amdur and Guildner (1957), (6) D e 
Poorter and Searcy (1963). 

άφ= I (anΙάν) ν d r = \ ν (an) (2.105) 

Since each molecule has a kinetic energy equal to \ mv2, the energy transferred 
i s 

dE = * m ν3
 (dn) (2.106) 

thus 

i v=CC 

v3dn (2.107) 

which solved by using the Maxwell-Boltzmann distribution (§2.3.2), results in 

Ε = ± m
4

s n v av ν2 = * η m v av ? (2.108) 

Table 2.13. 
Values* of the accommodation coefficient a. 
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This is the energy transferred by all the molecules striking the unit surface in the 
unit time. Since their number is (eq. 2.46) φ = \ nvav it follows that the average 
energy transferred per molecule is 

Em = Ε/φ = *nm v.dy7*/(n v a v) = § m 72 = 2kT (2.109) 

instead of E= ] kT (eq. 2.35) which is the average energy of the molecules in a 
volume. 

For monoatomic gases at low pressures, the energy transfer from the hot to the 
cold surface will be according to eqs. (2.46) and (2.109) 

£ . = ^ = 1 ^ 2 * ( Γ Γ - 7 ΐ ) (2.110) 

and according to eqs. (2.21) and (2.104), it follows that 

E0 = i (PvJTi) (TT — Tj) = (a/2) (PvJTd (Γ β-71 ) (2.111) 

where a is the accommodation coefficient (eq. 2.104), Ρ is the pressure of the gas, 
Vj is the average velocity at temperature Tx and Γ& is the temperature of the hot 
surface. Thus the rate of energy transfer at low pressures is proportional to the 
pressure and the temperature difference. 

For diatomic and polyatomic gases, the molecules striking the hot surface 
acquire not only increased translational energy but also increased amounts of 
both rotational and vibrational energy. The amount of the vibrational energy 
possessed by molecules as compared with that of translational energy is measured 
by the value of y (see also eq. 2.103). A detailed calculation leads in this case to 

which for y = | (case of monoatomic gases) becomes identical with eq. (2.111). 
Substituting for v-t (eqs. 2.19, 2.21 and 2.38) as function of T{ and A / , eq. 

(2.112) becomes 

K 2 y - 1 \ 2« Λ/(273)/ ΚΤΊ ^ ~ ^ P 

l 273 V'2 

= Λ„ α [ — ) (Γ. - η ) Ρ ergs/sec-cm2 (2.113) 

in which Λ 0 is the free molecular conductivity at 0°C, given by 
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y + i / * o 1/2 1 1 0 y + 1 

Μιί2 γ - 1 
~~r ergs/sec-cm 2°C-^bar 

2(y - 1 ) \ 2 π Μ ( 2 7 3 ) 

1.47 χ ΙΟ"2
 7 + 1 

Γ W a t t / c m 2 ° C T o r r (2.114) 
Λ / 1 /2

 7 - 1 

For air ( 7 = ^ diatomic gases; M = 28.98) 

Λ 0 = [1.47 χ 10" 2/ (28.98) 1 / 2] (2.4/0.4) = 1.64 χ Ι Ο 2 W a t t / c m 2 - ° 0 Torr . 

Thus, the heat conduction per unit area from a surface at a temperature Ts = 100° C 
to the surface at 2 0 ° C by air at 1 0 ~ 2 Torr, and a = 0.8, will be 

£ o = 0 . 8 x l . 6 4 x l 0 - 2 (273/293)1 /2 (373-293) x Î O - ^ I O " 2 Wat t /cm 2 

Table 2.14 lists values for 7 and Λ 0 (eq. 2.114) for various gases. 

Thermal conductivity at low pressures is used for measuring the pressure of 
gases by using the thermal conductivity gauges. These gauges operate generally 
under conditions in which the energy input for heating a filament is maintained 
constant, and the pressure is determined by the variation of the temperature. 

For coaxial cylinders of radii rx and r 2, (rl>r2), the rate of energy transfer 
from the inner cylinder or wire at temperature F s, is 

E0 = aLrh0p(miT-yi
2
 (TS-tx) (2.115) 

Table 2.14. 
Values of free molecular conductivi ty A 0 (W • c n r

2
 · ° Κ ~

1
 · T o r r

- 1
) 

After D u s h m a n (1949). 

G a s M 7 

Hydrogen 
Hel ium 
Wate r vapour 
N e o n 
Ni t rogen 
Oxygen 
Argon 
C a r b o n dioxide 
Mercury 

2 .016 
4 . 0 0 3 

18.016 
2 0 . 1 8 
2 8 . 0 2 
3 2 . 0 0 
39 .94 
44 .01 

2 0 0 . 6 

1.41 
1.67 
1 .30 
1.67 
1 .40 
1 .40 
1.67 
1.30 
1.67 

6 .07 χ 1 0 -
2 

2 . 9 3 X 1 0 -
2 

2 . 6 5 X 1 0 -
2 

1.31 χ 1 0 -
2 

1.66 X 1 0 -
2 

1.56 X 1 0 -
2 

9 . 29 χ I O '
3 

1 .69 χ 1 0 -
2 

4 . 1 5 X I O "
3 
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where 

- 1 - K 1 - « ) ( r 2/ r , ) ] ( 2- " 6 ) 

where α is the accommodation coefficient of the surfaces. For a given gauge Λ 0, 
αΓ, Tx and £ 0 being kept constant, the temperature Ts measures the pressure 
P. Since A 0 is a function of the nature of the gas (eq. 2 .14) , the gauges are to be 
calibrated for each gas separately. The various kinds of thermal conductivity 
gauges are described in §6.6. 



CHAPTER 3 

Gas flow at low pressures 

3.1. Flow regimes, conductance, and throughput 

3.1.1. Flow regimes 

The gas in a vacuum system can be in a viscous state, in a molecular state or 
in a state which is intermediate between these two. When a system is brought 
from the atmospheric pressure to "high vacuum", the gas in the system goes 
through all these states. The mean free path of the gas molecules is very small at 
atmospheric pressure (see table 1.1) so that the flow of the gas is limited by its 
viscosity (see §2.5.1.). At low pressures where the mean free path of the mole
cules is similar to the dimensions of the vacuum enclosure, the flow of the gas is 
governed by viscosity as well as by molecular phenomena; this is the intermediate 

flow. At very low pressures where the mean free path is much larger than the 
dimensions of the vacuum enclosure, the flow is molecular. 

In the range where the state of the gas is viscous, the flow can be turbulent or 
laminar. When the velocity of the gas exceeds certain values, the flow is turbulent, 
the flowing gas layers are not parallel, their direction is influenced by any obsta
cle in the way. In the cavities formed between layers, spaces of lower pressures 
appear. At lower velocities the viscous flow is laminar, i.e. the layers are parallel, 
their velocity increasing from the walls toward the axis of the pipe. 

Thus the flow can be turbulent, laminar, intermediate and molecular (see table 
3.1). The limit between the turbulent and laminar flow is defined by the value of 
Reynold's number while those between laminar, intermediate and molecular flow 
are described by the value of the Knudsen number. 

The Reynold number is a dimensionless quantity expressed by 

Κ = pvD/η (3.1) 

6 2 
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Table 3 .1 . 
F low regimes. 

State of the gas 

viscous 

transition 
rarefied 

F low regime 

turbulent 

laminar 

intermediate 
molecular 

Condition 

Re> 2100 
Q > 200 D (air) 

Re < 1100 
β < 100 D (air); 
Ζ)/λ > 110 
1 < D/λ < 110 
Dj\ < 1 

where ρ is the density of the gas, ν the velocity, η the viscosity, and D the diameter 
of the tube. It was established that for Reynold's numbers, larger than 2100, the 

flow is entirely turbulent, while for Re<1100 it is entirely laminar. The exact value 
of Re for which the flow changes from turbulent to laminar depends upon the 
roughness of the surface of the tube and other experimental factors, but for most 
cases the mentioned range is valid. 

The expression of the Reynold number can be related to the throughput Q 
(see §3.1.3) which is defined as the quantity of gas flowing through a pipe, expressed 
in ΡV (pressure χ volume) units per unit time. Thus 

β = Ρ ν ( π Ζ ) 2 / 4 ) (3.2) 

where ν is the velocity. Since (according to eqs. 2 .17, 2.19) 

p = nm = MP!(RQT) (3.3) 

the expression for the Reynold number (eq. 3.1) can be written 

Re = [MPI(RJ)] [4Q/(nD*P)] (D/η) = [4Α//(πΛ0Γι,)] (β/Ζ)) (3.4) 

For air at 20°C, η = 1.829 χ 1 0 - 4 poise, R0 = 62.364 Torr l i te r / °K (table 2.4) , 
and M =28 .98 , so that according to eq. (3.4) 

ß a i r = 9.06 χ ΙΟ" 2 RCD (3.5) 

where ß a i r is expressed in Torr-liter/sec, while D is in centimeters. By using 
the limits i ? e=2100 and Rc = \\00, it results that the flow of air (at room tempe
rature) will be turbulent if 
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Q > 200 D (3.6) 

and it will be laminar if 

Q < 100 D (3.7) 

The Knudsen number is the ratio λ/D between the mean free path λ and the 
diameter of the pipe (vessel) D. In terms of the ratio D/X the ranges can be 
defined as 

DM>110 Viscous flow (3.8) 
l < / ) / A < 1 1 0 Intermediate flow (3.9) 
Ό1λ< 1 Molecular flow (3.10) 

if an error of about 10% is admitted in calculating the conductances (see §3.6.4). 
By using eq. (2.58), which gives λΡ = 5χ I O - 3, for air at room temperature, it 

results that the condition for viscous flow is 

DP > 5 χ IO"1 cm-Torr (3.11) 

while that for molecular flow is 

DP < 5 χ IO"3 c m T o r r (3.12) 

where D is the diameter of the pipe (cm), and Ρ the average pressure (Torr). 
These and other limits are discussed in detail in §3.6. 

3.1.2. Conductance 

The flow of a gas can be interpreted as the number of molecules N9 passing per 
unit time through a cross section of the pipe. 

Considering two subsequent cross sections 1 and 2 of the same pipe, the number 
of molecules crossing them will be 

Nt = A, vt ni = St nx (3.13) 

and 

N2 = A2 v2n2 = S2 n2 (3.14) 

where A is the area of the cross sections, ν is the flow velocity of the gas, η is the 
number of molecules per unit volume (see eq. 2.18), while S = Av is the rate of 
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flow, or the pumping speed. 
In a permanent flow, the number of molecules crossing the various cross sections 

is the same. Thus Nl=N2=N, and 

Ν = Si nx = S2n2 (3.15) 

which expresses Boyle's law, since η the number of molecules per unit volume is 
proportional to the pressure (eq. 2.17). 

By writing that the drop in molecular density (or the pressure drop) is pro
portional to the number of molecules, it results that 

Ν = C(/i, - n2) (3.16) 

where the factor C can be a constant or a function of the molecular density 
(pressure). The factor C is called the conductance of the pipe. From eqs. (3.16) 
and (3.15), we have 

1/C = (/ι, - n2)/N = (1/5,) - ( l / 5 2 ) (3.17) 

Since St and S2 have volume/time dimensions, the conductance is also expressed 
in VIt units. Various such units used are listed in Table 3.2. The value of the 
conductance depends on the kind of flow and the geometry of the pipe; §3.2-3.6 
deal with their calculation. 

Table 3.2. 
Conversion factors (n) for conductance and pumping speed units (1 X = « Y) . 

c m
3
/ s e c / /min m

3
/ h r f t

3
/min / /sec 

c m
3
/ s e c 1 6 Χ ΙΟ"

2 
3 . 6 X Ι Ο "

3 
2 . 1 X i o -

3 
1 X i o - -3 

liter/min 16 .67 1 6 X i o -
2 

3 . 5 3 X i o -
2 

1 .67 X 10' -2 

m
3
/ h r 2 7 7 . 8 16 .67 1 5 .89 X i o -

1 
2 . 7 8 X i o - -1 

f t
3
/min 471 .95 2 8 . 3 2 1.699 1 4 . 7 χ i o - -1 

liter/sec 1000 60 3 . 6 2 . 12 1 

When two pipes are connected in parallel (fig. 3.1), the number of molecules Ν 
reaching the cross section 1 is divided in two parts, iVa, flowing in pipe a, and 
Nb in pipe b. If the molecular densities at 1 and 2 are n1 and n2 (fig. 3.1), then 
according to eq. (3.16) 
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I a 2 

I I ι 
_ / ^ = ^ — 
Ν η, [ rig 

Fig . 3.1 Conductance of pipes connected in parallel. JV. = C, («, - »2) (3.18
7Vb = C„ (if! - «2) (3.19

and since 
Wa + tfb = JV = Cp(if, - n2) (3.20

it results that 
C

p

 = C
a

 + C
b

 + ... (3.21
where Cp is the conductance of the system of parallel pipes, andconductances of the various pipes connected in parallel. 

I ι I Fig. 3.2 Conductance of pipes connected in series. 

When conductances are connected in series (fig. 3.2) and the molecular densitieat 1, 2, 3 are ni9 n2, and n39 one can write 
N=Ca («!-«2) = Cb ( « 2 - / F 3 ) = C,(,f1-,i3) (3.22

where Ca and Cb are the individual conductances of part a and b,conductance of the system. From eq. (3.22) it results that 
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1 / C . = ( l / C „ ) + ( 1 / C b) + . . . (3.23) 

3.1.3. Throughput and pumping speed 

The pumps used in a vacuum system remove (evacuate) gas from the system. 
The rate at which the gas is removed is measured by the pumping speed Sp. The 
pumping speed is defined as the volume of gas per unit of time dV\dt which the pump-
ing device removes from the system at the pressure existing at the inlet to the pump. 
The pumping speed is expressed in liter/sec, m 3/nr , etc. (see table 3.2). 

The throughput Q is defined as the product of the pumping speed and the inlet 
pressure, i.e. 

Q = PSp = P(dV/dt) (3.24) 

The throughput is also defined (Kaminsky and Lafferty, 1980) as the quantity 
of gas, in pressure X volume units, at a specified temperature, flowing per unit 
time across a specified cross section. The throughput is expressed in Pa · m 3 / s (or 
Torr · l i ter /s) at a specified temperature (usually 0 ° C or 25 ° C) or other units as 
listed in table 3.3. The throughput unit of μ (microns of Hg) X l i ter /sec, received 
the name of lusec (lμ/sec). 

The unit of m o l / s includes the temperature, therefore, its use is recommended 
by some authors (Ehrlich, 1986; Solomon, 1986). The conversion from this unit 
is: 

1 m o l / s = 2271 Pa · m 3 / s = 28.964 g / s of air (at 0 ° C) 

Conversion factors are listed in table 3.3 and by Moss (1987). 

By multiplying eq. (3.16), by kT, it results 

NkT= C(nYkT- n2kT) (3.25) 

and with eqs. (2.21), (3.15) and (3.24) we have 

NkT=NP/n=SP = Q = C(Pi-P2) (3.26) 
According to eq. (3.26), Q is the quantity of gas entering per unit of time the 

pipe with conductance C, at pressure Ργ. If no additional gas leaks into or is re
moved from the pipe this same quantity of gas β comes out of the pipe at pressure 
P2. Thus if the system is isothermic (eq. 3.26), Q is the same all over the system. 

By analogy with the expression (3.24), the pumping speed at any point of the 
vacuum system is 

S = Q/P (3.27) 

where Q is the throughput in the system and Ρ is the pressure at the point at which 
the pumping speed is defined. Substituting the values of / >

1 = ß / 5 ' i and P2 = 
Q/S2 into eq. (3.26) we have 

= 1 / S 2+ 1 / C 
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Conversion factors (η) for throughput or leak rate units ( ! X = w Y ) 
c m

3
( S T P ) a tnrcm

3
/hr μ ft

3 
f t

3
(STP)/yr lusec 

lyr 
per min. 

cm
3
(STP)/yr 1 1 . 1 2 X 1 0 "

4 
5 .05X IO"

5 
3 . 5 X 1 0 "

5 
2 . 4 X l O "

6 

atnvcm
3
/hr 8 . 9 X 1 0

3 
1 4 . 4 7 x IO"

1 
3 . 1 X IO"

1 
2 .11 X I O

- 1 

m icronf t
3
/min 1.98X 10

4 
2 . 236 1 6 . 9 X 1 0 -

1 
4 . 7 2 X 1 0 "

1 

ft
3
(STP)/yr 2 . 8 6 X 1 0 * 3 . 2 4 1.45 1 6 . 8 2 X 1 0 -

1 

lusec (l μ/sec) 

4 . 2 X 1 0
4 

4 . 7 4 2 . 1 2 1.47 1 
cm

3
(STP)/min or std.cc/min 5 . 3 6 X 1 0

6 
6 0 . 4 27 1 8 . 6 1 2 . 7 

mg of air per sec (25 °C) 2 . 7 x l O
7 

3040 1360 940 640 
std.cc/sec, or cm

3
(STP)/sec, 

or c m
3
a t m / s e c . 3 . 2 2 X 1 0

7 
3600 1620 1120 760 

Torr7/sec 4 . 2 X l O
7 

4738 2120 1470 1000 
ft

3
(STP)/hr 2 . 5 Χ 1 0 · 2 . 8 4 X 1 0

4 
1 . 2 7 X 1 0

4 
8750 5970 

Watt ( P a m
3
/ s ) 3.12 χ 10

8 
3.55 χ 10

4 
1.59 x l O

4 
1.10 x l O

4 
7500 

which is identical to eq. (3.17). This equation shows that the pumping speed at 
any point in the system can be obtained from the known pumping speed at some 
other point and the conductance of the portion of the system (pipes, holes, valves 
etc.) in between. 

The pumping speed S obtained in a chamber, connected by a conductance C, 
to a pump having a pumping speed Sp, is given by 

\/S=\/Sp+\/C (3.28) 
The nomogram shown in fig. 3 .3 , can be used to solve quickly eq. (3.28), or 

eq. (3.23). 
If eq. (3.28) is expressed in the form 

SISp = (C/Sp)/[1 + ( C / S P ) ] (3.29) 

the decrease of the pumping speed S/Sp results as a function of the ratio C/Sp 

between the conductance of the system and pumping speed (of the pump). This 
relationship is represented in fig. 3.4. 

It can be seen (fig. 3.4) that when the value of the conductance is equal to that 
of the pumping speed of the pump, 50% of the pumping speed is used at the 
vacuum vessel. In order to use 80% of the pumping speed the ratio C/Sp must be 
4, while for a ratio C / S p = 0 . 1 , only 10% of the pumping speed of the pump is 
felt in the vacuum enclosure. From this it results that it is no use increasing the 
pump, if the conductance of the pipe is the factor which limits the pumping speed. 

Table 3 .3 . 
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cm
3
(STP) mg/s (a ir ) c m

3
 T o r r / / s e c ft

3
 (STP)/hr 

/min 25 °C atm/sec 

1.88X I O
- 6 

1 6 2 X 1 0 -
2 

3 . 7 5 X 1 0 "
2 

5 . 8 χ 1 0 ~
2 

7 . 9 x l O "
2 

1 
5 0 . 4 

5 8 . 2 
79 
471 
592 

3 . 7 4 X I O
- 8 

3 . 2 X l O "
4 

7 . 4 X l O "
4 

1 .07X IO"
3 

1 . 5 6 X 1 0 -
3 

1 . 9 8 X 1 0 "
2 

1 

1.16 
1.56 
9 .32 
11.7 

3 .1 X l O "
8 

2 . 7 8 X 1 0 -
4 

6 . 2 X l O "
4 

8 . 9 X l O "
4 

1 . 3 2 X 1 0 -
3 

1.68 X l O "
2 

8 . 4 X IO"
1 

1 
1 .32 
7 . 9 
9.87 

2 . 4 X l O "
8 

2 . 1 1 X 1 0 -
4 

4 . 7 2 X IO"
4 

6 .82X IO"
4 

1 x l O "
3 

1 . 2 7 X 1 0 -
2 

6 . 4 X IO"
1 

7 . 6 X l O "
1 

1 
5 .97 
7.50 

4 . 0 5 X 10-» 
3 . 5 7 x 1 0 - * 
7 . 9 5 X I O

- 5 

1 . 1 5 X 1 0 "
4 

1 .69 X l O "
4 

2 . 1 4 X 1 0 -
3 

1 .08X IO"
1 

1 . 2 9 X 1 0 "
1 

1 .69X IO"
1 

1 
1.25 

watt 
(Pa-rrrVs) 

3.21 χ IO"
9 

2.81 χ IO"
5 

9.09 χ IO"
5 

1.33 χ IO"
4 

1.69 χ IO"
3 

8.55 χ IO"
2 

1.013 χ IO"
1 

1.33 x IO"
1 

7.97 x IO"
1 

1 

3.2. Viscous and turbulent flow 

3.2.1. Viscous flow - conductance of an aperture 

A large volume where the gas is at a relatively high pressure Pl (e.g. atmos
pheric) is connected to a second volume where the pressure is P2 < Pu by an 
aperture of area A (fig. 3.5). If the pressure Px is such that the mean free path 
of the molecules is small compared to the dimensions of the aperture, the gas will 
flow from Pt to P2 by a viscous flow. By this flow the gas reaches a velocity in the 
vicinity of the aperture, so that after passing it, the gas jet has a minimum cross 
section (fig. 3.5). After this contraction, the jet has some (about 10) successive 
expansions and contractions, until finally it diffuses in the mass of gas P2. By 
keeping constant Pu and decreasing P2, the quantity of gas and its velocity are 
increasing, up to the state where the ratio P2/Px reaches a critical (minimum) value, 
corresponding to a velocity equal to that of the sound (Mach number = I). Further 
decrease of the pressure P2 does not increase the flow or the velocity. 

Based on the laws of the adiabatic expansion, it was found that the throughput 
Q of gas flowing through the aperture, is given by 

• . βΓ{τ^ [ ' - (*Γ , ν ' ] } 
l 1/2 

(3.30) 

Table 3.3 ( contd . ) 

Conversion factors (n) for throughput or leak rate units (IX = nY) 
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\ S or C, 
1

1 1 11
 1

1 1 1 1
1

1 1 1 1
1

1 1
 \ 1

1 1
 •

1
1

1 1 1 1
1

1 1
 ' • I • • • ' I ' ' • • 1 • ' • • 1 • • » 111 • • • 1 • • • • ι • • ι • | 

Ό 

io 20 3 0 4 0 

Fig . 3 . 3 N o m o g r a m for calculating pumping speed or the conductances in series. After Dela-
fosse and Mongodin (1961). 

expressed in CGS units. In eq. (3.30), A Is the cross section of the aperture, 
y = c P/ c v the ratio of the specific heat at constant pressure to that at constant 
volume (see table 2.14), RQ the gas constant (see table 2.4) , M molecular weight, 
and Τλ temperature of the gas at the high-pressure side Pv 
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Since C=Q/(P1-P2) (eq. 3.26), it results that the conductance for viscous flow 
of an aperture is given by 

Fig. 3.4 S/Sp as a function of C/5P. 

Fig. 3.5 Viscous flow through an aperture. 
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3.2.2. Viscous flow - conductance of a cylindrical pipe 

Poiseuille's law In a long tube of uniform circular cross section (fig. 3.7), gas 

where A (cm2), C (liter/sec), Τγ (°K), M (g). For air at 20°C, y = 1 . 4 , Γ , = 2 9 3 ° Κ , 
M=29, the conductance is 

C = { 76.6 A/ [1 - ( Ρ 2 / / Ό ] } (P2//»,) » · " 2 [1 - ( / > 2 / Λ ) ° ' 2 8 8] 1 /2 (3.32) 

The throughput Q (eq. 3.30) is g = 0 for Ρ 2 / Λ = 1 > a n d is maximum for 

ί 2 / Λ = [2/(7 + 1 ) ] γ / ( γ" υ = Γ β (3.33) 

this is called the critical value. 
For air at 20°C, this value is rc=0.525, and 

QG=20APX (3.34) 

where A (cm2), (Torr) and Q (Torr*liter/sec). Therefore the conductance for 
F2/Pi < 0.525, is given by 

20 Λ „ o cx C = (3.35) 

while eq. (3.32) gives the conductance for the range 1 > P2/Pi> 0.525. 
When P2/P1 < 0 . 1 , eq. (3.35) can be written 

Cçz20A (3.36) 

and in this range (only) C can be considered independent of the pressures. 
If the aperture is considered by its pumping effect on volume 1 (fig. 3 . 5), its 

pumping speed is given by 

S=QIPi=C{Px-P1)!Pl =C[1 - ( / y / \ ) l (3.37) 

Figure 3.6 shows the values of C/A for air, as well as the value S/A = Qil{APx). 
It can be seen that the pumping speed S/A is maximum and constant up to P2/Pi = 
r c, higher values of P2/Pi, the pumping speed S/A drops, and tends to zero for 
P2/Pi approaching one. The conductance C/A is always higher than SI A, and tends 
to infinity when P2/Px approaches one. 
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<-> 2 0 

0.2 
_ l Li L_ 
0.4 0.6 

_ i 
0.8 1.( 1.0 

P 2 / P, 

Fig . 3 . 6 Conductance C and pumping speed S of apertures (viscous flow). A is the cross section 
area o f the aperture. 

flow occurs from the region of higher pressure Px to that of lower pressure P2. The 
gas contained within a thin-walled cylinder of radius r, a wall thickness dr, and 
within a differential length dx, experiences a force in the direction of flow given 
by the cross sectional area 2 nrdr, and the pressure difference dP, so that 

The minus sign appears since the pressure gradient is — dP/dx (the pressure 
decreases in the direction of the flow). 

Due to the viscosity, the velocity of the gas at the internal surface of the cylinder 
is greater than that on its external surface. The force due to the viscosity is 
eq. (2.67) 

Γ=ηΑ (dv/dr) 

where η is the coefficient of viscosity, and A the surface of the cylinder A =2nrdx. 
Therefore on the internal surface of the cylinder, this force will be 

dFi = -(dP/dx) Inrdrdx (3.38) 

dv Λ Γ dv Ί 
(3.39) 
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ο -

-Hdx 

Ft' 
I F , 

df-

Fig. 3 . 7 Viscous flow in pipes (principle). 

dv/dr being negative this force is directed in the direction of the flow. On the out
side surface of the element, the force due to the viscosity is 

Γ öF2 1 Γ dv d / d v \ Ί 
F'* " - L F> + ~δΤ ar\ = 2π»άχ1r d7 + Tr ( r d7J d ' J (3.40) 

which is directed opposite to the direction of the flow. Therefore, the resulting 
(viscosity) force applied on the element is 

d / d v \ 

2**1 drdx (3.41) 

which is directed opposite to the flow. 
Equilibrium will occur when the force due to the pressure difference given in 

eq. (3.38) is balanced by that due to the viscosity given in eq. (3.41). Thus 

dP 
— 2717* drdx + 2πη 

d / d v \ 
d r V d r ] 

d rdx = 0 (3.42) 

i . e . 

d̂  
d7 

dv 
dr η \dx J 

Two subsequent integrations will give dv/dr, and ν : 

r (dv/dr) =(r 2/2 , ; ) (dP/dx)+A: 1 

thus 

(3.43) 

(3.44) 

dv/dr=(r/2n)(dPldx)+(KJr) (3.45) 
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and 

v = (r2/4n) (dP/dx)+Kl \nr + K2 (3.46) 

The constants Kt and K2 can be determined by the boundary conditions. The 
velocity is a maximum for r = 0 , thus for this value d v / d r = 0 (eq. 3.45), which 
results in ^ = 0 . The velocity is zero near the wall, thus forr=a; ν = 0 , which 
gives K2 — — (α2/4η) (dP/dx). Finally eq. (3.46) is written 

which shows: 
- that the velocity of the gas is directed in the direction of the pressure drop, and 
- that the velocity of the gas is a parabolic function of the radius, with a maximum 

velocity ν=ΛΓ2 = - (α2/4η) (dP/dx) on the axis (r=0); and v = 0 at the wall 
(r=a), as shown in fig. 3 .8 . 
The volume of gas flowing through the cross section of the tube per unit time is 

obtained by integrating eq. (3.47) across the cross section of the tube, i.e. 

and by integrating for a length L, corresponding to a pressure drop from Px to 
P2, it results 

ν=-(\/4η) (dP/dx) (a2-r2) (3.47) 

(3.48) 

The throughput is given by 

Q =P(dV/dt) = - (πα4/8,/) (dP/dx)? (3.49) 

= [«**/(!δι/Ζ.)] (/V-iV) (3.50) 

0 v / K j 1 

Fig . 3 . 8 Velocity distribution in viscous flow. 
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S\nc& Ρ ̂  - P2

2 = (P ι ~ Pi) ( Λ + Λ > ) and the average pressure P, is P = (Pi+P2)/29 

eq. (3.50), is written 

Q = [na'l(%nL)]P(Pi-Pi) = [ π / ) 4 / ( 1 2 8 ^ ) ] P(P1-P2) (3.51) 

where D=2a is the diameter of the tube. This equation is known as the Poiseuille 
law. In its form expressed in eq. (3.51), all factors are in CGS units. 

The conductance is given (eq. 3.26) by 

C=Q/(Pl -P2) = ^/)V(128f/L)] Ρ (3.52) 

in which D and L (cm), η in poises, Ρ (dyne/cm2), and C (cm3/sec). 
A practical form of eq. (3.52) is 

C = 3.27 χ IO" 2 [D*j^L)]P (3.53) 

where Ρ (Torr), L (cm), D (cm), η (poise), and C (liter/sec). 
For air at 20°C> this equation is 

C a ir = 182(Z)VL)P (3.54) 

where the units are as in eq. (3.53). 
The exit loss in tubes with viscous flow is discussed by Santeler (1986b). 

3.2.3. Viscous flow - surface slip 

In the derivation of eq. (3.51), it was assumed that the velocity of the gas is 
zero at the tube wall. Some gas molecules in striking the wall experience specular 
reflection and thus retain the same component of velocity in the direction of flow 
as before the impact. Other molecules strike irregularities on the wall and bounce 
several times, the molecule being adsorbed on the wall and then reemitted later 
with a random distribution in angle and velocity. These molecules represent a 
layer of gas which is at rest next to the wall, and provide the viscous drag. This 
effect is described by the slip-coefficient ε, which is given by 

ε = Ρ [ 2MI (πΡι0Τ) y" [f/(2 - f)] (3.55) 

where / is the fraction of molecules which are adsorbed and reemitted and 1 - / 
is the fraction which are specularly reflected (Van Atta, 1965; Dawe, 1973). 

Since the velocity of the gas is not zero at the wall, eq. (3.51) is written 

ρ = [nD*l (128IJ Î , ) ] Ρ (Pt - P2) { 1 + [Βη/(εΌ) ] } (3.56) 
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alb Y alb Y 

1 1 0 . 5 0 . 8 2 
0 . 9 0 . 9 9 0 . 4 0 .71 
0 . 8 0 . 9 8 0 . 3 0 . 5 8 
0 . 7 0 . 9 5 0 . 2 0 . 4 2 
0 . 6 0 . 9 0 0 . 1 0 . 2 3 

thus from eqs. (3.56) and (3.55), it results that 

Q = (c, Ρ D* + c2 D*) ( Λ - P2)IL (3.57) 

where c t =π/(128^) 

c2 = (π/16) [ (π/2) (R0T/M)]^ [ (2 - / ) / / ] 

If the pressure Ρ is sufficiently high the term in Z>4 dominates and the flow follows 
Poiseuille's law. When the pressure Ρ is such that the terms in Z>4 and Z)3 are 
equal, the character of the flow departs from Poiseuille's law. The pressure for 
which this condition occurs is referred to as the transition pressure Pt, which is 

Pt=c2l(CiD) (3.58) 

This can be considered as the lowest limit of Poiseuille flow (see §3.6.3). 

3.2.4. Viscous flow - rectangular cross section 

Guthrie and Wackerling (1949) give for the conductance in viscous flow of ducts 
with rectangular cross section, the expression 

C = 3.54 χ IO" 2 Y[A2I^L)] Ρ (3.59) 

in CGS units, where y is a correction factor with values listed in table 3.4. 
If eq. (3.52) for the circular cross section is written in the form 

C = (π/128) (4/π) 2 ( π / ) 2/ 4 ) 2 P\ fol) = 4 χ ΙΟ- 2 [ (π / ) 2/4 ) 2/ (η£) ] Ρ (3.60) 

Table 3.4. 
Correction factor Υ, (for eq. 3.61), as a function of the 

shape ajb of the rectangle. 
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it can easily be compared to eq. (3.59). 
It can be seen that the conductance of a duct with square cross section ( F = l , 

eq. 3.59) is less than that of a pipe with circular cross section of same Af in the 
ratio 3 . 54 /4= 0 .88 . 

Equation (3.59) is written in practical units as 

where Ρ (Torr), L (cm), A=ab (cm2), η (poise), C (lit/sec) and Y (table 3.4). 
For air at 20°C, this equation is 

in the same units as (3.61). 
Heinze (1955) gives the expression for the conductance of ducts with rectangular 

cross section in laminar (viscous) flow as 

in units as in eq. (3.61), where ψ is expressed by 

ψ = 1 - [I92a/(n5b)] [tg hyp (nb/2a) + (1/35) tg hyp (3nb/2a) +...] (3.64) 

and a is the small side and b the large side of the rectangle. 
Steckelmacher (1976) pointed out to the author that the values of ψ plotted by 

Heinze (1955) and reproduced in fig. 3.9 of the first edition of this book, are not 
correct. The correct graphical evaluation is given by Williams et al. (1968). The 
correct values are plotted on fig. 3.9 of the present edition. 

Flow in long rectangular channels in transition (intermediate) regime is analyzed 
by Loyalka et ai (1976). The equations of viscous flow in thin rectangular 
channels are calculated by O'Hanlon (1987). 

3.2.5. Viscous flow - annular cross section 

For a long duct having an annular cross section between the radius of the 
tube r OJ and that of a concentric core with radius r{, the conductance in viscous 
flow is given by 

C = 4 . 7 1 χ IO"2 Y[A2l(nL)]P (3.61) 

C a i r= 2 6 0 Y(A2jL)P (3.62) 

C = (4/4S)(t?bfo)(P/L)y> (3.63) 

C = (πβη) (ΡiL) W - 'S ~ (r0

2 - rtf/ln ( γ 0 / γ , ) ] 

in CGS units, or for air this will be 

C a i r = 2900 (P/L) W - r* - (r0

2 - r ^ / l n (φ,)] 

(3.65) 

(3.66) 
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Ψ 

α/b 
Fig. 3.9 Correction factor ψ for eq. (3.63). 

where Ρ (Torr), L (cm), r 0 (cm), r-x (cm), and C (lit/sec). 

3.2.6. Turbulent flow 

Considering eq. (3.6), which indicates that turbulent flow occurs only for 
throughputs g > 2 0 0 D (Torr-lit/sec; air), it can be shown that such situations 
are very rare in vacuum systems. 

One of such cases occurs when air is admitted into a system which was previous
ly evacuated to a low pressure. If the air is admitted through a pipe having a dia
meter D and length L, the condition for the existence of turbulent flow is 

Q = \S2(D*/L) (Λ2-̂ 22)/2 > 200 D 

Since Px =760 Torr, this condition gives that turbulent flow exists if 

(3.67) 

P2 < [ 760 2-2 .2 ( I /Z ) 3) ] 1/2 (3.68) 
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which shows that by admitting air through the usual pipes, valves, etc., the flow is 
turbulent practically until the pressure in the vacuum vessel reaches 760 Torr. 

Considering a large diffusion pump with 5 P = 10 000 lit/sec at 1 0 - 3 Torr , thus 
0 = 10 000 χ 10~3 = 10 Torrl i t /sec, the flow is turbulent if 

10 > 200 D 

thus D < 10/200=0.05 cm, which is never the case in vacuum systems. 
A rotary pump can give Q = 6 0 000 Torr* lit/sec. In this case the flow is turbulent 

if 

60 000 > 200 D 

thus D < 60 000/200 = 300 cm, which is always the case in vacuum systems. 

3.3. Molecular flow 

3.3.1. Molecular flow - conductance of an aperture 

A volume where the pressure is Px is connected through an aperture (area A) 
to a second volume where the pressure is P2<PX. If the pressure Px is low enough 
for molecular flow (eq. 3.12), the rate at which the gas passes through the aperture 
from P^ to Ρ2 is (eqs. 2.48 and 3.24) 

g 1 = jp l ( d F / d / ) = 3 .64x 103 (Γ /M) 1' 2 APX / /barcm 3/sec (3.69) 

while the gas passing from P2 to Px is 

ß 2 = P 2 ( d K / d / ) = 3.64 χ 103 (77M) 1 /2 AP2 jubarcm3/sec (3.70) 

In molecular flow, where there is no collision between molecules, they pass through 
the aperture in both directions without any influence on each other. The throughput 
is the difference: 

0 = 0 1 - 0 2 = 3.64 χ 103 (T/M)1/2 A(P,-P2) (3.71) 

which is directed from Px toward P2, s i n c e P l — P 2 > 0. 
Thus the conductance of an aperture of area A (in molecular flow) is : 
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C=QI(Pl-P2) = 3 . 6 4 x 103 (TIM)112 A cm3/sec 
= 3.64 (T/M)1/2 A liter/sec (3.72) 

where A (cm2) is the area of the aperture. 
For air, at 20°C, (T/M)^2=3.181, and eq. (3.72) becomes 

C a ir = 11.6 A liter/sec (3.73) 

If the opening is of circular cross section, A = KD2/4, thus 

C = 2.86 (TIM)112 D2 liter/sec (3.74) 

and 

C a i r= 9 . 1 6 D2 liter/sec (3.75) 

From eq. (3.72) it can be seen that the conductance (molecular flow) is indepen
dent of the pressure. 

The "pumping speed" of the aperture is given (eq. 3.27) by 

S=QIP1 = <7(Λ -PzWi = C[\ - < P 2 / P , ) ] (3.76) 

and for air at 20°C 

5 = 11.6 A[l-(P2/P1)] (3.77) 

where A (cm2), and S (liter/sec); and for the usual case where P2 < 0 . 1 Px 

S = C=\\.6 A (3.78) 

It can be seen that the pumping speed is a function of P2/Pi9 up to a maximum 
value of 11.6 A. Comparing this to eq. (3 . 36) and figure 3 .6 , it results that the 
maximum pumping speed of an aperture a t low pressure (11.6 A) is smaller than 
that at high pressure (20 A). 

3.3.2. Molecular flow - conductance of diaphragm 

Consider the diaphragm of aperture A as shown in fig. 3.10. Here 1 and 3 are 
large volumes, connected by a pipe of cross section AQ. The pipe 2 is connected 
to volume 3 by a diaphragm of aperture A, which is small compared to 3, but of 
the same order of magnitude as AQ. 
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Fig. 3.10 Diaphragm effect. 

The conductance of the system (eq. 3.23) in the direction 1-2-3 will be 

1/C = 0 / d o ) + ( l / C 2 ) + ( l / C e ) (3.79) 

where Ce is the conductance of A in the direction 2 -3 . 
The conductance of the same system in the direction 3-2-1 will be 

1/C = ( l / C J + f l / C , ) (3.80) 

The conductances of the system in both directions must be equal, if not, a flow 
should exist even if the pressures in 1 and 3 are equal, which is impossible. Thus 

1/C = ( 1 / C ^ 0 ) + ( 1 / C 2 ) + ( 1 / C J = ( 1 / C J + ( 1 / C 2 ) 

which leads to 

i / c . = (\/CA)-(l/CAo) 

i.e. 

Ce = CJ[l-(A/A0)] 

and using eq. (3.73), for air at 20°C 

Ce= 11.6 Al[l-(A/A J] 

(3.81) 

(3.82) 

(3.83) 

(3.84) 

For A < A0 eq. (3.83) gives Ce » CA (aperture); for A = A0, Ce ssoo (no 
resistance to the flow); while e.g. for A = 0 . 5 A0, Ce=2 CA (diaphragm effect). 

3.3.3. Molecular flow - long tube of constant cross section 

Knudsen derived the equations of the conductance of long tubes for low près-
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sures (molecular flow). In this flow the molecules move in random straight lines, 
between collisions with the wall. The number of molecules impinging on the unit 
surface per unit time is (eq. 2.46) φ =wv a v/4 and the number of molecules striking 
the wall each second is 

q = φΒΙ = BLnvJA (3.85) 

where Β is the periphery of the cross section, and L the length of the tube. The 
molecules arrive on the surface having an energy corresponding to their v a v 

velocity and the drift velocity ν in the direction of the flow. They are stopped 
at the surface and reemitted randomly with their velocity v a v, thus the momentum 
transferred to the wall is mv. The momentum transferred by all the molecules to 
the wall is then 

q' == qmv = BL η va vmv/4 (3.86) 

The number Ν of molecules crossing the cross section A of the pipe per unit 
time is (eq. 3.13) 

N=Avn (3.87) 

and the pressure difference AP achieved corresponds to a force 

AF=AAP=AkTAn (3.88) 

For equilibrium condition q' =AF, thus 

4AkT An—BL η v a v mv (3.89) 

From eqs. (3.87) and (3.89), we have 

NI An = [4A*I(BL)] [kT/(m v a v) ] (3.90) 

According to eq. (3.16) N/An = C, and using the value of v a v = (2/^/π) (2kTlm)l/2 

(eq. 2.38) we obtain 

C = [2A2I(BL)] [π kT/(2m)]112 = [2A2/(BL)] [nR0T/(2M)YI2 (3.91) 

This equation contains the assumption that a uniform drift velocity ν is super-
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C a i r- 3 0 . 9 ab2 K/L (3.96a) 

imposed upon the random Maxwell-Boltzmann distribution of the molecules. 
Knudsen has shown that it should be better to assume that the superimposed drift 
velocity of a molecule is proportional to its random velocity. On this modified 
assumption Knudsen found that the numerical factor in eq. (3.91) must be multi
plied by 8/3π, so that the conductance will be 

8 / 2kT \ 1 / 2 / A2 \ 3 -44 χ 104 / Τ \ 1 / 2 / A2 \ 
c-j^\—) U r ) — ( « ) lir) ^ 

in CGS units. 
The conductance of a tube of uniform circular cross section with A = π D2/49 

and Β = π D, is 

C = 3 . 8 1 (Γ /Μ) 1/ 2 (Z>3/L) (3.93) 

where D (cm), L (cm) and C (liter/sec). For air at 20°C, ( Γ / Μ ) 1/ 2 = 3.18, thus 

C a ir = 12.1 D*/L (3.94) 

where Z> (cm), L (cm) and C (liter/sec). It can be seen that the conductance (mole
cular flow) is independent of the pressure. 

For a tube of rectangular cross section, with sides a and b, (b<a), 

A=ab and B=2(a+b), 

thus eq. (3.92) becomes 

8 / kT \ 1 / 2 a2b2 _ 3.44 χ 104 / Τ γ2 a2 b2 

C = K J Yhun) (a + b)L = 2φζ \MJ (a + b) L K ( 3' 9 5 ) 

in CGS units, where Κ is an experimental correction factor taking into account 
the asymmetry of the cross section. Values of Κ are listed in table 3 .5 , as a func
tion of b/a. 

For air at 20°C, eq. (3.95) will be written 

C a ir = 30.9 a2b2K/[(a+b)L] (3.96) 

where L, a, b (cm), and C (liter/sec). 
For a slot a^> b, A=ab and B~2a, thus 
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Table 3.5. 
Correction factor Κ for eq. (3 .95) . 

After Guthrie and Wakerling (1949). 

bla Κ 

1 1.108 
0 . 6 6 7 1 .126 
0 . 5 1.151 
0 . 3 3 3 1.198 
0 . 2 1.297 
0 . 1 2 5 1 .400 
0 . 1 1 .444 

For a triangular cross section, with side a (equilateral triangle) it was found by 
Barett (from Heinze, 1955) that K=\ .24, and since A=\ITa2jA\ B = 3a, thus 

C = 0 . 4 1 3 [kT/(2nm)]i/2 (a3/L) (3.97) 

in CGS units, and for air at 20°C 

C a i r=4 .79 t f 3/L (3.98) 

where a, b, L (cm), and C (liter/sec). 
For an annular cross section between two concentric tubes with diameters Z)0, 

Dx :A = \π (D2-D2)\ Β = π (Z)0 + A ) > thus the conductance is 

C = (n/3) [hTKlnmW2 [(D0

2-D2)2/ (D0+Dd] (KJL) (3.99) 

in CGS units. The factor K0 is given in table 3.6. 

Table 3.6. 
Correction factor KQ, for eq. (3.99) . 

Di/Do 0 0 .259 0 . 5 0 .707 0 .866 0 . 9 6 6 

K0 
1 1.072 1.154 1.254 1.430 1.675 
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C a ir = 12.1 (DQ-Dxf (Z)0+A) {KJL) 

(3.100) 

where L, D0, Dx (cm), and C (l i ter/sec). 
Calculations of conductance in tubes with annular cross sections are given by 

Onusic (1980), while those in tubes with elliptical cross sections were published 
by Steckelmacher (1978). 

3.3.4. Molecular flow - short tube of constant cross section 

If the length of the tube is decreased to zero, the conductance must decrease 
to that of an aperture. Thus the correct way of writing the equation of the conduc
tance of a tube is (eq. 3.23) 

where CL is the conductance of the tube (eq. 3.92) and Ce is the conductance of 
the aperture (eq. 3.84). 

From eqs. (3.84) and (3.72), we have 

where A is the cross section of the tube, and A0 the cross section of the upstream 
vessel. 

By using the value of CL given in eq. (3.92), it results that 

1 / C = ( l / C L) + ( 1 / C e) 

or 

C=CL CJ(CL+Ce) = CL/[l+(CJCe)] (3.101) 

C e = 3 . 6 4 x 103 (T/M)li2A/[l-(A/A0)] (3.102) 

Q / C e = 5.3 [A/(BL)] [l-(AIA0)] (3.103) 

Equation (3.101) can be written 

C=CLK" (3.104) 

where K" is Knudsen's factor, which is expressed by 

- ( ' + f r - [ ' + " 4 ( ' - i ) r (3.105) 

For air at 20°C, eq. (3.99) becomes 
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For circular cross sections: A=nD2/4; B=nD\ A0 = nDw

2/4, and Knudsen's 
factor is given by 

/ T = l/{1 + 1.33 (DIL) [\~(D/DV)
2]} (3.106) 

For cases where D < 0 .2 Dv (tube diameter D small compared to vessel dia
meter Dw), eq. (3.106) can be expressed in its simplified form 

# " = 1 / [ 1 + 1.33 (Z)/L)] (3.107) 

thus the conductance of a short tube will be 

C = 3 . 8 1 (T/M)1/2 (D*iL)K" 
= 3.81 ( Γ / Μ ) 1 /2 (Z)3/L)/[l + 1.33 (D/L)] 
= 3.81 (TjM)1'2 D*/(L+1.33 D) (3.108) 

where L (cm), D (cm), and C (liter/sec). 
This equation expresses the fact that the "end effect" can be taken into account 

by considering the pipe as being longer by 1.33 diameters. Obviously for air at 
20°C, the conductance of a short pipe is 

C a i r= 1 2 . 1 D3/(L + 133 D) = 12.1 (D3/L)K" (3.108a) 

Haefer (1980c) discusses the "addi t ion theorem" for the resistance to flow of 
composite systems. 

From a more detailed investigation, using the kinetic gas theory, Clausing (1932) 
found that the correction factor K" is only approximate. A more correct value is 
obtained by using (instead of K") a factor K' (Clausing's factor) which is given by 

\5(L/D) + \2(L\D)2 

~ 2 0 + 38 (L/D) + \2(L/D)2 (3.109) 

Figure 3.40 shows a nomogram using Clausing's factor. * 
Santeler (1986a) compares the various factors published and the errors result

ing in their use (up to a maximum of 12%, at L/D = 2). It is proposed to use the 
transmission probability (see also eq. 3.189) 

P r ~ l / [ l + (3 /4 ) (L ' /Z>) J 
where L' = L{\ + l / [ 3 4- (6/l)(L/D)]}. The use of these equations produces 
errors only up to 0.6%. 

For a pipe of rectangular cross section (eqs. 3.95, 3.104, 3.105) the conductance 
will be given by 

C = 9 . 7 1 χ W(T/MY/2a2b2 K/[(a+b) L+2.66 a b] (3.110) 

* A n historical review was published by Venema (1973/74). Accurate determinations and calcula
tions of this factor, e.g. D e Marcus and Hopper (1955), Helmer (1967a, b), Moore (1972) found 
values close to those given by Clausing (1932). 
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in CGS units. This equation becomes for a slot in which <? > b, and in which 
the length L of the slot in the direction of the flow is not large compared with b 

C = 9.71 (T/M)1/2ab2K/(L+2.66b) (3.111) 

where a (cm), b (cm), L (cm), C (liter/sec), while for a narrow slot where a^> b, 
L^> b, the conductance will be 

C = 9.71 {TIM)1'2 (ab2/L)K (3.112) 

where a (cm), b (cm), L (cm) and C (liter/sec), and Κ is the correction factor list
ed in table 3 .5 . For air at 20°C, this equation results in 

Can = 30.9(ab2ILK) (3.113) 

a, b, L (cm), C (liter/sec). 
The conductance of a short tube of annular cross section is given (eqs. 3.99, 

3 .104, 3.105) by 

C = 3.81 (TIM)112 (DQ-DX)
2 (A>+A) KJ[L+\.33 (D0-Dx)] (3.114) 

where D, L (cm), C (liter/sec), which for air at 20°C, becomes 

C a ir = 12.1 (DQ-D)2 (D0 + Dt) KJ[L+\.33 (Z>0-A)l (3.115) 

where D0 (cm) is the diameter of the outer cylinder, D{ (cm) is the diameter of 
inner cylinder, L (cm), and C (liter/sec), KQ the correction factor from table 3 .6 . 

3.4. Conductance of combined shapes 

3.4.1. Molecular flow - tapered tubes 

Equation (3.92) can also be written (by using eq. 2.42) 

C=$vavKI(BL/A2) (3.116) 

where Κ is the shape factor (tables 3 . 5 ; 3.6). 
If the conductance results from a series connection of conductances of length 

dL, it is written 

l /C=[ | / (v . v A : ) ]£ ( f lM»)dL (3.117) 
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thus 

(B/A2) dL (3.118) 

Equation (3.118) is a general formula which gives the conductances of pipes 
with constant cross section, as well as those in which Β and A are a continuously 
increasing or decreasing function of L. 

For constant cross sections, Β and A are not functions of L, 1 dL—L and eq. 
(3.118) results in eq. (3.116). J ° 

For a tapered (conical, pyramidal) pipe, having at the small end the cross sec
tion with perimeter Bx and area Al3 and at the large end B2, and A2, at a distance 
x, these values will be 

Bx = Bl+(B2-Bi) (x/L)=M«i+(*2-*i) (*/£)! 
where a is one of the sides (or radius), and kB is the constant ratio between the 
perimeter and this side (e.g. for a circle kB = 2na/a = 2n), while kA is the con
stant ratio between the area and the square of the side (e.g. for a circle kA = na2/a2 

= π). 

From eq. (3.119) it results that 

Bx kBjkA

2 

Ä} - [al+(a2-ai)(xlL)}» (3'120) 

thus (for eq. 3.118); 

4,=*Λβι+(Β2-«ι) (*/£)P (3.119) 

[LJLAT-!ii[L — kA

2 }o[ai + (a2 - a1)(xlL)\ 
kB CL dx (£)(t) <>ι+α2 (3.121) 

and the conductance (eq. 3.118) will be given by 

C - l vav (kA

2/kB) [a,2 a2

2l(a^a2)\ (KID 

(3.122) 

For a circular cross section 

B=2nr; A = nr2; kB=2n; kA=n; kA

2fkB 
kA

2lkB = n2l2n = nj2 
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and K= 1. Therefore, the conductance of a tapered pipe of circular cross section 
will be (eq. 3.122) 

C=(4 tc /3 ) [rx

2 r^Kr.+rJL] v a v (3.123) 

in CGS units; or for D = 2r 

C = 7.62 (T/M)1/2 Z V D2

2l [(Z)1 + D2) L] (3.124) 

where Z), L (cm), and C (liter/sec), Dx and Z>2 being the diameters of the tapered 
pipe at its ends. 

Comparing eq. (3.124) with (3.93) it results that the equivalent diameter for a 
tapered tube is 

Z)e = [2D,2 D2

2l (Dx + D2)]V* (3.125) 

For a rectangular cross section: B=2(a+b); A = ab;kB = 2(a+b)/a = 2 [ l + ( 6 / a ) l ; 
kA=ab/a2 = b/a 

kA

2/kB = (bla)2!2 [1 + (b/a)] 

The conductance of a tapered pipe of rectangular cross section will be (eq. 3.122) 

C _ 4 V W . i 31 2 6 ) 

The conductance of tapered pipes of triangular cross section and annular cross 
section can be calculated in the same way. 

Approximate calculations of the conductance of non-uniform tubes were 
published by Yu-guo (1981). 

3.4.2. Molecular flow - elbows 

The molecules (in a molecular flow) through an elbow (fig. 3.11) can be divid
ed in two categories: molecules (1) which collide with the wall in the region of the 
elbow, and molecules (2) which pass across the elbow. Molecules having the path 
(1) will see the opening of the tube as an impedance, thus the conductance of 
the elbow will be given for path (1) by 

C = 3 . 8 1 ( r / M ) 1 / 2 Z ) 3 / [ L 1 + L 2 + 1.33Z)] (3.127) 

Molecules having the path 2 (fig. 3.11) will pass the elbow without feeling its 
influence. Thus the conductance for these molecules is 
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C = 3 . 8 1 ( Γ / Μ ) 1 /2 i ) 3 / ( L 1 + L 2 ) (3.128) 

According to eqs. (3.127) and (3.128), an elbow can be represented as a tube 
with the diameter D, having an equivalent length L e, which will be situated between 

where L a x = I 1 + L 2 is the length as measured on the axis of the elbow. 
For a more precise evaluation it can be considered that all the molecules will 

travel according to path 1 (fig. 3.11), when the shape of the elbow is that of a hair
pin, thus the bend is at 0 = 180°. Considering that the number of molecules having 
path (1) is proportional to the angle Θ of the elbow, it results that the equivalent 
length is: 

4 = ^ + 1 . 3 3 ^ / ) ( 3 . 1 3 0 ) 

3.4.3. Molecular flow - traps 

Dushman and Lafferty (1962) considered the conductances of traps such as 
shown in fig. 3.12, in which the diameter of the outer cylinder is D0=2a2, and 
that of the inner cylinder is Di=2al. 

The conductance of such a trap is that of the series connection of conductances 
Ct of the inner cylinder (1), and C 2 of the annular space between the two cylinders 
( Ϊ Ι ) . According to eq. (3.108) the conductance of the (short) inner cylinder is 

£ „ < £ . < ( £ „ + 1 . 3 3 D) ( 3 . 1 2 9 ) 

d = 3 . 8 1 Χ 1 0 3 (T/M)112 Z>I»/CL+1.33 DJ 

( 3 . 1 3 1 ) 

and that of the annular space 

Li 

Fig . 3.11 Molecular flow through an elbow. 
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Fig. 3 . 1 2 Conductance of traps, for air, 25°C. From Dushman and Lafferty (1962), by permission 
of J. Wiley & Sons Inc., N e w York. 

C 2 = 3 . 8 1 χ 1 0
3

( 7 · / Λ / )
1 / 2

( ο ο - Α )
2

( £ > ο + Α ) ^ ο / [ ^ + 1 · 3 3 ( £ > ο - Α ) ] (3.132) 

The conductance of the trap is given by 1/C = (1/C 1) + (1/C 2) . By neglecting the 
correction K0, and putting X=DJD0=al/a2; Y=l/a2=2l/Dn, it results that 

C = 3.81 χ 103 (TIM)1'2 (3/4) D2f(X, Y) 
= 3.81 χ 103 (TIM)1'2 χ 3a2

2f(X, Y) (cm3/sec) 

C / < 7 2

2
= 1.14 χ 104 ( Γ / Μ ) " 2 f(X, Y) (3.133) 

where 

X3(l - X)(l - X2) 

X(l - X)+» Y[X3+(l -X)(l -X')] 

(3.134) 
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Figure 3.12 plots the value 

C/a2* = 36.7 f(X,Y) (3.135) 

as it results from eq. (3.133), for air at 25°C, if a2 (cm), C(liter/sec). The plot of 
C/aj is presented as a function of X=ai/a2, using values of Y=l/a2 (4, 10, 2 0 . . . ) 
as a parameter. The dotted line shows the values of X for maximum conductance 
at different values of Y. For large values of Y, the maximum conductance corres
ponds to X*+X=l; that is ^ = 0 . 6 1 8 . 

For a rigorous calculation the value of KQ (table 3.6) must be taken into account, 
and the conductances of the extension of the inner tube and that of the side con
nection must also be considered. Besides all this the real calculation must also 
take into account that the trap is cooled and the temperature is not equal in all the 
parts. 

Figure 3.13 shows a trap where these various details are also considered (Henry, 
1971). The trap is immersed in liquid nitrogen on an effective depth L 3 , considered 
from the level of the liquid nitrogen to the outlet of the inner (inlet) tube. In such 
a case it may be assumed that the temperature of the inlet (inner) tube decreases 

Fig. 3 .13 Parts of a liquid nitrogen trap, for calculating its conductance. After Henry (1971). 
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linearly from 7 \ at the level of the liquid nitrogen, to T0 at the bottom of the 
inner tube, so that at a height L, the temperature is 

T=T0 + (Tl- T0) L/L3 =TQ + gL (3.136) 

where g = (7 \ — TQ) / L 3 . 
The outer wall of the trap may be considered at Tx above the liquid nitrogen, 

and at T0 below this level. 
The trap shown in fig. 3.13 is constituted by the various parts listed in table 

3.7, which are connected in series (see eq. 3.151) 

Table 3.7. 
Parts of trap in fig. 3 .13. 

Part Description Diameter Length Temperature 

A inlet-elbow L,+L2 T\ 
Β straight pipe L3 

T(eq. 3 .136) 
C diaphragm 2r2 To 
D annular pipe 2r2l2rl L3 To 
Ε 2r2/2ri Ά F aperture 2 r t — G exit tube 2 ' i 

L
S ~ r 2 Τι 

Pari A has a conductance expressed (eq. 3.93) by 

C A = 3.81 (TJM)1'* (Zr^/L,) 

where L e is the equivalent length for an elbow (eq. 3.130) of 90°: 

(3.137) 

90 
L = £ + L2 + 1.33 — 2rx = L, + L2 + 1.33 r, 

180 
(3.138) 

thus 

C A = 3.81 
Zl 
M 

1/2 8a-!
3 

L{ + L2 + 1.33 rι 
(3.139) 

P # a 7 5 has a temperature distribution according to eq. (3.136), thus a length 
dL at a distance L from the bottom, will have a temperature Γ, and the conductance 
of this portion will be 
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The conductance of the whole length L 3 will be given by 

Γ 3 _ L 1 λ / Γ ι f
£
3 dL 

Jo d C B 3.81 (T1/M)
ï/2
 8 r j

3
 ] 0 (Γ 0 + g L ) 1 /2 (3-141) 

from which it results that 

* - » ' ( £ Π ΐ £ ) ^ (3.142) 

Par i C is a diaphragm, which has to be considered since the molecules coming 
from the inner tube will collide with the round bottom and from here they have 
to pass by the annular diaphragm. 

According to eqs. (3.72) and (3.83), the conductance of this diaphragm is given 
by 

C c = 3.64 {TJM)1I% * ( Ί ~r\)[l- (rf - r?)/rf ] - * 
= 3.64 (TJM)V* π (rf - r?) r\\r\ (3.143) 

Part D is an annular cross section, having the outside wall at temperature T09 

and the inner wall at temperature Γ, which varies according to eq. (3.136). It 
can be assumed that the relative number of molecules having average velocities 
corresponding to the various temperatures is proportional to the ratio of surfaces 
having these temperatures. Thus the average temperature Ta can be considered 

T ^ r i T + r 2 T Q rl(T0+gL)+r2T0 

rx + r2 rv+r2 

T0 (rx f r 2 ) + rt gL 
fi + r2 

(3.144) 

This is the average temperature of the outer and inner wall at a distance L from 
the bottom. The conductance of a portion dL at distance L will be 

d C D = 3.81 (TJMr* [8 ( r 2 - r t )
2 ( r t + r 2 ) / d L ] K0 (3.145) 

thus the conductance of the whole length L 3 is given by 
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CL3 J 1 Γ ψ\ "I CL

3 dL_ 
} 0 dCD - 3 . 81 (TJM)1'2 [ 8 (R 2 - RT)« (R, + R 2) AT, J ]0 V̂A ( ' 1 4 6) 

From eq. (3.146), it results that the conductance of part D is expressed by 

<
2
 8 / Σ (R2 - rxf (R, + R 2) C D = 3.81 

2 L 3 V 7 \ 
r t - Γ ρ 

X (r, 7 \ + R2 Γ,)"» - [Γ 0 (R, + r 2 ) ] " 2 ( 3' 1 4 7> 

Ρ«/·ί £ of the annular space emerging above the level of the liquid nitrogen, 
has a conductance 

= 3.81 I 
M

1/2
 8ΛΓ0 (R2 - R,)» (R, + R 2) 

(3.148) 

Part F is the exit aperture, and has the conductance (eq. 3.74) 

C F = 2 . 8 6 (TJAty* 4rS (3.149) 

Par? G is the outlet tube, with a conductance 

C 0 = 3 . 8 1 ( Γ , / * / ) " 2 WKL5-r2) (3.150) 

The conductance of the trap (fig. 3.7) is given by 

1 1 1 1 1 1 1 1 
~r =~F~ + 7 ^ + 7 ^ + 7 ^ + 7 ^ + yr + pr (3.151) 

For a trap having rt = l cm; r 2 = 3 c m ; L 1 = 3 cm; L 2 = 7 cm; L 3 = 8 cm; L 4 = 
1 0 c m ; L 5 = 6 c m , Γ 1 = 2 9 3 ° Κ ; and Γ 0 = 77°Κ, it results that the conductance for 
air of the whole trap is C = 3 . 1 liter/sec, mainly determined by C A, C B and C 5, 
since the other conductances are relatively large. 

3.4.4. Molecular flow - optical baffles 

Baffles are systems of cooled walls, or plates placed near the inlet of vapour 
pumps to condense back-streaming vapour, and return the liquid to the pump. 
In order to increase their efficiency for condensing the vapour, the baffles are 
constructed in such a way that no molecule can traverse them without colliding 
with the wall. They are called optical baffles, since they are opaque for light rays 
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(transmitted in a straight line in any direction). Baffles are constructed with straight 
parallel plates (fig. 3.14), or with concentric plates (fig. 3.15). The conductance of 
cryopumping arrays (baffles) was calculated by Hamacher (1976). 

Conductance of baffles with straight plates. Consider a baffle having straight 
V shaped plates (chevron), inclined at an angle y to the vertical (fig. 3.14) and 
spaced from each other at a distance p. The plates cross the circle of their en
closure, thus their lengths differ with their position. In order to calculate the 
conductance of the baffle, each space between adjacent plates can be considered as 
a duct with rectangular cross section. These ducts have a cross section of sides a 
and b while their length is L. We have 

where η is the serial number of the plate 1, 2, 3. . . (fig. 3.14), JVthe total number 
of equidistant plates and D the diameter of the baffle. 

The conductance of an opening between adjacent plates will be (eq. 3 .110) 

L=L'/cos γ (3.152) 

b=p cos γ (3.153) 

The side an will be of a length 

an = {l-[\-(2nlN)Yy<* D (3.154) 

Cn = 9.71 χ 103 

(an + b)L, + 2.66anb 
(3.155) 

D 

Fig. 3 . 1 4 Parts of a baffle with straight plates. 
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where an (eq. 3.154), b (eq. 3.153) and Kn, the correction factor Κ (table 3.5), 
for b/a=b/an. Le is the equivalent length of the elbow, given as in eqs. '(3.127) 
and (3.130) by 

where L is the axial length (eq. 3.152). 
By combining eqs. (3.152-3.156), the conductance C of a baffle as shown in 

figure 3.14 is calculated as 

The application of eq. (3.157) to a baffle of D = 25 cm, N=\0 plates, bent at 
an angle of 90°, (y=45°) and Z/ = 5 cm, leads to a conductance for air at room 
temperature of 2400 liter/sec. 

Conductance of baffles with concentric plates. Consider a baffle constituted of 
concentric plates as shown in fig. 3.15. The conductance of each annular 
opening left between the concentric plates, can be calculated by using eq. (3.118). 

Lt=L+\.33[(180-2y)/180] [2 an b/(an+b)] Kn (3.156) 

η (3.157) 1 

Fig. 3 . 1 5 Parts of a baffle with concentric plates. 

The annulus nu.iiber η (from the center), has an inner radius 

r{=np + / tg γ (3.158) 

and an outer radius 

r0 = (n+l)p+ltgy (3.159) 
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thus the perimeter is 

Β„=2π [p(2n + 1) + 2 / t g y ] 

and the cross section 

Α„ = π (ri+r0)p = np[p(2n + l ) + 2 / t g y ) 

The conductance is given by eq. (3.118) 

J(KonA/)] dL 

(3.160) 

(3.161) 

(3.162) 

The factor Kon (table 3.6) depends on the value of ityA,=/·;//·<,. The value 
rjr0 varies from 0 to £ for the first annulus, from J to § for the second, from 
§ to § for the third, etc. According to table 3.6, K0 varies in such a way that 
for each annulus it can be assumed as varying linearly, i.e. 

Kno = «n + ßn W) 
Thus the quantity in the integral can be expressed as 

Bn 2π [ρ Ο + 1) + 2 / tg y] 

(3.163) 

Κ A
 2 

It results that 

[ α . + βη l/L] η2 ρ2 [ρ (2η + 1) +21 tg y ] 2 

2 

π/>2 [ « . + β„ 1/L] [ρ (2η + 1) + 2 / tg y] (3.164) 

Bndl 
\0ΚοηΑ/ 

np*[2oLnXgy-(ßJDp(2n+\)] 
In p(2n + l) + 2 / t g y 

«. + ß.lll< 
(3.165) 

Thus 
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r 4 2 a„ tg yL - ßnp(2n + 1) 
IL 

In { [ απ/(α„ + / ? „ ) ] [ ! + 2Ltg y//> ( 2 λ + 1) ]} 
(3.166) 

In order to account for the elbow, instead of L, the effective length L e is to be 
considered (eq. 3.130) 

£ e = ( L / c o s y ) + l .33 [(180-2y)/180] ρ Kno (3.167) 

The total conductance of the baffle is the sum of the conductances C„. 

3.4.5. Molecular flow - seal interface 

Roth (1967) has given a model for the mechanism of the sealing process between 
two surfaces which are compressed on each other. In this model the roughness 
of the sealing surfaces is considered to be constituted of flat equilateral pyramids 
which penetrate into the opposite surface or are flattened and leave between them 
leakage paths, as shown in fig. 3.16, 

Fig. 3 . 1 6 Model of the interface sealing process. After Roth (1967). 

The groove between two adjacent pyramids is called unit groove. The total 
conductance of the seal is regarded as the result of the series-parallel connection 
of all the unit grooves. 

The cross section of the unit groove varies along the groove as shown in fig. 
3.17. The unit groove consists of two parts connected in series. The first part 
(between fronts 1 and 3) has a profile changing with the distance L. The second 
part of the unit groove (between fronts 3 and 4, fig. 3.17) has a constant cross 
section. If Ct is the conductance of the first part of the groove, and C 2 is that of 
the second part, the conductance of the unit groove of length /, will be given by 
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since the length / of the unit groove is formed by the series connection of two 
parts C x and of two parts C 2 . 

For part 1 of the groove the perimeter Bl9 and the cross section area At are given 
by 

^ = (4/tg <x)^+2[ ( l / cos a ) - l ] L 

At=2 A2jXg a - 2 AXL+L2 tg a 

thus 

^li**BjA*àL = 

_ 1 + 1/cosa ^ ^ a r c t g t C L t g a - ^ , ) / ^ ] 
<4*/tga 1 

= [l π (I + 1/cosa) + 1]ΙΑ* 

and the conductance is 

(3.169) 

(3.170) 

Fig. 3 . 1 7 Cross section of the unit groove. After Roth and Amilani (1965). 

(3.168) 1 /C / =2[ (1 /C 1)+(1 /C 2) ] 
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Ci = I v a v ( d ^ " 1 = I v a v I π (1 + 1/cos a) + 1] (3.171) 

For part 2 of the groove the perimeter is 

B2 = 1 + _L\ (3.172) 
tg a \ cos a / 

and the cross section area 

A2= A?j\goL (3.173) 

hence the conductance C2 of this part is given by 

J 2 A 3 
Q = 4 v 2 = 4 v - — (3 174) 

2 T av B2 (|/ - AJtg a) * av 2 (1 + 1/cos oc)A(l + A JA) ' ' 

the conductance of the unit groove will be (eq. 3.168) 

' F av 4 (1 + 1/cos α) 1 - 0 . 3 6 ( 4 ^ ) ' 

It was found that the total conductance of a contact seal is 

C = In Q/ln (rjr,) (3.176) 

where rQ and rx are the outer and inner radius of the annular sealing interface. 
Therefore 

C
 = *

V
" T - T T \ ΑηΎϊί

Α)
* λ V -0.36 A JA)-1 (3.177) ln i r j r j ) 4(1 + 1/cos α) 

The penetration AJA was found to be a function of the tightening pressure P, 
and the sealing factor R of the gasket material 

AJA=exp (-P/R) (3.178) 

Equations (3.178) and (3.177) permit us to derive the basic equation of the sealing 
process 
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C = 1.93 x 104 

ln(rjrd 8.12 [ 1 - 0.36 t~plR 

2π Α2 Γ e " 3 P /ß 

(3.179) 

where A is the peak to valley height of the initial surface roughness (fig. 3 .16; 
7 .16 ; 7.17). Values of R are given in fig. 7.19. 

3.5. Analytico-statistical calculation of conductances 

Davis (1960) and Levenson et al (1960; 1963) as well as Carette et al (1983) 
used the Monte -Car lo calculational method, for determining the conductance of 
simple and complex shapes. To make such calculations, individual histories of 
molecules entering the model are generated from a set of random numbers. When 
enough histories have been generated to satisfy the accuracy required, the 
calculation is terminated. 

The entering molecule is followed over its probable path. At each collision with 
the wall the molecule is assumed to be stopped and promptly reemitted. The 
molecule is then assigned random numbers to specify the velocity and direction 
after leaving the wall. The selection of direction is based upon Lambert's law 
of emission, i.e. the molecules leaving a unit area of the wall are distributed accord
ing to 

where IQ is the number of molecules leaving per second in a direction at an angle 
θ with respect to the normal to the surface, and In is the total number of molecules 
leaving the surface per second. The history of the molecule is followed until it 
either leaves the geometry or returns to the entrance opening. 

Davis, Levenson and Milleron use the conductance C 0 of the aperture to the 
geometrical configuration being investigated, as their reference. The computed 
and measured conductance C is related to CQ by the probability factor Pr 

The assumptions made in the calculations and the experimental conditions 
provided are : 

(a) Steady molecular flow exists. 
(b) Molecules enter the inlet aperture uniformly distributed over its surface. 
(c) The geometries under study connect effectively large volumes. 
(d) The probability of the molecules entering a solid angle is proportional 

to the cosine of the angle to the normal to the surface of the opening. 

7 6 / / n = c o s 0 (3.180) 

c/c0=pr 

(3.181) 
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(e) The walls are microscopically rough, so that molecules are diffusely reflected 
according to the cosine law. 

Consider a tube with two openings of area At and A2, through which particles 
are diffusing from infinite volumes at a net rate of Ν particles per second under 
steady-state conditions. If φ, and φ2 are the numbers of molecules striking unit 
area per second at A, and A2 then the number of molecules per second entering 
the tube at orifice 1 and orifice 2 are φ1Αί and φ2Α2. L e t P r l be the probability 
that a particle entering orifice 1 will leave through 2, and P r 2 the probability that 
a particle entering orifice 2 will leave through 1. The equation for the net flow 
of particles is then 

ΦιΑιΡτ1-φ2Α1 Pl2=N (3.182) 

When φι is equal to φ2 and the system is isothermal, JV=0, thus 

AiPtl = A2Ptl (3.183) 

Equation (3.183) shows that the probability P r for a molecule transmission is 
dependent not only on the geometry of the pipe, but also on the area of the orifice 
with which P r is associated. When the orifices at each end of a pipe have equal 
areas (independent of their shape) 

Prl=Pr2=Pr (3.184) 

If eq. (2.46) is applied, eq. (3.182) can be written 

ί v a vl ηγ A , P r l- i v a w 2n 2 A 2 P r 2 = Ν (3.185) 

Since % vavA is the volume flow rate of gas S=dVldt (eq. 2.48), through an orifice 
of area A, eq. (3.185) is written 

*i S t Prl-n2 S 2 Pr2=N (3.186) 

When nx is equal to n2, then # = 0 , and 

S i P t l = S 2 P r 2 (3.187) 

From eqs. (3.186) and (3.187), it results that 

S i P r i = S 2 P r 2 = S = t f / ( / f 1 - n 2 ) = C (3.188) 
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The quantity C is the conductance of the system. The Monte-Car lo method 
uses eq. (3.182) by assuming </>2 = 0. Let φιΑί=Κι the number of particles that 
enter the geometry per unit time through opening 1 ; then this method counts 
Ki and Ni to find Prl =N/Ki. 

The first geometry investigated is one which can also be determined by simple 
calculations. It is that of a tube of circular cross section, where the conductance 
can be calculated by eq. (3.108). The value of C 0 is in this case given by eq. 
(3.74). The value of Pr is in this case 

The Monte-Carlo computation, and experimental results shown in fig. 3.18, 
are in good agreement with eq. (3.189), especially if K' (eq. 3.109) is used instead 
of** (eq. 3.106). 

The second geometry investigated by Davis, Levenson and Milleron, is a 90° 
elbow (fig. 3.19). The Monte-Car lo computation and the experimental results 
show that the conductance of the elbow does not differ significantly from those of 
a straight tube (see eq. 3.130). Xu and Wang (1982) determined that the 
transmission probability PT has a minimum value for elbows of 5 0 ° - 7 0 ° . 

Results for the transmission probability of a cylindrical annulus are shown in 

Pr = C/C 0 = (3.81/2.86) [D*/(L+1.33D)] ( 1 /D2) 

= £ D/[L+ I D] = I (DIL) Κ -

Ο . 189) 

L/D 
2 3 

0.2 

0 2 6 8 
L/R 

Fig . 3 .18 Transmission probability PT for tubes with circular cross section. Continuous curve: 
calculated by using eq. ( 3 . 1 0 9 ) ; dotted curve: calculated by using eq. (3 .107) , points: M o n t e -

Carlo calculations; x-experimental values. After Levenson et al. (1960). 
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0 2 U 6 8 O l 2 3 Λ 5 6 7 
(A+B)/R=L/R L /D 2 

Fig. 3.19 Fig . 3-20 

Fig. 3 . 1 9 Transmission probability PT for a 90° elbow. Curves: calculated by using eq. ( 3 . 1 0 9 ) ; 

points: Monte-Carlo calculation; x-experimental values. After Levenson et al. (1960). 

Fig. 3 . 2 0 Transmission probability PT of annular pipes. After Levenson et al. (1963). 

fig. 3.20. Eq. (3.72) becomes for an annulus 

C 0 = 3.64 (TIM)1'2 (π/4) ( Z ) 2

2 - Z ) 1

2 ) = 2.86 ( 7 / M ) 1 /2 (D2

2-D2) (3.190) 

while eq. (3.99) gives 

C = 3.81 (TIM)112 (Dz-D,)2 (D2-\-Di) KJ[L+1.33 ( Ζ ) , - ^ ) ] (3.191) 

thus 

P r = C/C 0 = (3.81/2.86) (D^D,) KJ[L+l.33 {D2-Dx)] (3.192) 

Values of PT computed by the Monte-Car lo method are shown in fig. 3.20. 
The results for two geometries commonly used in optical baffles are shown in 
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Fig. 3.21 Fig. 3.22 

Fig . 3 .21 Transmission probability PT of baffles with straight plates. Curves: calculated; 
x-experimental values. After Levenson et al. (1960). 
Fig. 3 . 2 2 Transmission probability PT of baffles with chevron geometry. Curves: calculated; 
x-experimental values. After Levenson et al. (1960, 1963). 

figs. 3.21 and 3.22. It can be seen that the transmission probability Pr does not 
increase significantly for geometries having ratios a/b greater than 5. Further
more, the 60° angle in both these cases is shown to have better conductance pro
perties than the 45° and 30° angles. The chevron geometry, fig. 3 .22, has appro
ximately half the value of PT9 for corresponding values of angle and a/b. Trans
mission probability PT has a maximum value of 0.28 (fig. 3.22) for an aperture 
that is completely covered with the best chevron arrangement. In a practical case 
cooling tubes for liquid nitrogen or other refrigerant will be attached to the baffles 
with the result that the effective area will be somewhat reduced. Considering these 
factors, a realistic value of ^ = 0 .2 , results for a carefully designed chevron 
baffle. 

The results for another geometry are shown in fig. 3 .23. This geometry offers 
considerable improvement in transmission probability Piy over the value obtain
able from the chevron type geometry. 

Furthermore, the blocking plate between the two openings provides a possibility 
of using this configuration in a baffle-valve combination. This allows us to avoid 
the additional impedance that would be brought into the system by adding a 
valve in series. The valve action can be obtained by moving the blocking plate to 
either end of the tube and sealing it over an opening. 
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Fig. 3.23 Fig, 3.24 

Fig. 3 .23 Transmission probability PT of baffles with a circular blocking plate and two restricted 
ends. Curves: calculated; x-experimental values. After Levenson et al. (1960). 
Fig. 3 . 24 Transmission probability PT of baffles (fig. 3 .23 ) as used on diffusion pumps. Curves: 
calculated; x-experimental values. After Levenson et al. (1960). 

Figure 3.24 shows the values of Pr for various arrangements of this geometry 
in a diffusion pump system. Case A (fig. 3.24) is the same geometry as in fig. 3.23 
and case Β shows the probability PT for the particles to pass through the annulus 
between the jet-cap cover of the diffusion pump and the edge of the trap opening. 
Case C (fig. 3.24) simulates the use of this baffle geometry on an oil diffusion pump. 

Figure 3.25 shows results for another geometry which offers possibilities as a 
baffle-valve. The effect of using this geometry in a diffusion pump is shown in 
fig. 3.26. The value of Pr reaches a maximum for a value M/L=0.26. 

The results for another geometry that may be used as a baffle-valve combination 
are shown in fig. 3.27. 

The circular blocking plate has the same diameter as the orifices. This plate, 
in principle, can be swung to cover either of the orifices. The experimental results 
for this geometry show that high values of Pr can be obtained for values of 
WjD> 1.3. The variation of Pr with the arrangement of this geometry in a diffusion 
pump is shown in fig. 3.27. A bulged elbow containing a chevron array is also 
shown in fig. 3.27. 



Fig, 3.25 Fig. 3.26 

Fig . 3 . 2 5 Transmission probability PT of baffles with a circular backing plate and one restricted 
end. After Levenson et al. (1960). 

Fig. 3 . 2 6 Transmission probability PT of baffles (fig. 3 . 25 ) as used on diffusion pumps. After 
Levenson et at. (1960). 

From fig. 3.28 it can be seen that the bulged and cubic elbows have approxi
mately the same values of P r , for similar values of WjD. 

Figure 3.29 shows the average number of collisions in some geometries that 
require a minimum of one collision (optically opaque), as it results from the 
Monte-Car lo calculations. It can be seen that this number is at least 4. 

Calculations of the probability factor for various geometries and conditions of 
the flow have been published by Berman (1965, 1969), Moore (1972), Edenburn 
(1972), Berceanu and Ignatovich (1973), Gottwald (1973), Steckelmacher (1974), 
Van Essen and Heerens (1976), Füstös (1977), Henning (1978a), Steckelmacher 
and Henning (1979), Füstöss (1981, 1983), Xu and Wang (1982), Santeler 
(1986b), Santeler and Boekmann (1987b), Sagsaganskii (1988). 

A C o m p u t e r program for the design o f vacuum systems was published by 
Santeler (1987a). 

3.6. Intermediate flow 

3.6.1. Knudserfs equation 

The conductance of a tube in viscous regime (high pressures) is directly pro
portional (eq. 3.52) to the average pressure P9 and therefore at P = 0 the conduc-
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U - 0 . 8 U W - - ^ J 

Fig. 3 . 2 7 Transmission probability PT of bulged elbow baffles. After Levenson et al. (1960). 

tance should fall to zero. Equation (3.57) shows that as the pressure decreases, 
an additional term c2D

z should be added. Thus the conductance is given by the 
general equation 

C=(ciD*P+c2D*)/L (3.193) 

Knudsen gave to this equation the form 

C = * * ρ + i (2π R0 T/M)1/2 D*/L χ 
128?/ L 

χ [1 + (M/R0T)1/2 ΒΡ/η]/[ 1 + 1.24 (M/R0T)li2 DP/η] (3.194) 
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Fig . 3 .28 Transmission probability PT of cubic elbow baffles. After Levenson et al. (1960). 

F ig . 3 . 2 9 Average number of molecule-wal l coll isions for molecules passing through baffles of 

various geometries. After Levenson et al. (1960). 

THUS 

c>= ik, (3·195) 

c2 = 3.81 χ 103 (Tj M)m 

χ [1 + 1.10 χ 10-*(Μ/Τγ'*ΌΡ/η]/[1 + 1.36 χ 1 0 - 4( Μ / Γ ) 1 / 2 DP/η] (3.196) 
At small values of the average pressure P, the terms in the fraction in eq. (3.196) 

become small compared with unity, so that 

c 2 = 3 . 8 1 χ 1 0 3( 3 7 M ) 1 /2 (3.197) 

If this relation is compared with that resulting from eq. (3.57) 
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it results t h a t / = 0 . 7 4 . This means that at low pressures 7 4 % of the molecules are 
adsorbed and reemitted randomly, and 26 % are specularly reflected. 

At high pressures eq. (3.196) gives 

c 2 = 3 . 0 7 χ W(T/M)1/2 (3.199) 

Comparing eq. (3.199) with (3.57), it results t h a t / = 0 . 8 5 . 
Knudsen's results imply that the fraction of molecules adsorbed and reemitted 

changes slowly in the intermediate region. 
Eq. (3.194) gives the conductance in any regime, assuming that over the whole 

length of the tube L, the regime is the same (molecular, intermediate or viscous). 
The equations for flow in the transition range from slip to molecular flow were 

summarized and discussed by Thomson and Ovens (1975). 

3.6.2. The minimum conductance 

Eq. (3.194) can be written (Van Atta, 1968) 

y = ax+b 1±£? (3.200) 
l+dx 

where 

y = CL/D* χ=ΡΏ/η 
α = 3.27 χ IO" 2 0 = 3.81 ( Γ / Μ ) 1 /2 

c = 0 . 1 4 7 (MJT)112 rf=0.181 (MjT)112 

C (liter/sec); Ρ (Torr); D (cm); L (cm); η (poise); M (g); Τ (°K). 
Differentiating eq. (3.200) with respect to χ and setting the resultant equation 

equal to zero, the value of χ at which y has a minimum value is determined; this 
is 

Xn*n = [b(d-c)la-\]ld (3.201) 

thus 

(PDlnUn = 5.47 (77M)1 12 (3.202) 

and 

0 = 5.47 (TIMf2 η T o r r x m (3.203) 
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From eqs. (2.70), (2.18), (2.19) and (2.42) it results that 

η=0Α\7Ρ(Μ/Τ)1^ λ 

and from eqs. (3.204) and (3.203), we have 

Z>Mmin=0.63 

Since for air at room temperature (eq. 2.58) 

Aa ir = 5 χ \0-*/P 

it results that for air 

PminD=0.63 χ 5 χ 10"3 = 3.15 χ I O - 3 T o r r c m 

(3.204) 

(3.205) 

(3.206) 

According to eq. (3.205) the minimum conductance occurs when the mean 
free path of the molecules is 1.59 times the diameter of the tube. For A larger 

ü/λ 0.1 10 100 
π 1—ι—r ι η ι [ι 1 1—ι ι ι ι 111| ι 1 1—ι ι ' ι 1111 

I η ' 
Air 20°C 

Ρ D (Torr .cm) 

Fig. 3 . 3 0 / as a function of PZ> (eq. 3 . 225 ) , and the various characteristic values of the 
intermediate flow range. 
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than this value, the conductance increases asymptotically toward that given for 
molecular flow (eq. 3.93), and for λ values less than Xmin the conductance increas
es with increasing pressure and tends to become proportional to the pressure 
in the viscous flow range (eq. 3.53). This evolution is shown in fig. 3.30. 

3.6.3. The transition pressure 

In eq. (3.58), the transition pressure Pt is defined as the value of the pressure 
for which the viscous term cxPD* in eq. (3.193) is equal to the non-viscous term 
c2 D3. In the notation of eq. (3.200) this means 

ax = b 1 + C X (3.207) 
\+dx 

from which 

1 
X = 2al J {be -a)± [(be - a)2 + 4 abd]1/2 J (3.208) 

By using the positive sign (the negative is meaningless) and substituting the 
values for x, a, b, c , d as specified for eq. (3.200), it results that the transition 
pressure is given by 

Pt D = 95J (TjM)112 η T o r r c m (3.209) 

By using eq. (3.204), we have 

D/Xt = \\.\ (3.210) 

and for air at room temperature (eq. 2.58), we have 

P t 0 = 11.1 χ 5 χ 10" 3 = 5.55 χ IO" 2 T o r r c m (3.211) 

This means that for a tube of D=2 cm the transition pressure is 

P t = 2 . 7 7 χ IO"2 Torr 

According to the condition expressed in eq. (3.207) the transition pressure 
includes a mixture of viscous and non-viscous flow, where both are significant. 
As it can be seen in fig. 3.30, this point is situated somehow in the middle of the 
range of intermediate flow. 
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3.6.4. Limits of the intermediate range 

The limits of the intermediate range can be considered as being those where the 
contribution of one of the flow conditions predominates, e.g. where the contribu
tion of one of them is an order of magnitude more important than that of the 
other. 

Therefore the upper limit of the intermediate range, i.e. that above which the 
flow can be considered viscous, is given by 

ax = 10b—— (3.212) 
\+dx 

thus 

χ = ^ j (106c -a)± [(10 be - a)2 + 40 abd]1/2 J (3.213) 

Using again the positive sign, and the values of x, a, b, c, d (eq. 3.200), it results 
that the upper limit of the intermediate range is given by 

PUD = 942 (TjM)112 η T o r r cm (3.214) 

and (eq. 3.204) 

Z>/A„ = 111 (3.215) 

and for air at room temperature (eq. 2.58) 

P UD = 1 1 1 x 5 χ 1 0 - 3 = 5.55 χ 10" 1 T o r r cm (3.216) 

This means that for pipes of D = 2 cm the flow can be considered viscous, for 
p r e s s u r e s P u> 5.55 x 10-V2 = 2.8 χ 10" 1 Tor r . 

The lower limit of the intermediate range, i.e. that below which the flow can be 
considered molecular, is given by 

\+cx 
10 ax=b 

\+dx (3.217) 

which gives (similarly to eq. 3.213) 

Pi D = 10 (TIM)112 η T o r r x m (3.218) 
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and 

C V 1 -H (M/R0T)1/2 DP/η J = + ^_J_jlJ. '_J^_ ( 3 >223) 
C M 1 + 1.24 (M/RQT)1/2 DPIη 

where C V is the conductance for viscous flow (eq. 3.52) 

Π Ζ )
4
 -

C = — Ρ 
\2%η L 

in C G S units. 
For air at 20°C, the value of J becomes 

(3.224) 

1 + 2 7 1 DP + 4 7 9 0 (DP)
2 

y = i + mnP (3225> 

thus 

Ό\λι = 1.1 (3.219) 

and for air at room temperature 

PtD = 1.1 x 5 χ IO"3 = 5.5 χ IO"3 T o r r c m (3.220) 

From eqs. (3.220), (3.211), and (3.216), it results that 

">,, = 10 Λ and ~Pt = 0.1 Pt 

thus the intermediate range extends over two orders of magnitude of the pressure. A 
comparison is shown in fig. 3.30. 

3.6.5. General equation of flow 

Equation (3.194) can be written 

C = CmJ (3.221) 

where C M is the conductance for molecular flow (eq. 3.92 

C M = Q) [In RQT/M]^2 (D*/L) C G S units (3.222) 
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Figure 3.30 shows the values of / for air at 20°C in a log-log diagram. On the 
same diagram the various PD values, and D/λ values are also plotted. In this dia
gram it can be seen that / = 1 for very low pressures, drops slowly t o / = 0 . 9 6 for 
Pmin D, increases to / = 1.7 at PtD, and further increases to J=9 at PUD. The 
diagram also shows that from a constant value J= \ for the molecular range (where 
the conductance is independent of the pressure), the value of J tends at high pres
sures to be proportional to the average pressure (viscous flow). 

3.6.6. The molecular-viscous intersection point 

As it can be seen in fig. 3.30, the line representing the viscous flow intersects 
that of molecular flow at a point i. Roth (1972) has shown that the position of this 
point is specific for the kind of gas and its temperature. 

The molecular-viscous intersection point i corresponds to C v = C m , where C v 

is the conductance for viscous flow (eq. 3.224) and C m is that for molecular flow 
(eq. 3.222). Therefore 

C v / C m = [6π/(128 if)] [Μ/(2κ RQT)]«* DP^l 

from which 

^Z> = 17 if (R0T/M)1/2 in CGS units (3.226) 

or 

P{D = 116 (TIM)1/2 η T o r r x m (3.227) 

and by using eq. (3.204) 

Ό/λ=\3.5 (3.228) 

For a/V(eq.2.58) at 20°C 

PiD = 13.5 χ 5 χ 10 - 3 = 6.7 χ IO" 2 T o r r x m (3.229) 

Figure 3.30 shows point i at this value. Roth (1972) expressed the whole range 
of molecular-intermediate-viscous flow, in terms of the PXD value, with the aid 
of the ratio 

6=PDI(PD\ (3.230) 
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By including eq. (3.230) in eq. (3 223) the f ac to r / becomes 

1 + 17(5 

7=* + T+277 <3-231> 
an equation which is valid for any gas at any temperature. 

Figure 3.31 shows the plot of / as a function of PD for air and helium (accord
ing to eq. 3.223), as well as a scale o f 5 . l t can be seen that the same <5 scale is valid 
for all the gases, thus for δ = 1 ; / = 1.82 both for air and helium. Since for air at 
20°C, PtD=6Jx ΙΟ"2, δ = 2 will correspond to 

Ρ D = 2x6.1 χ IO"2 = 1.34χ IO"1 T o r r c m 

the value at which 7 = 2 . 8 1 . 

For helium at 20°C, PiD = \.9x 1 0 _ 1 T o r r c m (eq. 3.227), thus for δ = 2, PD = 2 χ 
1.9x 1 0 - ! = 3.8X10"1 T o r r c m . A t this value(fig.3.31)the7forhelium i s a ! s o / = 2 . 8 1 . 

D ρ (Torr, c m ) 

Fig. 3 .31 J and 8 as a function of DP for air and helium at 2 0 ° C . After Roth (1971) . 
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3.6.7. Integrated equation oj flow 

Equations (3.194), (3.223), (3.225), and (3.231) are valid only in cases where 
the flow is of the same kind (molecular, intermediate, viscous) over the entire 
length of the tube. If the case is not this, the equations can be used for each portion 
of the tube where the flow regime is the same. 

Considering a short portion of the tube where the variation of the pressure is 
dP, eqs. (3.221), (3.230), and (3.231) give the throughput as 

- / 1 + 1 7 ( 5 \ 
QdL = CmLJdP = C m PXL y δ + Y^TÜTS) ΆΔ <3·232) 

By integrating it results 

ô = ià* + }2{o + 9 x IO" 3 In ( 1 + 2 1 5 ) (3.233) 
C Ρ 

instead of the nonintegrated value which results from eq. (3.231), which is 

ϊ=[δ + ΤΤ^)δ = δ2+Τ+ΊΓδ (3.234) 
CmP: 

Equations (3.233) and (3.234) are plotted on fig. 3.32. on which it can be seen 
that while the molecular-viscous intersection point corresponds to 5 = 1 using 
nonintegrated values, this point appears at 5 = 2 if integrated values are considered. 
Since measured values of the throughput always reflect integrated values, ex-
perimentally obtained data should be compared only with eq. (3.233). 

Based on eq. (3.230), we obtain 

Ρ,=Ρ,β=Ρνμ (3.235) 

where P{ is the average pressure at point i (nonintegrated), P{ is the inlet pressure 
(nonintegrated; outlet pressure negligible), and Pu is the effective inlet pressure 
(integrated). 

From eqs. (3.226), (2.71), (2.41) it results that 

PXD = 3.\ χ ΙΟ" 1 9 Τ/ξ2 T o r r c m (3.236) 

where ξ is the molecular diameter of the gas (cm). By using eq. (3.235), we have 
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Fig. 3 . 32 Usual (nonintegrated) and integrated values of the flow. After Roth (1971). 

P l iD = 1 . 2 4 x l O - 1 8 Τ/ξ2 (3.237) 

where Pu is the inlet pressure (the outlet pressure being negligible). From eqs. 
(3.237) and (3.222) it results that the position of the molecular-viscous intersection 
point i is given by 

LQi=llP*n (3-238) 

where 

/ = 7.2 χ ΙΟ- 5 4 Γ 3 δ/ Μ 1 / 2 ξ 6 (3.239) 

Figure 3.33 shows the values of the intersection constant I, for various gases 
as a function of their temperature. 
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Ê 

1 J 

I O " 4 

2 D 

N-3. 

100 2 0 0 3 0 0 4 0 0 500 

Τ ( ° K ) 

Fig . 3 . 3 3 Value of the intersection constant / as a function of the temperature Τ for various 
gases. After Roth (1971). 

By plot t ingLÖ [Torr* liter/sec cm] as a function of the effective inlet pressure Px 

and representing the lines of molecular flow (slope 1), those of viscous flow (slope 
2) and the lines on which the molecular-viscous intersection point should be 
(eq. 3.238), a graph as that shown in fig. 3.34 is obtained. In the example shown on 
fig. 3.34 for a capillary of diameter Z> = 1 0 - 3 cm, the intersection point for air is 
at a, which corresponds to Pu =260 Torr. For helium the same pipe has the inter
section point at b (about 760 Torr). For hydrogen the intersection point is at c. 

The relative positions of the curves illustrate the ratios which exist between the 
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Fig. 3 . 3 4 Flow diagram for air, hydrogen and helium showing the places o f their molecular-
viscous points. After Roth (1971). 
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Table 3.8. 
Conductance for various gases. 

Gas C'gas/C'air 

Molecular Viscous 

Hydrogen 3.78 2.1 
Helium 2.67 0.93 
Water vapour 1.26 1.9 
Argon 0.85 0.82 
c o 2 0.81 1.30 
Mercury vapour 0.38 

conductances of a duct for flow of various gases (table 3.8). It can be seen that 
while in molecular flow the throughput (conductance) for helium is higher than 
that for air, in viscous flow the opposite is true. For C 0 2 the conductance ratio 
CGAS/QIR is < 1 in molecular flow, and > 1 in viscous flow. 

3.7. Calculation of vacuum systems 

3.7.1. Sources of gas in vacuum systems 

A vacuum system is the assembly of the components used to obtain, to measure 
and to maintain the vacuum in a chamber, or device. Any vacuum system is made 
up of a pump (or pumps), gauges and pipes connecting them together. The system 
contains also valves, traps, motion seals, electric lead-throughs, etc. Figure 3.35 
shows a typical vacuum system. 

In order to express the behavior of a vacuum system, the various sources of 
gas existing in it must be considered as being at any moment in equilibrium with 
the pumping action of the pumps on the system. 

It can be considered that the sources of gas in a vacuum system are: 

(a) The gas molecules of the initial atmosphere enclosed in the system ( 0 , 
(b) The gas which penetrates into the system as a result of leakage (QL) (see 

§3.7.6; 7 . 3 ; 7.4), 
(c) The gas provening from the outgassing of the materials in the system (QD) 

(see §3 .7 .6 ; 4.4), 
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F i g . 3 . 3 5 Vacuum system. (1) rotary (backing) pump; (2) moisture trap; (3) air admittance 
valve; (4) throttling valve; (5) backing line;(6) roughing valve; (7) roughing line; (8) Pirani gauge; 
(9) backing valve; (10) diffusion pump; (11) baffle valve; (12) vacuum chamber; (13) electric 

lead-through; (14) shaft seal; (15) Penning gauge; (16) window. 

(d) The gas (or vapours) resulting from the vapour pressure of the materials 
( ß v ) (see §4.1), 

(e) The gas entering the system by permeation through walls, windows ( β ρ ) 
(see §3 .7 .6 ; 4.2). 

The quantities of gas resulting from sources (b) to (e) are functions of the 
construction of the system. For the present discussion we consider the totality of 
the gas resulting from these sources (QG) 

QG = QL+QD+QV+QV (3.240) 

as being constant (for the time interval which we consider). 



( § 7 ) CALCULATION OF VACUUM SYSTEMS 125 

Hoffman (1979) evaluates the sources of contamination (gas load) in diffusion-
pumped systems. References for the evaluation of the gas load due to electron or 
ion bombardment are given in §4.4.3. 

3.7.2. Pumpdown in the viscous range 

We assume that the pumping speed of the pumps SP is a constant in the range 
considered. According to eq. (3.28), the pumping speed obtained through the con
ductance C of the pipes connecting the pump to the chamber is 

S = S p C / ( S p + C ) or 1 / S = ( l / S p ) + ( 1 / C ) (3.241) 

If the pressure is high enough for viscous flow the conductance of the pipe 
is given by equations of the form of eq. (3.52) ; 

C = ( T C / 1 2 8 ) [D*ftiL)]P=EP=E(P+Pp)!2 (3.242) 

where £ = ( π / 1 2 8 ) [Z)4/(>?£)1; Ρ is the pressure in the vessel and Pp is the pressure 
at the inlet to the pump. 

By substituting eq. (3.242) in (3.241), we have 

S=SpE[(P+Pp)/2]/[Sp+E(P+Pp)/2] (3.243) 

and the throughput (eq. 3.24) 

Q =PS=P SP Ε [(P+Pp)/2]/[Sp+E(P+Pp)/2] = — V (dPIdt) (3.244) 

where we used P{dV/di) = - V(dP/dî) when PV — const. QG is neglected, since it is 
very small compared to Q. 

Since Pp is also a function of Ρ we have to write 

Q=PPSP=-V(dP/dt) (3.245) 

based on the fact that the throughput is the same in the chamber and at the pump. 
From eq. (3.245), it results that 

P = - ^ ( ¥ ) (3-246) 

By introducing this value in eq. (3.244), we obtain 
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/ V\2 (άΡγ 2V (dP\ 
(3.247) 

By putting A =2V/E and B=(V/SP)
2 and solving eq. (3.247) we have 

dP - A ± (A2 + 4BP2)1'2 

dt - 2B (3.248) 

Since the pressure decreases in time, only the solution dP/dt < 0 is real, thus 

dP 
2B 

A - (A2 + 4BP2)112 = dt (3.249) 

or 

A + (A2 4 - 4BP2)112 

~ 2 B -4BP2 dP = d t 

By integrating eq. (3.249) we obtain 

'(A2]4B + P2)112 A - U 
In [Ρ + (A2/4B + Ρ2)112] \ +K (3.250) 

For / = 0 , P=P, (initial pressure), and 

Κ = J Β J In [Pi + (/f 2/45 + ί.»)»/»] -
(A2/4B + P-2f'2 

2P, ( 3 . 2 5 1 ) 

Since 

it results 

- - i n - i _ + 1 f [ ( S p / £ )
2
 + Ρ ψ

2
 l(Sp/E)

2
 + Ρ,ψ

2 + 
+ - Ϊ Γ 1 I n 

Pi + KSJE)2 +Pi

2]V2_ 
1/2 (3.252) 
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This equation is plotted for air in fig. 3.36, by using as a parameter the value 

Ζ)4/Ζ< = 028/π) η £ 

and considering P=\W dyne/cm 2 (760 Torr), and P = 102 dyne/cm 2 ( 7 . 6 x l 0 ~ 2 

Torr), i.e. the pressure range in which usually the flow is viscous. If a volume of 
K=100 liter is evacuated by a pump of Sp=2 lit/sec through a pipe D=2 cm and 
L = 200 cm, then Z>4/£ = 8 χ IO"2. On the curve 8 χ 10" 2, for 5 D = 2 , it results t/V 
= 6 sec/liter. Thus the time required for 100 liter is t = 600 sec. If the volume is con
nected directly to the pump, the line D*/L=oogi\est/V=4.5 sec/liter, thus i = 4 5 0 sec. 

It is interesting to mention that if the pump is connected directly to the vessel, 
L = 0 . thus £ = o o , eq. (3.252) becomes 
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Fig. 3 . 3 6 Time required to decrease the pressure from 760 Torr to 7 . 6 X 1 0 ~
2
 Torr in a volume 

K(/), connected by a pipe of diameter D(cm) and length L(cm) to a pump of pumping speed 
5 p( / / s ) . After Delafosse and Mongodin (1961). 
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t = (V/Sp) In (PJP) 

an equation which also describes the pumpdown time in molecular flow where the 
conductance is not a function of the pressure (eq. 3.269). 

Empirical equations for the pumpdown in the pressure range 0.5-10 Torr were 
presented by Heap (1973). Using equations and computer programs, pumpdown 
curves were calculated by Kraus (1982), Liversey (1982) and Santeler (1987a). 

3.7.3. Pumpdown in the molecular range 

The pumpdown in the molecular range is limited by the equilibrium between 
the gas load and pumping speed in the pump itself, as well as by this equilibrium 
in the vacuum chamber (see §3.7.6). 

The gas load Q0 of the pump itself is constituted by the leakage into the pump, 
and the backstreaming of the pumping fluid. If the theoretical pumping speed of 
the pump is St, the throughput will be 

where Pp is the pressure at the inlet of the pump. The lowest pressure of the pump 
P0 will be obtained when ß = 0 , thus (eq. 3.253) 

At the vacuum chamber, the pumping speed is S=SPC/(SP+C)9 and the gas 
load in the chamber is QG. 

The throughput at the chamber is 

Q=StPp-Q0 = StPp(\-QJStPp) (3.253) 

Q0=stP0 
(3.254) 

The real pumping speed of the pump Sp is given by 

(3.255) 

Q = Sp^PSp C/(Sp+C)= - V(aP/àt)+Q{ 
G (3.256) 

From these equations it results that 

Q=-V(âP/dt) + QG=Si(Pp-P0) (3.257) 

and since 
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V p = S Ρ = [SP C/(SP+C)]P (3.258) 

it results that 

at 1 + (SJC) dP 
V ST Ρ - [1 + (SJC)] P0 - [1 + (SJC)] ( Q G/ S t ) 

(3.259) 

from which the time required for lowering the pressure in the chamber from P{ 

(initial) to Ρ is 

t - (VISt) [1 + (SJC)] In p - [ l + i s p I C ) ] P 0 - [ l + (SpIC)](QGlSl)
 (3-26°> 

and the pressure reached after time t is 

Ρ = {Pi - [1 + (VQ]P„ - I1 + OWL (Ô« / 5. ) } 
x exp { - (S t /F ) ί/ [1 + (SJC)]} + [l+ (SJC)]PQ + [1 + (SJC) ] (QQ/St) 

(3.261) 

If the conductance C is very large, i.e. SJC ^ 1, and the ultimate pressure 
at the pump due to the gas load is P'u — QGISt, then eqs. (3.260) and (3.261) can 
be written 

V P,-P0- P'u 

' = jt ^P-PI-P^ <3-262> 

P = (Pi-P0- P'u) exp [ - (SJ V)t] +P0 + P'U (3.263) 

When a conductance C connects the pump to the chamber, the ultimate pressure 
in the chamber due to the gas load is 

Pu = QJS = Ôo (Sp + C)I(SPC) = [1 + (SJC)]P'J[Ï - (PJPP)] (3.264) 

Introducing eq. (3.264) in eq. (3.260) 

Ρ, - [1 + (SJC)]P0 - [I - (PjPD)]Pa 

and for a system where the lowest pressure of the pump PQ is very small compared 
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to PU (and PP) 

t = {VIS,) [1 + (SJC)] In Ù-
 P

" 
(3.266) 

By integrating eq. (3.256) where we consider Sp a constant, and independent of 
P , it results that 

and 

* [ 1 + (SJC)] In A—̂  

P=(P-PU) exp {-(SJV)t/[\+(SJC)]} + PU 

(3.267) 

(3.268) 

This equation shows that after a very long pumping time, the pressure tends 
toward the ultimate pressure P u , determined (eq. 3.264) by the gas load. Thus 
eq. (3.268) describes the transient pumpdown 

P=PX exp [-(S/V)t] (3.269) 

as well as the steady state 

P=PU = QG/S (3.270) 

This later can result in a constant ultimate pressure (fig. 3.37) if QG=const 

Fig. 3 .37 Pumpdown and steady state. 
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(e.g. leak), or in a pressure decreasing with time (e.g. outgassing). 
Figure 3.37 also shows the meaning of the various time constants, i.e. the values 

of the pumping time which reduces the pressure by a given ratio. The time requir
ed to reduce the pressure to e'1=0.367 from its original value is 

T = V/S (3.271) 

The "half-life" or the time to reach one half of the initial pressure is given by 

τ 1 / 2= 0 . 6 9 3 (VjS) (3.272) 

while the time required to reduce the pressure by a decade is 

t 1 / 1 0= 2 . 3 ( F / 5 ) (3.273) 

In vacuum systems, where the gas load is due to outgassing, it was determined 
(Edwards 1977a, b , 1979a) that the upper limit of the pressure P m a x (Torr) can be 
expressed by P m a x = 1.7 Χ 10~5 Aj(S-t), where A (cm2) s the geometric wall area, 
S (lit/sec) the pumping speed and t (sec) the pumping time. 

Pumpdown computations in space chambers were published by Hamacher 
(1976). The Spacelab permits the evacuation by connecting the vessel directly to 
the outer space; the ultimate pressure which can be achieved is much higher 
(Hamacher, 1977) than that in the outer space, since the pumping has to be done 
through connecting pipes, orifices, etc. Hobson (1977) discusses the methods which 
can improve this ultimate pressure. 

3.7.4. Steady state with distributed gas load 

The steady state pressure in a vacuum chamber is given by the simple relation 
eq. (3.270). If the gas load is distributed along the pipe, a case which appears 
due to the outgassing of the surface, then the steady state is characterized by a 
pressure gradient along the pipe. 

Consider that the pump (fig. 3.38a) evacuates a pipe of conductance C, closed 
at the end. Let the specific outgassing rate be qD (e.g. Tor r l i t e r / seccm 2) . The gas 
load due to an elementary length dx (fig. 3.38) will be 

-dQ=qDBdx (3.274) 

where Β is the perimeter of the tube cross section, and the minus sign shows that 
the gas flows towards — x. 
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Fig. 3.38 Distributed gas load (a) in system closed at one end; (b) in long (open) system. 

The throughput through the length dx is 

Q = C(L/dx) dP (3.275) 

thus 

d2P 
dQ = CL dx 

dx2 (3-276) 

By the equality between eqs. (3.276) and (3.274) we have 

d*P/dx2 = —qDB/(CL) (3.277) 

thus 

dP/dx = - [qD B/(CL)] x + Kl (3.278) 

Since at the closed end of the pipe x=L, and (dPjdx)L=0, it results that A^ = 
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qDB/C, and therefore 

UP lax = - [qD B/(CL)] χ + qD B/C (3.279) 

and 

P* = - [<7d B/(2 CL)]X*+(C!D BJC) X + K 2 (3.280) 

At the inlet of the pump, where x=0, the pressure is 

PQ=qOBL/Sp = K2 (3.281) 

Finally, the pressure at a distance χ along the pipe is 

P, =qa B[(LIS0) + (x/C) - x*/(2 CL)] (3.282) 

which shows that the distribution is parabolic, being maximum at the closed 
end, i.e. 

PL=qDBL[(\/Sp)+\/(2Q] (3.283) 

The pressure drop is 

PX-PO=VD B[(X/C)-X*/(2 CL)] (3.284) 

PL-P0=qDBL/(2C) (3.285) 

It can be seen that the pressure drop is independent of the pumping speed, i.e. even 
if the pump is extremely large, the pressure will not drop below the values given 
by eqs. (3.284) and (3.285) . 

For this reason, the pumping of long ducts (e.g. accelerators) must be done by 
placing a number of pumps along the duct. The number of pumps, the kind of 
pumps and the pressure drop are connected by eqs. (3.281-3.285). 

If the kind of pump is known, the spacing L P between adjacent pumps (fig. 
3.38b) results from eq. (3.281), as LP=P0 Sp/(qDB). By using then L=Lp/2 in 
eq. (3.285) the pressure drop is obtained. 

If the pressure drop (fig. 3.38b) PL—P0 is given, the distance between pumps 
L P= 2 L , r e s u l t s from eq. (3.285) by introducing in this equation the conductance 
C according to eq. (3.92). The value L P determines then in eq. (3.281) the kind 
of pump (P09 S p) to be used. 

If the pressure drop ratio (PL-P0)/P0 is given, it results from eqs. (3.285) and 
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(3.281) that (PL -P0)/P0 = S P/(2C), which determines the pumps (P 0, 5 p) for a given 
conductance (dimensions, distance) or the distances for a given kind of pump. 

The calculation of the pressure drop in systems with distributed outgassing (e.g. 
storage rings) is discussed by Welch (1973), Calder (1974), Blechschmidt (1977, 
1978), Blechschmidt and Unterlerchner (1977), and Miyahara (1986). The calcu
lations of the pressure profiles in systems with "pumping" walls, have been 
discussed by Gottwald (1973) for cases of chemical reactions, by Gajewski and 
Wisniewski (1977) for condensation, and by Smith and Lewin (1966); Paul 
(1973a) for wall sorption; Paul (1973a) and Saksaganskii (1988) for adsorbing 
walls. 

Complex vacuum systems such as those having distributed gas loads can be 
analysed by using the electronic circuit simulation. The subject is discussed by 
Ohta (1983), Kendall (1983b). Wilson (1987) summarizes the correspondences 
between vacuum quanti t ies /uni ts and electrical quanti t ies /uni ts as listed in table 
3.9. 

Table 3.9. 
Vacuum vs electrical quant i t i e s /un i t s . 

Vacuum Electrical 

Quanti ty Sym Unit Equa Quant i ty Sym- Uni t Equa
bol tion bol t ion 

Pressure Ρ Torr Potential Ε V 
Flow Q Torr - *?/s Q = SP Current I A I = (L/R)E 
Pumping Conduc
speed S / / s tance L/R 1/Ω 
Conduc

Λ VDP (1 /Res is t . ) CDE 
tance 1 DT 
Volume V é Capaci C F 

tance 
Speed 

Torr · s „ KDQ Induc H = - LDL 
constant Κ Torr V / s DT tance L V s / A 

3.7.5. Nomographic calculation of conductances and pumpdown time 

Many nomograms were built for the calculation of the conductances, pumping 
speed and pumpdown times. We will show here just the most typical ones, built 
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Fig.3.39 Nomogram for the evaluation of pumping systems in the viscous flow range, for air, 20°C. After Harries (1949). 
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Nomogram for determining the conductance of pipes in the molecular flow range, for 
air, 20°C. After Delafosse and Mongodin (1961). 

for the evaluation of the system in viscous flow, molecular flow and the inter
mediate range respectively. 

For the evaluation of the pumping speed in viscous flow, the nomogram of 
Harries (1949) shown in fig. 3.39 is the most known one. This graph is based on 
eq. (3.54). It shows how the pipe (with a diameter D, and length L) must be dimen
sioned for a pump with a pumping speed Sp at inlet pressure P, so that 
the pumping speed at the vacuum chamber is 0.3 5 P . If three of the factors Sp, 
P, L, D are known, the fourth can be found from the nomogram (fig. 3.39). The 
example shows that the line joining L=9 m and D = 5 cm, intersects the A scale 
at a given point. For an inlet pressure of P=0.1 Torr, a second straight line extend-
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Fig. 3 .41 Nomogram for determining the conductance of pipes in the whole pressure 
air, 2 0 ° C . After Delafosse and M o n g o d i n (1961). 

J - 1 

range, for 

ed from 0.1 Torr, through the point found by the first line on scale A, shows that 
the maximum admissible pumping speed Sp should be 60 m 3/hr . 

For the evaluation of the conductance of (short) pipes in the molecular range, 
Delafosse and Mongodin (1961) published the nomogram shown in fig. 3.40. 
The nomogram is based on eqs. (3.94) and (3.104), and gives the correlation 
beween the length L of the pipe, its diameter D, its conductance C, and the corres
ponding correction K' (eq. 3.109) for the short pipe. The example shown in the 
nomogram (fig. 3.40) evaluates the required diameter D, of a pipe L = 1.5 m long, 
in order to have a conductance of about C = 1 0 0 0 liter/sec, in the molecular flow 
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Fig. 3.42 Nomogram for determining the pumpdown time (molecular flow, air, 20°C). After Delafosse and Mongodin (1961). 
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range. The line through L = l .5 m, and C=T000 liter/sec cuts scale D. at D = 24 
cm. The conductance at the entrance is included by the correction factor K'. It 
is a function of the ratio DIL, and in the example it is given at the intersection of 
the line L-D, with scale K', where it shows # ' = 0 . 7 9 . Thus the real conductance 
of the pipe considered is 

C=1000 χ 0.79 = 790 liter/sec (3.286) 

When D is increased to D = 2 6 cm, the value of the conductance (dotted line) will 
be 

C = 1 4 0 0 χ 0 .77=1078 liter/sec. 

Delafosse and Mongodin (1961) also present a nomogram for the evaluation 
of the conductance in the intermediate range. This nomogram is shown in fig. 
3 .41 , and is based on eqs. (3.94), (3.221) and, (3.225). 

The examples shown on fig. 3.41 refer to a pipe of length L=2 m, and diameter 
D = 10 cm. The straight line joining these two points intersects scale C at C = 6 0 
liter/sec. If the average pressure is Ρ = 4 χ 10~2 Torr, from this point and D = 10 cm, 
the correction factor J (eq. 3.225) results in / = 6 . 8 . Thus the conductance will be 

C = 6 0 χ 6 . 8 = 4 0 8 liter/sec. 

The pumpdown time t can be evaluated from the nomogram in fig. 3.42. This 
nomogram is based on eq. (3.269). The first example (lower lines) shows that for 
a volume K=5000 liter and a pumping speed of S=\20 m 3/hr , the time constant 
T = K / 5 = 1 4 0 S . If the final pressure to be reached is / > = 1 0 ~ 1 Torr (initial pressure 
760 Torr), then it results that the required pumpdown time is / = 1800 sec. 

The second example (upper lines) shows that if the volume K=5000 liter has to 
be evacuated by a pump with a pumping speed 5 = 700 m 3/hr , then the time cons
tant which results is about 25 sec. In order to decrease the pressure from 1 0 _ 1 Torr 
to be 10 _ 3Torr , thus P , / P 2 = 100, it results that the pumpdown time is / = 120 
sec. 

3.7.6. Evaluation of the gas load and pumping requirements 

The gas load is a result of the process (e.g. vacuum drying, degassing, etc.) or 
a "by-product" of the vacuum chamber, and the components (materials) used. In 
any case the gas load is the sum (eq. 3.240) of the residual gas remaining from the 
initial atmosphere, the vapour pressure of the materials present in the chamber, 
and the leakage,outgassing and permeation. 

The pumpdown from the initial (atmospheric) pressure to the working 
pressure of the system is discussed in §3 .7 .2 -3 .7 .5 . The vapour pressure of 
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materials can be the factor limiting the ultimate pressure of the system if the 
precautions required for high vacuum (§7.1.4) are not respected. Usual high 
and ultra-high vacuum systems, or systems which are tested "empty" , have their 
ultimate pressure determined by the leakage, the outgassing and the permeation. 
All these factors depend on the kind of construction (Chap. 7) and the materials 
used, dependence which is very often complicated or not exactly known. Never
theless the gas load and appropriate pumping requirements can be evaluated by 
making the proper simplifying assumptions. 

The ultimate pressure Pu in the chamber can be expressed (eq. 3.264) by 

Pu = QJS=(QG/V) (V/S) = (QG/V) τ = (ΔΡ/Δ0 τ (3.287) 

where QG is the total gas load, Vis the volume of the chamber, S is the pumping 
speed in the chamber (eq. 3.28), AP/At is the rate of change in pressure (pressure 
rise), and x = V/S is the time constant (eq. 3.271) of the chamber (system). 

If the total gas load consists of three main components: QL due to leakage, 
QD due to outgassing, and Qp due to permeation, ô g

 = Ôl+Ôd+Ôp> t ne ulti
mate pressure can also be expressed as the sum of partial pressures due to leakage 
(P L) , outgassing (PD) and permeation (Pp) 

PU=PL+PD+PP (3.288) 

where (according to eq. 3.287) 

Ρ ÔL ίΑΡλ Ν \ Α Ί Λ (3.289) 

ν * ~ ( Δ/ ) Ό

τ (3.290) 

ÖP / àP 

Ρη = —τττ 

Ρ ί AF \ (3.291) 

thus the gas load and pumping requirement can be evaluated separately for leak
age, outgassing and permeation. The nomograms shown in figs. 3 .43-3 .45 were 
constructed (Roth, 1970b) by using eqs. (3.289-3.291), respectively. The nomo
grams consider two values of the time constant τ = 1 sec (slow pumping) and τ = 0 . 1 
sec (fast pumping). The gas load QJV (or QD/V; QP/V) is expressed in terms of 
the specific gas quantity entering into or evolving in a unit volume of the chamber 
(Torr i i ter /secm 3) , as well as in terms of the rate of pressure rise AP/At (Torr/hr) 
which would result from that gas load. 

Numbers in italics on the nomograms indicate the relevant literature reference, 
as listed in the captions. 
Leakage (fig. 3.43) The gas load QL due to leakage is expressed by 

(3.292) 
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where q\ is the leak rate per unit length of seal (e.g. Torr i i te r /secxm) and L is 
the length (perimeter) of the seal (cm). From eqs. (3.289) and (3.292) it results 
that 

PL = {QJV)x=q\(LIV)x (3.293) 

Usually the shape of the vacuum chamber may be considered to be either a cube 
of side α or a cylinder of diameter d and length /. The seal length-to-volume ratio 
L/Vis a maximum in the case of a cube having seals (e.g. welding) on all its sides, 
and in this case 

L/V=\2 a/a*= 12/a2 (3.294) 

The ratio L/V is a minimum in the case of a cylinder having a seal at one of its 
ends 

L/V=nd/[(nd2/4)I] =4/dl (3.295) 

The nomogram in fig. 3.43 considers these cases of maximum (eq. 3.294) and 
minimum (eq. 3.295) seal length-to-volume ratios. For a complicated shape, 
which cannot be considered as a cube or cylinder, the actual value of the ratio 
(L /K) a ct must be evaluated, and the resulting equivalent value 

(dl)eq = 4/(L/V)act (3.296) 

can be used on the nomogram. 
Combining eq. (3.293) with (3.294) or (3.295) or (3.296) the specific gas load 

or the ultimate pressure can be expressed as a function of the size of the chamber. 
The leak rate per unit length q'L can be considered as a characteristic value in 

the case of permanent seals (e.g. welds) and as a first approximation in the case 
of demountable (gasket) seals. In the case of gasket seals the real specific value is 
expressed (§7.3.4) by 

Torr l i te r . mm (sealing width) I 
sec cm (seal length) 

which is given (eqs. 7.11 and 7.12) by the expression 

qL=hq'L=Poexp ( - 3 P/R) A2 (P,-P0) (3.297) 

where h is the sealing width (marked w on fig. 7.16), p0 is a factor specific to the 
gas (e.g. for He at room temperature p o = 340 (lit/sec)*(mm/cm3); see eq. (7.11); 
P/R is the tightening index (see eq. 7 .12; fig. 7.18) in which Ρ is the compression 
stress exerted on the sealing surface of the gasket (kg/cm2) and R is the "sealing 
factor" (see eq. 7.11 and fig. 7.19) ' defining the sealing ability of the material. A 
is the peak-to-valley height of the surface roughness (see figs. 3 .16; 7.16). 
Pl—P0 is the pressure difference across the seal (Torr). 

Efficient sealing is obtained up to a tightening index P/R = 3. At higher values 
considerable deformation of the bulk of the gasket occurs, which reduces further 
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efficiency. Thus the nomogram (fig. 3.43) is constructed based on P/R = 3; 
P1 - PQ = 760 Torr; p 0 = 79 (lit/sec)*(mm/cm3) (for air), and two sealing surfaces 
(on both sides of the gasket), i.e. (according to eq. 3.297) 

qL=hq\=19 χ 2 x e - 9 x 760 A2 = 14.5 A2 (3.298) 

The factors involved are grouped in the nomogram (fig. 3.43) under the sec
tions: sealing effort, seal width, surface finish, leak rate, gas load, ultimate pres-
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sure and system size. The scales of the nomogram form three alignment charts: 
(1) scales P, Ph9 and h\ (2) scales /?, qL9 and q\\ (3) scales q\9 QJV and system 
size. 

The example marked e, f, . . .m on fig. 3.43 can be expressed as follows: A 
cylindrical chamber of diameter d=\0 cm and length / = 3 0 cm (dl = 300 cm 2; 
point e) is evacuated by fast pumping ( τ = 0 . 1 sec). The desired ultimate pressure 
due to leakage is P L = 2 x l 0 - 6 Torr (point f). The horizontal through point f 
shows that in order to achieve this, the gas load due to leakage must be less than 
2 χ 1 0 " 2T o r r l i ter /seem 3 (point g, right scale). Cut off from the pump this chamber 
will have a rate of pressure rise (due to leakage) of 7 χ I O - 2 Torr/h (point g, 
left scale). 

The leak rate required per unit length of seal is given by the intersection of line 
e-g with scale q\9 i.e. <7'L = 1.5 χ 10~6 T o r r liter/sec-cm (point h). This leak 
rate can be achieved by elastomer seals, as shown by the ranges marked parallel 
to scale q\. Since a bakeable seal is required, a wire seal is chosen, and the width 
of the sealing surface is assumed to be Α = 0 · 4 mm (point k). Line h - k intersects 
scale qL at <7 L=6x lO~ 7 T o r r l i t e r m m / s e c x m (point i), and the horizontal j 
through point i shows that a surface finish of 20 μίη RMS is required (e.g. honed 
surface). Gold (point m) is chosen as the wire material. The intersection of line 
k -m with scale Ph determines the sealing effort Ph=48 kg/cm (point 1). This seal 
could be closed just by the atmospheric pressure if 

lud2 > ndPh thus if d > 4 χ 48 = 192 cm (3.299) 

as shown by point 1 on scale d (atmospheric closure). Since the seal has a diameter 
of only 10 cm, it must be tightened mechanically by a force of 10 π x 48 = 1500 kg. 

For reasons of clarity, the above example follows the scales in the order they 
appear on the nomogram. Obviously the nomogram can be used by beginning with 
any of the scales, and proceeding toward any other scale. 

Gas load, pressure rise and ultimate pressure obtained from this nomogram 
(leakage) have to be added to the respective values obtained for outgassing (fig. 
3.44) and permeation (fig. 3.45) in order to obtain the total value of these factors 
(eq. 3.288). 

Fig. 3 .43 Evaluation of the gas load due to leakage and the corresponding pumping require
ments (Roth, 1970b). References: 1. Armand et al. (1964); 2 . Armand et al. (1962); 3 . Armand 
and Lejay (1967); 4. Boulloud and Schweitzer (1959); 5. Bridge et al. (1960); 6. FischofT (1962); 
7. Gale and Machin (1953); 8. Garrod and Nankivel l (1961); 9. Gitzendanner and Rathbun 
(1965); 10. Guthrie and Wackerling (1949); 11. Hoch (1961); 12. Holden et al. (1959); 13. 
Jordan (1962); 14. Kobayashi and Yada (1960); 15. Lange (1957); 16. Mark and Dreyer (1960); 
17. Munday (1959); 18. Rathbun (1963); 19. Redman (1963); 20 . Roth (1966); 2 1 . Roth and 
Inbar (1968);22. Roth (1967); 23. Roth (1970a); 24 . Turner et al. (1962); 25. Weitzel (1960); 
26. Wheeler and Carlson (1962). 
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Outgassing (fig. 3.44) The gas load QD due to outgassing is expressed by 

QD=1DS (3.300) 

where qD is the specific outgassing rate (e.g. Tor r l i t e r / secxm 2 - fig. 4.30), s is the 
area of the outgassing surface (cm2). 

From eqs. (3.290) and (3.300) it results 

PoHQJV)x^q0 (s/V)T (3.301) 

As a basis for the evaluation, the outgassing surface is considered to be equal 
to the inside surface of the chamber, and the shape of the chamber is assumed to 
be similar either to a cube of side α or a cylinder of diameter d (and length / ) . 
The surface-to-volume ratio in the case of a closed cube is 

s/V=6 a2/a3=6/a (3.302) 

while for an open-ended cylinder 

s/V= nd//(nd2/4)l= 4/d (3.303) 

The nomogram (fig. 3.44) for the evaluation of the gas load due to outgassing 
is based on eqs. (3.301-303), and on the range of qD of various materials and 
treatments. The factors involved are grouped in the nomogram under the sec
tions: outgassing rate, gas load, ultimate pressure, and system size. 

The values of qD for untreated, degreased and polished states were taken for 

Fig. 3 . 4 4 Evaluation of the gas load due to outgassing and the corresponding pumping re
quirements (Roth , 1970b). References: 1. Amoignon and Couillard (1969); 2. Barton and 
Govier (1968); 3 . as 2 - (1965) ; 4 . as 2- (1970); 5. Barre and Mongodin (1957); 6. Basaleva 
(1958); 7. Beckmann (1963); 8. Blears et al. (1960); 9. Boulassier (1959); 10. Brown (1967); 11. 
Calder and Lewin (1967); 12. Crawley and de Csernatony (1964); 13. Csernatony (1966); 14. 
D a s (1962); 15. Dayton (1960); 16. Dayton (1963); 17. Dayton (1962); 18. Garbe and 
Christians (1962); 19. Geller (1958); 20. Haefer and Winkler (1956); 21 . Henry (1969); 22 . 
Jaeckel (1962); 23 . Markley et al. (1962); 24 . Münchhausen and Schittko (1963); 25 . Power 
and Crawley (1960); 26. P o w e r a n d Robson (1962); 27. Santeler (1958); 28. Schittko (1963); 
29. Schram (1963); 30. Strausser (1968); 31 . Thieme (1963); 32. Thibault et al. (1967); 33 . Zhilnin 
et al. (1968). Recent data include the effects o f various treatment combinat ions on stainless steel, 
Al , N i , Ti (Patrick, 1973 ; Moraw and Dobrozemsky, 1974 ; Cost and Hickman, 1975 ; Elsey, 1975), 
the mass spectra of their residual gases (Halama and Herrera, 1976; Messer and Treitz, 1977; 
Nuvo lone , 1977; Komiya et al., 1979), or outgassing rates of special materials, such as carbon 
foam (Schalla, 1975), blackened AI (Rettinghaus and Huber, 1977), high voltage cables (San-
thanaman and Vijendran, 1979). Other outgassing data were recently published by: Glassford and Liu 
(1980) on multilayer insulation materials; Beavis (1982) on estimation of bakeout characteristics; 
Reiter and Composilvan (1982) on Inconel; Yashimura (1985) on plastics; Chen (1985) on Aluminum; 
Rosenblum (1986) on epoxies; Odaka et al. (1987) on stainless steel (after exposure to atmosphere); 
Pang et al. (1987) on Al alloys and stainless steel; Itoh et al. (1980) on stainless steel (after glow 
discharge cleaning). 
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4-8 h of pumping. For baked metals the high qD end of the range corresponds to 
baking at about 300°C for 24 h, the middle of the range to baking at 400°C for 
up to 100 h, while the lowest values for stainless steel also include an additional 
subsequent baking at 1000°C for 3 h. 

The example marked e, f. . .k on fig. 3.44 represents the case of a cylindrical 
chamber d=10 cm (point e) which has to be pumped by slow pumping (τ = 1 sec), 
to an ultimate pressure (due to outgassing) P D = 2 x l O - 7 Torr (point f ) . The 
horizontal through point f intersects scale QD/V at point g, thus in order to 
achieve the required PD, the gas load due to outgassing must be less than QD/V= 
2 x I O - 4 T o r r l i ter /seem 3 (point g, right scale). Cut-off from the pump the chamber 
will show a rate of pressure rise (due to outgassing) of 7 χ 10~4Torr/h (point g, 
left scale). The specific outgassing rate required is given by the intersection of 
line e-g with scale qD, i.e. <7 D=4x 1 0 - 1 0 Tor r l i t e r / secxm 2 (point h). This means 
that the entire (100%) inside surface of the vacuum chamber may be constituted 
of any of the materials in any of the treatment states, which are intersected by 
the horizontal through point h (e.g. polished Al) or which lie below this line. 

Parallel to the qD scale, a correction scale (%s) is plotted for evaluating the 
distance at which the qD value has to be shifted if the outgassing surface is smaller 
or larger than the inside surface of the chamber. By shifting point h, according 
to this correction scale, we find that 10% of the surface can also be constituted 
of materials (treatments) at or below the level marked i (e.g. baked Viton) and 
1 % of the surface area can also be of materials at or below the level j (e.g. degreas-
ed epoxy). If the outgassing surface is not only that of the chamber, but, as usual, 
includes parts built inside the chamber, point h has to be shifted at a level corres
ponding to the ratio between the total surface and that of the chamber. The example 
shown on the nomogram (level k) corresponds to the case when the total out
gassing surface is 5 times (500%) that of the chamber. At the level k, baked A l 
or Cu, or polished stainless steel is required for the entire surface. In this case the 
distance between levels k and i, measured on scale %s, shows that only 2 % of the 
surface can be a material (treatment) of level i (e.g. baked Viton). 

Permeation (fig. 3.45) The gas load QP due to permeation is expressed by 

QP=qP (sjh) (3.304) 

Fig . 3 .45 Evaluation of the gas load due to permeation and the corresponding pumping 
requirements (Roth, 1970b). References: 1. Crawley and Csernatony (1964); 2. Dawton (1957); 
3. Eschbach et al. (1963); 4 . Norton (1962); 5. Rogers (1956); 6. Waldschmidt (1954); 7. Young 
and Whetten (1962). 
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where qP is the permeability [e.g.(Torrliter/sec)-(mm/cm2)], s is the permeable 
area (cm2) and h the wall thickness (mm). 

From eqs. (3.291 ) and (3.304) it results 

P* = (ß P/V)x = (g?/h) (si V)x (3.305) 

The nomogram (fig. 3.45) for the evaluation of the gas load due to permeation 
is based on eqs. (3.302-3.305) and on the qP range of various materials for vari
ous gases (see also figs. 4 .12, 4.13). As a basis for the construction of the nomo
gram it is assumed that permeation takes place on the entire surface of the cham* 
ber (100 %s), the appropriate fraction of permeable surface is taken by shifting 
the value according to scale %s. The shape of the chamber is assumed to be 
either a cube of side a or a cylinder of diameter d (and length /) . The surface-to-
volume ratio s\ V is according to eqs. (3.302) and (3.303). Figure 3.45 is constituted 
of two alignment charts: (1) scales h, q? and qp/hy and (2) scales qp/h, QP/V and 
system size. Parallel to scale h the ranges of wall thicknesses required to withstand 
one atmosphere pressure difference are marked for small diameter (d<=\ cm) 
and medium size (d=\0 cm) windows of various materials. Parallel to the qp 

scale the ranges of permeation rates of typical materials for various gases, for a 
pressure difference of 1 atm are plotted within various temperature ranges. 
The permeation through nonmetals is proportional with the pressure difference 
(see §4.2.2) , while for metals it is proportional with the square root of the pres
sure. In order to evaluate the permeation from the surrounding atmosphere, 
scales taking into account the appropriate corrections due to the abundance of 
various gases are plotted for metals and nonmetals. 

The example shown on fig. 3.45 represents the case of a silica window of thick
ness Λ = 0 . 1 mm (point k) included in a vacuum chamber. T h e q P value of S i 0 2 for 
Heis(7 P = 5 x 1 0 _ 9( T o r r l i t / s e c ) ( m m / c m 2) (point l ) a t A P = l atm. Since the partial 
pressure of He in the atmosphere is only 4 χ 10~3 Torr (abundance scale), point 
1 must be lowered on scale qp by the distance shown by the scale "abundance" 
for nonmetals, to point m. Line k-m intersects scale qP/h at point n. The area 
of the window is only 10% of that of the chamber, thus point η must be lowered 
by the,distance shown by scale %s (for 10%) i.e. to point o. 

The vacuum chamber is similar to a cube of side a = 5 cm (point r ) ; the line 
o-r intersects scale QP\V 2X point p, which shows that the gas load resulting from 
permeation is about 4 χ I O - 8 T o r r lit/sec* m 3. Point ρ shows on the scale "pressure 
rise" a value of 10~7 Torr/h, for the system cut-off from the pump. By fast pumping 
( τ = 0 . 1 sec), an ultimate pressure of about 4 χ 10~ 12 Torr (point q) can be achiev
ed. The gas load values obtained on nomogram (fig. 3.45) refer only to permeation. 
The total gas load is obtained by the sum of the values obtained on figs. 3 . 4 3 -
3.45 for the case which is considered. 



CHAPTER 4 

Physico-chemical phenomena in 
vacuum techniques 

4.1. Evaporation-condensation 

4.1.1. Vapours in vacuum systems 

In addition to gases, vacuum systems also contain vapours. The name "vapour" 
refers to a real gas, when it is below its critical temperature (see §2.1). 

When a substance is present, some of the molecules near its surface have suffi
cient kinetic energy to escape into the atmosphere and exist as a gas. Raising the 
temperature facilitates this process (see fig. 2 .2) . If a liquid is in the open, the 
vapour molecules rapidly diffuse away from the liquid, and in general produce 
what is known as an unsaturated vapour. If the substance is in an enclosed space, 
the pressure of the vapour will reach a maximum, which depends only upon 
the nature of the substance and the temperature. The vapour is then saturated 
and its pressure is the saturated vapour pressure. In this case, a dynamic equili
brium is established, between the number of molecules escaping from the surface 
(evaporation), and the number of molecules recaptured on the surface (conden
sation), in which the net number of free molecules in the gaseous state is constant. 

Vacuum systems contain saturated as well as unsaturated vapours. All these 
vapours are maintaining their physical state or changing it according to the pres
sure-volume-temperature conditions (see fig. 2.6) existing in the system. 

According to these conditions : 

- Any liquid surface inside the vacuum system is a source of vapour, and as 
long as any liquid remains in the system, the minimum pressure attainable is 
the vapour pressure of that liquid at the existing temperature. At room 
temperature the presence of water limits the pressure to about 17 Torr (table 
2.2), while the presence of mercury limits the pressure to about 1 x I O - 3 Torr. 

149 
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- If the vapour existing in the vacuum system is compressed as a result of 
pumping or handling operations, its pressure will increase only up to the 
vapour pressure. Further compression causes vapour to condense. In this way 
vapours which, in the system are unsaturated and of low pressure, will 
condense in the pumps or gauges where they are compressed. In order to avoid 
the condensation of water vapour in rotary pumps, the gas ballast system is 
used, in which a controlled amount of atmospheric air is admitted in the 
pump at a given stage of the compression, so that the pressure of the vapour 
is not increased above its saturation (see fig. 5.13). 

The compression occurring in the McLeod gauge (figs. 2 .7 and 6.7) con
denses the vapours, and therefore this instrument does not measure accurate
ly the contribution to the total pressure of any vapours in the system. 

- A reduction in the temperature of any part of the vacuum system reduces the 
vapour pressure of any vapours present. 

This is the principle on which the use of cold traps, refrigerated baffles, 
and cryogenic pumps is based. 

4.1.2. Vapour pressure and rate of evaporation 

The vapour pressure P v of a substance is derived from the Clausius-Clapeyron 
equation 

where LT is the latent heat of evaporation, / is the mechanical equivalent of heat 
(Ji5°c = 4.1855 x 107 erg/cal), VG and VL are the specific volume (reciprocal of the 
density) of the gas and liquid respectively. 

In the cases occurring in vacuum techniques the value of VL is very small com
pared to that of VG, while the value of VG can be written (eq. 2.14) 

LT = (7y/)(KG-KL) (dPJdT) 

(4.1) 

(4.2) 

Thus eq. (4.1) becomes 

(4.3) 

The ratio RJJ is equal to 

= 8.314 x 107 e rg / °Kmole 
J 4.185 χ 107 erg/cal 

= 1.987 ca l / °Kmole 



( § 1 ) EVAPORATION-CONDENSATION 151 

The latent heat of evaporation can be expressed by 

LT=L0-IT (4.4) 

where LQ is the latent heat of evaporation at T=0, and / is a constant. 
From eqs. (4.3) and (4.4) it results that 

[dPJPw = l nP v = A' - (JIRQ) [(LJT)+I\n T] (4.5) 

thus in decimal logarithms 

log i v = ^ - y - C log Γ ( 4 6) 

where 

A=A'/2.302;B= ^ = — ° — ; C=/ /4 .575(usua l ly negligible). 
' 1 .987x2 .302 4.575 ' V y 6 5 ' 

The values of these constants were determined for a large number of materials. 
Table 4 .1 gives their values for the various metals. 

When equilibrium exists between the solid or liquid and gaseous phases, the 
rate of evaporation W is equal to the rate of condensation, thus according to 
eq. (2.50) 

^ = 5 . 8 3 x IO"2 PV(M/Tyt2f (4.7) 

where W is the rate of evaporation (g /sxm 2) , Py is the vapour pressure (Torr), 
M molecular w e i g h t ; / i s the sticking coefficient defined as the probability that an 
incident molecule remains on the surface (for values of W see table 4 .2) . 

By using eqs. (4.7) and (4.6), it results that the evaporation rate can be express
ed as 

log W=A"- — - C l o g Τ (4.8) 
Τ 

where 

A"=A+log 0 . 0 5 8 3 + 0 . 5 log M 

C = 0 . 5 + C 

and 

£ = L 0 / 4 . 5 7 5 
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Table 4 .1 . 
Constants for calculating the vapour pressure Py (microns Hg , eq. 4 . 6 ) of metals 

(Dushman and Lafferty, 1962). 

Metal A Β Metal Α Β 

Li 10 .99 8 .07 χ 1 0
3 

G e 11.71 1 .803 χ 1 0
4 

N a 10 .72 5 .49 χ 1 0
3 

Sn 10 .88 1 .487 Χ 1 0
4 

Κ 10.28 4 . 4 8 χ 1 0
3 

Pb 10 .77 9 .71 χ 1 0
3 

Cs 9 .91 3 . 8 0 χ 1 0
3 

S b 2 11 .15 8 .63 Χ 1 0
3 

Cu 11 .96 1.698 χ 1 0
4 

Bi 11 .18 9 . 5 3 Χ 1 0
3 

A g 11 .85 1.427 χ 1 0
4 

A u 11 .89 1.758 χ 1 0
4 

Cr 12 .94 2 . 0 Χ 1 0
4 

M o 1 1 . 6 4 3 . 0 8 5 Χ 1 0
4 

Be 12.01 1.647 χ 1 0
4 

W 12 .40 4 . 0 6 8 Χ 1 0
4 

M g 11 .64 7 .65 X JO
3 

U 11 .59 2 .331 Χ 1 0
4 

Ca 11 .22 8 . 9 4 Χ 1 0
3 

Sr 10.71 7 .83 χ 1 0
3 

Mn 12 .14 1 .374 Χ 1 0
4 

Ba 10 .70 8 . 7 6 Χ 1 0
3 

F e 1 2 . 4 4 1.997 Χ 1 0
4 

C o 1 2 . 7 0 2 .111 Χ 1 0
4 

Zn 11.63 6 . 5 4 χ 1 0
3 

Ni 12 .75 2 . 0 9 6 Χ 1 0
4 

Cd 11 .56 5 .72 Χ 1 0
3 

R u 1 3 . 5 0 3 . 3 8 Χ 1 0
4 

R h 12 .94 2 . 7 7 2 Χ 1 0
4 

Β 13 .07 2 . 9 6 2 χ 1 0
4 

Pd 11 .78 1.971 χ 1 0
4 

Al 11 .79 1.594 χ 1 0
4 

Os 13 .59 3 . 7 Χ 1 0
4 

La 11 .60 2 .085 χ 1 0
4 

Ir 13 .07 3 .123 Χ 1 0
4 

Pt 12 .53 2 .728 Χ 1 0
4 

G a 11.41 1.384 Χ 1 0
4 

In 11 .23 1.248 Χ 1 0
4 

V 13 .07 2 . 5 7 2 Χ 1 0
4 

C 15.73 4 χ 1 0
4 

Ta 1 3 . 0 4 4 .021 χ 1 0
4 

Si 12 .72 2 .13 χ 1 0
4 

Ti 12 .50 2 . 3 2 Χ 1 0
4 

Zr 12.33 3 .03 χ 1 0
4 

Th 12 .52 2 . 8 4 χ 1 0
4 

4.1.3. Vapour pressure data 

Vapour pressure of the various materials was measured by a large number of 
authors. These measurements were based either on the direct determination of the 
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Table 4.2. 
Rate of evaporation ^ ( g - c m "

2
^ "

1
) corresponding to vapour pressures P„ (microns Hg) and 

temperatures / ( ° C ) . After Dushman and Lafferty (1962). 

Metal Data / ( °C) 
Temp, and Ρμ= 

<°C) IO"
2 ί ο - 1 

1 10 100 1000 

Li 459-1080 348 399 460 534 623 737 
W\ 6.17 . ΙΟ 8 5.93 . 10" -7 5.68 . 10--6 5.41 . ΙΟ"

5 
5.13 . 1 0 - ι 4.84 . 10" -3 

N a 264-928 t Ι 58 195 238 290 355 437 
w 1.35 . 10" 7 1.29 . ΙΟ-6 1.24 . 10 -5 1.18 . ΙΟ"

4 
1.12 . 10" -3 1.05 . 10" -2 

Κ 100-760 t\ 91 Ι 23 162 208 266 341 
W\ 1.91 . 10" •7 1.83 . 10--6 1.75 . 10" -5 1.66 . ΙΟ"

4 
1.57 . 10--3 1.47 . 10 - 2 

R b t: 64 95 133 176 228 300 
W. 2.94 . 10--7 2.81 . 10" -6 2.68 . 10--5 2.55 . ΙΟ"

4 
2.41 . 10--2 2.22 10" -2 

Cs t: 46 75 110 152 206 277 
W 3.77 . 10" 7 3.61 . 10" -β 3.44 . ΙΟ-5 3.26 . 1 0 "

4 
3.07 . ΙΟ-3 2.87 . ΙΟ 2 

Cu 969-1606 t 942 1032 Ι 142 1272 Ι 427 Ι 622 
W 1.33 . 10" -7 1.29 . 10--6 1.24 . 10--5 1.18 . ΙΟ"

4 
1.13 . ΙΟ-3 1.07 . 10 - 2 

A g 721-1000 t 757 832 922 1032 Ι 167 1337 
w 1.89 . 10" -7 1.82 . ΙΟ-6 1.75 . ΙΟ-5 1.68 . ΙΟ"

4 
1.60 . ΙΟ-3 1.51 . ΙΟ-2 

A u 727-987 /: 987 Ι 082 Ι 197 1332 Ι 507 Ι 707 
W 2.31 . 10--7 2.26 . 10--6 2.14 . ΙΟ-5 2.05 . ΙΟ"

4 
1.94 . ΙΟ 3 1.84 . ΙΟ 2 

Be 899-1279 t: 902 987 Ι 092 1212 Ι 367 Ι 567 
W 5.11 . 10 --8 4.93 . 10" -7 4.74 . 10" -6 •4.55 . ΙΟ"

5 
4.33 . 10" 4 4.08 . 10" 3 

M g 736-1020 t\ 287 330 382 4 4 2 517 612 

W 1.22 . 10" -7 1.17 . 10--β 1.12 . 10" -5 10.8 . ΙΟ"
4 

1.02 . 10" -3 0.97 . 10" 2 

Ca 527-647 t: 402 452 517 592 687 817 

W 1.42 . 10" -7 1.37 . 10" -6 1.31 . 10" -5 1.26 . ΙΟ"
4 

1.19 . 10- 3 1.12 . 1 0 - 2 

Sr t\ 342 394 456 531 623 742 

W 2.20 . 10--7 2.11 . 10" -6 2.02 . 10--5 1.93 . ΙΟ"
4 

1.82 . 10" -3 1.71 . 10-•2 

Ba 1060-1138 t 417 467 537 617 727 867 

w 2.60 . 10" -7 2.51 . 10--β 2.40 . 10--6 2.28 . ΙΟ"
4 

2.16 . 10" -3 2.03 . 10--2 

Zn 239-377 t 208 246 290 342 405 485 

w 2.15 . ΙΟ-7 2.07 . ΙΟ-β 1.99 . 10" -5 1.90 . ΙΟ"
4 

1.81 . 10" -3 1J1 . 10" -2 

Cd 200-260 t: Ι 49 Ι 82 221 267 321 392 

W 3.01 . 10" -7 2.90 . 10--β 2.78 . 10" -5 2.66 . ΙΟ"
4 

2.54 . 10" -3 2.44 . ΙΟ-2 

H g t - 2 8 - 8 16 45 81 Ι 25 H g 
W 5.28 . 10" -7 5.08 . ΙΟ-6 4.86 . ΙΟ-5 4.63 . ΙΟ"

4 
4.39 . 10" -3 4.14 . 10" -2 

Β t 1687 Ι 827 Ι 977 2157 2377 2657 

w : 4.33 . 10" -8 4.19 . 10--7 4.05 . 10 -β 3.89 . ΙΟ"
5 

3.73 . ΙΟ-4 3.55 . ΙΟ-3 

A I 1137-1195 t : 882 972 1082 1207 Ι 347 Ι 547 

w : 8.92 . 10--8 8.59 . 10 -7 8.23 . 10 -6 7.88 . ΙΟ"
5 

7.53 . ΙΟ--4 7.10 . 10" -3 

(conîd.) 
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Metal Data t(°C) 
Temp, and Ρμ= 
Range W -

(°C) IO"
2
 IO"

1
 1 10 100 1000 

Sc /: 1058 1161 1282 1423 1595 1804 
Y / : 1249 1362 1494 1649 1833 2056 
La 1327--1627 t 1262 1377 1527 1697 1897 2147 

W. 1.56 . 10"
7 

1.69 . 10--β 1.62 . ΙΟ-5 1.55 . ΙΟ-4 1.48 . ΙΟ-3 1.40 . ΙΟ-2 

Ce t 1004 1091 Ι 190 Ι 305 Ι 439 Ι 599 
N d 899--1279 t 957 1062 1192 1342 1537 1777 

W 2.00 . ÎO"
7 

1.92 . 10--6 1.83 . 10--5 1.74 . ΙΟ-4 1.65 . ΙΟ-3 1.55 . ΙΟ-2 

G a 957--1245 t 757 842 937 Ι 057 Ι 197 Ι 372 
w 1.52 . ΙΟ"

7 
1.46 . 10--6 1.40 . 10--5 1.34 . 10--4 1.27 . ΙΟ-3 1.22 . ΙΟ-2 

In 727--1075 t 670 747 837 947 Ι 077 Ι 242 
w 2.04 . ÎO"

7 
1.96 . 10--6 1.88 . 10" -5 1.79 . 10" -4 1.70 . 10 -3 1.61 . 10--2 

T l t 412 468 535 615 713 837 
w 3.19 . ΙΟ"

7 
3.06 . 10" -6 2.93 . 10" -5 2 80 . 10 -4 2.66 . 10 -3 2.50 . 10--2 

C 2084-2597 t 1977 2107 2247 2427 2627 2867 
w 4.27 . 1 0 ~

8 
4.14 . ΙΟ-7 4.03 . 10" -β 3.89 . 10 -5 3.76 . 10--4 3.61 . ΙΟ-3 

Si t 1177 Ι 282 1357 1547 1717 Ι 927 
w 8.12 . ΙΟ"

8 
7.84 . 10--7 7.54 . ΙΟ-β 7.24 . 10 -5 6.93 . 10 -4 6.59 . 10--2 

Ti 1111--1323 t 1321 1431 Ι 558 1703 1877 2083 
w 1.01 . ί ο - 7 

0.98 . 10--β 0.94 . 10--5 0.90 . 10 -4 0.86 . 10--3 0.82 . 10" -2 

Zr 1676-1781 t 1837 2002 2187 2397 2647 2977 
w 1.21 . ΙΟ"

7 
1.17 . 10" -β 1.12 . ΙΟ-5 1.08 . 10 -4 1.03 . 10 -3 0.98 . 10--2 

Th t : 1686 1831 Ι 999 2196 2431 2715 
w : 2.01 . ΙΟ"

7 
1.94 . ΙΟ-β 1.86 . 10 -5 1.79 . ΙΟ-4 1.71 . ΙΟ-3 1.63 . ΙΟ-2 

G e 1237--1612 t 1037 Ι 142 1262 Ι 407 Ι 582 Ι 797 
w 1.37 . 1 0 "

7 
1.32 . 10--6 1.27 . ΙΟ-5 1.21 . ΙΟ-4 1.15 . ΙΟ-3 1.09 . 10" -3 

Sn 1151--1415 t 882 977 Ι 092 Ι 227 Ι 397 1612 
w 1.87 . ΙΟ"

7 
1.80 . 10" -β 1.72 . 10" -5 1.64 . 10" -4 1.56 . 10--3 1.46 . 10" -2 

Pb t 487 551 627 719 832 977 
w 3.05 . 1 0 "

7 
2 93 . 10--β 2 80 . ΙΟ-5 2.67 . ΙΟ-4 2.53 . 10" -3 2.38 . 10" -2 

V 1389--1609 t 1432 1551 Ι 687 Ι 847 2037 2287 
w 1.01 . 1 0 "

7 
0.98 . 10--6 0.94 . 10" 5 0.90 . 10--4 0.87 . 10--3 0.82 . 10--2 

Cb t 
w 

2194 
1.16 . 1 0 "

7 
2355 

1.08 . 10" -6 
2539 

1.06 . 10--5 

Ta 1727--2997 t 2397 2587 2807 3067 3372 3737 
w 1.52 . 10"-

7 
1.47 . ΙΟ-β 1.41 . 10--5 1.36 . 1 0 - 4 1.30 . 10- 3 1.24 . 10" -2 

P . t 107 Ι 30 157 187 222 262 
w 3.3 . ΙΟ"

7 
3.24 . 10" -6 3.13 . 10" -5 3.03 . 10- 4 2.92 . 10" 3 2 81 . 10--2 

S b 2 t 382 427 477 542 617 757 
w 2 52 . 1 0 "

7 
2.43 . 10--6 2.35 . 10--5 2.26 . 10" -4 2.16 . 10- 3 2 01 . 10--2 

(contd.) 

Table 4.2 {conta.) 
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Table 4 .2 (contd.) 
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Metal D a t a t(°C) 
T e m p , and Ρμ— 
R a n g e W 
( °C) I O "

2
 I O "

1
 1 10 100 1000 

Bi 409-497 /: 450 508 578 661 762 892 
W\ 3.14 . I O "

7 
3.02 . 10 -β 2.89 . 10 -5 2.76 . ΙΟ

1
 2.62 . 10 -3 2.47 . 10 -2 

Cr 889--1288 t: 1062 1162 1267 Ι 392 1557 1737 
W\ 1.15 . 1 0 ~

7 
1.11 . 10 -β 1.07 . 10 -5 1.03 . 10-< 

1
 0.98 . 10 -3 0.94 . 10 -a 

M o 1797-2231 t: 1987 2167 2377 2627 2927 3297 
W\ 1.20 . I O "

7 
1.16 . 10 -β 1.11 . 10 -δ 1.06 . 10-< 

1
 1.01 . ίο--8 0.95 . 10--8 

W t\ 2547 2757 3007 3297 3647 . . 
W\ 1.49 . 1 0 ~

7 
1.44 . 10 -β 1.38 . 10 -5 1.32 . Ι Ο 

1
 1.26 . 10 -8 

U 1357--1697 t: 1442 1582 1737 Ι 927 2157 2447 
W: 2.17 . I O "

7 
2 .09 . 10--β 2.01 . ΙΟ-5 1.92 . Ι Ο -

4 
1.83 . 10--3 1.73 . 10--8 

Se t: 144 167 Ι 97 232 277 347 
W: 2.54 . I O "

7 
2.47 . 10--β 2.39 . 10--5 2.31 . Ι Ο -

1 
2.21 . 10--3 2.08 10" -8 

T e a t: 261 296 336 383 438 520 
W\ 4.03 . I O "

7 
3.91 . 10" -β 3.78 . 10--5 3.64 . ΙΟ"

4 
3.50 . 10--3 3.31 . 10--2 

P o 438-745 t: 187 220 263 314 382 472 
W\ 3.94 . I O "

7 
3.81 . 10--β 3.65 . 10--5 3.49 . ΙΟ"

4 
3.30 . 10--3 3.10 . ΙΟ-8 

M n t: 697 767 852 947 1067 Ι 227 
W\ 1.39 . 1 0 -

7 
1.34 . 10--β 1.29 . 10--5 1.24 . ΙΟ"

4 
1.18 . 10" -3 1.12 . ΙΟ" -8 

R e t\ 2367 2557 2787 3057 3397 
W\ 1.55 . I O "

7 
1.50 . ΙΟ-β 1.44 . ΙΟ-5 1.38 . ΙΟ"

4 
1.31 . ΙΟ-3 

F e 1092- 1246 t: 1107 Ι 207 Ι 322 1467 Ι 637 1847 
W\ 1.17 . I O "

7 
1.13 . 10--β 1.09 . ΙΟ 5 1.05 . Ι Ο -

4 
0.99 . ΙΟ3 0.95 . ΙΟ-2 

C o 1090--1249 t: 1162 1262 Ι 377 1517 Ι 697 Ι 907 
W: 1.18 . I O "

7 
1.14 . ΙΟ β 1.10 . ΙΟ 5 1.06 . ΙΟ"

4 
1.01 . ι ο - 3 0.96 . 10--8 

N l 1034- 1310 t: 1142 Ι 247 Ι 357 1497 1667 1877 
W\ 1.19 . I O "

7 
1.15 . 10" -β 1.11 . ι ο --5 1.06 . ΙΟ"

4 
1.01 . 10" -3 0.96 . 10--2 

R u t\ 1913 2058 2230 2431 2666 2946 
W\ 1.26 . I O "

7 
1.22 . ΙΟ-β 1.18 . ΙΟ 5 1.13 . ΙΟ"

4 
1.08 . 10" -3 1.04 . 10" -2 

R h t\ Γ587 Ι 707 Ι 857 2027 2247 2527 
W\ 1.37 . I O "

7 
1.33 . ΙΟ-β 1.28 . ΙΟ-5 1.23 . ΙΟ"

4 
1.18 . ΙΟ-3 1.12 . 10--2 

Pd t\ 1157 Ι 262 Ι 387 1547 Ι 727 1967 
W\ 1.59 . I O "

7 
1.54 . 10" -6 1.48 . 10--5 1.41 . ΙΟ"

4 
1.35 . 10--3 1.27 . 10" -2 

Os t\ 2101 2264 2451 .2667 2920 3221 
W\ 1.65 . I O "

7 
1.60 . ΙΟ-β 1.54 . 10" -5 1.48 . Ι Ο -

4 
1.42 . 10--3 1.36 . 10" -2 

Ir t: 1797 Ι 947 2107 2307 2527 2827 
W: 1.78 . I O "

7 
1.72 . ΙΟ-β 1.66 . ΙΟ-5 1.60 . ΙΟ"

4 
1.53 . 10--3 1.46 . 10--2 

Pt t: 1602 Ι 742 Ι 907 2077 2317 2587 
W\ 1.88 . I O "

7 
1.82 . 10" -6 1.75 . 1 0 - 5 1.68 . Ι Ο -

4 
1.60 . 10" -3 1.52 . 10--2 
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mechanical effect of the pressure exerted by the vapour, or by measuring the eva
poration rate (weight loss or increase) and calculating the vapour pressure 
from eq. (4.7). 

Figures 4 . 1 - 4 . 3 give the up-to-date vapour pressure data, according to Honig 
and Kramer (1969). 

The rate of evaporation of various elements is given in table 4 .2 , the vapour 
pressure curves of various common gases are given in fig. 4 .4 . Figure 4 .5 shows 
the vapour pressures of some oils used in diffusion pumps, while fig. 4 .6 gives 
the vapour pressures of some cleaning liquids used in vacuum techniques. 

4.1.4. Cryopumping and vacuum coating 

Evaporation and condensation phenomena are often complicating the pump
down process in vacuum systems, but they are also the basis of some vacuum 
technology applications. Although techniques like freeze-drying and molecular 
distillation are also based on evaporation phenomena, we intend to illustrate 
here the field of applications by techniques representing the use of extreme tempe
ratures, i.e. the cryopumping and the vacuum coating. 

Cryogenic pumping is based on the fact that if a surface within a vacuum system 
is cooled, vapours (gases) will tend to condense upon it, thus reducing the pres
sure. The ultimate pressure of such a pump for a given gas is determined by the 
vapour pressure Py at the temperature Tv of the condenser surface. Since the 
quantity of gas evaporated from the surfaces of the system at temperature Τ is 
equal to that condensed on the surface at Γ ν, from eq. (4.7) it results that the ulti
mate pressure P u for the particular gas (M) considered is 

where / and fy are the sticking coefficients at temperature Τ and Γ ν, respectively. 
Since b o t h / a n d / v are close to unity, it results that for Γ=300°Κ, and 7 ; = 4.2° Κ 
(liquid helium), P u / P v = 8.4. In this case, according to fig. 4 .4 , for most of the 
gases ultimate pressure below 10~10 Torr is readily attainable. 

The difference between the number of molecules condensing and leaving the 
unit surface area each second is from eq. (2.46) 

It follows from eqs. (2.15) and (2.21) that the throughput is Q^ANkT. Thus 

Pu = (fJf) Ρ, (77Γ ν)ΐ/« (4.9) 

AN=fP {InmkT)-1'*-/^ (InmkT,)-^ (4.10) 

(4.11) 



Fig. 4.1 Vapour pressure of elements. Reprinted from Honig and Kramer (1969), by permission of RCA Review, Princeton, N.J. 
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. 4) Fig. 4.2 Vapour pressure of elements. Reprinted from Honig and Kramer (1969), by permission of RCA Review., Princeton, N.J. 



Fig. 4.3 Vapour pressure of elements. Reprinted from Honig and Kramer (1969), by permission of RCA Review, Princeton, N.J. 
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T ( ° K ) 

Fig . 4 . 4 Vapour pressure of c o m m o n gases. After Honig and H o o k (I960) . 

— I — ι — I — ι I ' I I 1—I ι I • I ι I — l _ | _ J 
-60 -40 -20 0 20 60 100 180 2A0 

T ( ° C ) 

Fig. 4 . 5 Vapour pressure of diffusion pump oils. (1) Oc to i l ; (2 ) Silicone D C - 7 0 3 ; (3) Sil icone 
D C - 7 0 4 ; ( 4 ) Santovac 5-Convalex 10; (5) Silicone D C - 7 0 5 ; ( 6 ) Apiezon C. 
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100 200 

Fig. 4 . 6 Vapour pressure of solvents. (1) Acetone; (2) Tetrachlor carbon; (3) Trichlorethylene: 

Based on this principle, the cryogenic pumps (§5.6) attain relatively high pump
ing speeds ( 1 0 4 - 1 0 6 liter/sec). 

Vacuum coating is based on the evaporation* of the required material, and its 
subsequent condensation on the substrate to be coated. The process is done in 
a high vacuum, so that the particles do not collide with gas molecules in their 
way between evaporation and condensation. 

Figure 4 .7 shows the basic features of a vacuum coating plant. The material 
to be evaporated (metal or non-metal) is placed in the evaporator (a spiral or 
boat of tungsten, molybdenum, or tantalum), which is heated (in vacuum), up to 
a temperature where the vapour pressure of the material to be evaporated is high 
enough. To obtain admissible evaporation rates (eq. 4 .7) , vapour pressures of 
10~3—10~2 Torr are usually required, thus the materials have to be heated up to 
the temperatures corresponding to these vapour pressure (figs. 4 . 1 -4 .3 ) . For 
example, gold has to be heated to about 1300°C, to obtain Py=\0~2 Torr. 

(4) Ethanol. 

where A is the area of the condenser surface. 
El iminat ing/ VP V by eq. (4.9) , the pumping speed is obtained as 

(4.12) 

* See p. 195 for vacuum coating based on sputtering. 



162 PHYSICO-CHEMICAL PHENOMENA IN VACUUM TECHNIQUES (CH. 4 ) 

3 F* 
J 

\ Ι 
\ / 
\ / I 

\ / 

Fi 

Fig. 4 . 7 Vacuum coating systems, (a) Resistance heating: (1) material to be evaporated; 
(2) M o or Ta boat; (3) current lead-in; (4) work to be coated; (5) bell jar; (6) Penning 
gauge; (7) diffusion (or ion) pump, (b) Electron bombardment heating: (1) material to be 
evaporated; (2) copper anode: (3) electron source; (4) magnetic field; (5) electron trajectory; 

(6) work to be coated 

The evaporated material travels in straight lines in all the directions, coating 
the work (substrate) as well as the bell jar. If the material to be evaporated is 
concentrated enough (a small filament or basket) to be considered as a point source, 
the thickness of the deposit tQ (cm) in the middle of the substrate (work) opposite 
the evaporator will be 

Ό = ^ο/(4πρ/* 2) (4.13) 

where WQ is the evaporated mass (g), ρ is the specific gravity (g/cm3), h is the dis
tance evaporator-work (cm). 
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If the material is evaporated from a boat, then the thickness in the middle of 
the work will be 

>o = W V ( r c p A
a
) ( 4 . 1 4 ) 

The thickness at any point of the substrate at a distance δ from the middle 
is given in fig. 4 . 8 . 

Vacuum coating techniques are the subject of a very large number of publica
tions. For a comprehensive treatment of the subject we refer to Holland ( 1 9 5 6 ) ; 

Berry et al. ( 1 9 6 8 ) ; Maissel and Glang ( 1 9 7 0 ) ; Maissel and Francombe ( 1 9 7 3 ) . 

î / h 
Fig . 4.8 Fig. 4.9 

Fig . 4 . 8 Distribution of the thickness of the deposit on a piane surface for (a) evaporation 
from a boat (dotted line), (b) evaporation from a point source (full line). 
Fig. 4 . 9 The process of permeation. 

4 . 2 . Solubility and permeation 

4 . 2 . 1 . The permeation process 

Gases have the possibility of passing through solids, even if the openings present 
are not large enough to permit a regular flow. The passage of a gas into, through 
and out of a solid barrier having no holes large enough to permit more than a 
small fraction of the gas to pass through any one hole is known as permeation. 
The steady state rate of flow in these conditions is the permeability coefficient or 
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simply the permeability. This is usually expressed in cm 3 of gas at STP flowing 
per second through a cm 2 of cross section, per mm of wall thickness and 1 Torr 
(10 Torr, 1 atm) of pressure drop across the barrier. 

The process of permeation is described by Norton (1962) as shown in fig. 4 .9 . 
It involves first the adsorption of the gas on the surface where the gas pressure 
is higher. After being dissolved in the outside surface layer the gas slides down the 
concentration gradient and diffuses to the vacuum side where it is desorbed. 

Generally, gases dissolve in solids to a concentration c 

where Ρ is the gas pressure, j is the dissociation constant of the gas, and b is the 
solubility of the gas in the solid. 

The dissociation constant j \ is j=2 for diatomic gases in metals, and j=l for 
all gases in nonmetals. 

The concentration c is the amount of gas (in T o r r x m 3, or a tn rcm 3) at 293°K 
that is dissolved in 1 cm 3 of the substance. 

The solubility b is the quantity of gas (in cm3) at STP (293°K and 1 atm) that 
is dissolved in 1 cm 3 of the substance at a pressure of 1 atm. It is dimensionless 
for / = 1, but has the dimensions of a t m 1 /2 for y = 2. 

The diffusion of the gas into and through the solid obeys Fick's laws of diffusion 
which are: 

Fick\s first law. In the steady state, when the gas concentration is independent 
of time, gas diffuses across a plane of area 1 cm 2 in a region where the concen
tration gradient is dc/dx at a rate Q given by 

where D 1 is the diffusion coefficient, which is expressed in units of cm 2/sec. The 
minus sign is used because the flow is opposite to the concentration gradient. D { 

varies with temperature according to 

where H is the activation energy of absorption, D Q is a constant for a given gas 
and material, and R Q is the gas constant. 

c = bPi/j (4.15) 

Q=-Di(dc/dx) (4.16) 

(4.17) 

F ick's second law. In most cases, equilibrium is reached only after a long time 
or not at all, since D is small. In this transient period, when the concentration 
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varies with time, Fick's second law states that 

^ d 2r âc 

D^ - w <4-18> 
For the case of the steady state, the concentrations (eq. 4 . 1 5 ) at the two sur

faces with pressures Pi and P2, are cl=bPl

lli and c2=bP2

l/i. From eq. ( 4 . 1 6 ) it 
follows that 

( 4 . 1 9 ) 

thus 

p2UJ ( 4 . 2 0 ) 

where h is the thickness of the material. 
The product Dxb between the diffusion coefficient and the solubility is called the 

permeation constant K. It is commonly expressed as the amount of gas (cm 3 STP), 
permeating through a 1 cm 2 cross section of a slab of 1 cm thickness for a pressure 
difference of 1 atm. Figures 4 . 1 0 and 4 . 1 1 show a review of values of the permea
tion constant K. 

According to Norton ( 1 9 6 2 ) , certain criteria must be fulfilled to distinguish, 
unambiguously, true permeation from gases flowing through an actual hole, and 
gases derived from the walls of the envelope (outgassing). After a thorough 
degassing by a good vacuum applied on each side of the wall, the effect of a hole 
can be distinguished from true permeation in two ways. Very rapid rise of the 
particular gas on the low side after application of pressure to the high side may 
indicate a hole. Variation of the rate with (T/M)1/2 is shown by testing with gases 
of differing molecular weight. Variation following this law shows that a hole 
exists. The diffusion coefficient Dx is most conveniently measured by the time 
lag method. In this, the effective time lag τ (sec), to attain steady state permea
tion through a membrane of thickness h (cm), is related to the diffusion coefficient 

D , = A
2
/ ( 6 t ) ( 4 . 2 1 ) 

Experimental and computational techniques for determining the diffusion co
efficient and the permeation constant are reviewed by Perkins ( 1 9 7 3 ) . 

Superpermeability (activated permeability) is discussed by Livschitz ( 1 9 7 9 ) . 
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4.2.2. Permeation through vacuum envelopes 

The metallic, glass or rubber walls of vacuum vessels or pipes are more or 
less permeable to gases. The permeation mechanism can be atomic or molecular. 
Hydrogen permeation through metals increases with the square root of the pressure 
(7 = 2), this fact is explained by the dissociation of the hydrogen to atoms and their 
passage as such through the metal. Recombination occurs on desorption and on 
the low pressure side molecular hydrogen appears. In glasses and elastomers the 
gas permeation is proportional to the pressure (j=l). Here the permeation itself 

io 
10 

10 

10 

\ 

15 

-

• \ 

V 
' \ \ 

V 
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Fig. 4 . 1 0 Permeation constants for various gas-non-metal combinations as a function of 1/T. 
Units are c m

3
/ s , i.e. quantity of gas ( c m

3
, STP), passing per second through a wall of 1 c m

2 

area and 1 cm thickness, when a pressure difference of 1 atm exists across the wall. References: 
(1) He-fused silica, Altemose (1961); 2. Air-Pyroceram, Miller and Shephard (1961); (3) A i r - 9 7 % 
alumina ceramic, Miller and Shephard (1961); (4) Air-Pyrex, Miller and Shephard (1961); (5) 
He- lead borate glass G, Norton (1957); (6) H e - 9 7 % alumina ceramic, Miller and Shephard 
(1961); (7) Ne-Vycor , Leiby and Chen (1960); (8) N 2 - S i 0 2 , Barrer (1951); ( 9 ) H e - 1 7 2 0 glass, 
Nor ton (1957); (10) He-Pyroceram, Miller and Shephard (1961); (11) H 2 - S i 0 2 , Barrer (1951); 
(12) He-Pyrex 7740, Rogers et al (1954); (13) He-Vycor , Altemose (1961); (14) H 2- P y r e x , 
Norton (1957); (15) He-Pyrex 7052, Altemose (1961); (16) He-Neoprene , Dayton (1960); (17) 
H 2- N e o p r e n e , Dayton (1960); (18) N 2- N e o p r e n e , Dayton (1960); (19) A - N e o p r e n , Dayton 

(1960); (20) 0 2- f u s e d silica, Norton (1962); (21) Ne-fused silica, Perkins (1971), Shelby (1972). 
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occurs in molecular form. 
The permeation of atmospheric gases through metal walls does not include 

the rare gases (He, A, Ne, Kr, Xe) since no rare gas diffuses through metals at any 
temperature under purely thermal activation. There can be penetration of rare 
gas ions under a potential gradient, or rare gases can be formed in situ in the metal 
interior by nuclear disintegration processes. 

The permeability of aluminium for hydrogen is very small (fig. 4.12). It is negli
gible in all cases except in ultra-high vacuum chambers, or with chambers heated at 
high temperatures and having thin walls. Copper is a metal with low permeability 
for all the gases, including hydrogen (figs. 4.11 and 4.12). Nickel has a higher 

Ι 2 
looo/τ ( i / 'κ) . 

Fig. 4 . 11 Permeation constants for various diatomic gas-metal combinations as a function of 
1/7. Units are c m

3 ,
a t m

1 / 2
/ s e c - i.e. quantity o f gas ( c m

3
 STP) passing per second through a wall 

of 1 c m
2
 area and 1 cm thickness, when a pressure difference of 1 atm exists across the wall. 

References: (1) H 2- P d , Barrer (1951), Holleck (1970); (2) H 2 - N i , Barrer (1951), Ebisuzaki 
(1967); (3) H 2 - M o , Moore and Unterwald (1964); (4) N 2 - F e , Barrer (1951); (5) N 2 - M o , 
Frauenfelder (1968); (6) C O - N i , Dushman and Lafferty (1962), (7) H 2- F e , Barrer (1951); (8) 
H 2- C u , Gorman (1962), Perkins (1971); (9) H 2- s t a i n l e s s steel 300, Eschbach et al. (1963); 

(10) H 2- s t a i n l e s s steel 400, Eschbach et al. (1963). 
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Fig . 4.12 Fig. 4.13 
F i g . 4 . 1 2 Permeation of hydrogen through various materials. After Roth (1966). 
Fig. 4 . 1 3 Permeation of various gases through various materials. After Roth (1966). 

permeability for hydrogen. T h e r e f o r e , / ^ water-cooled chambers where the danger 
of hydrogen permeation is greater, copper is to be preferred to nickel. Iron vacuum 
containers have high permeability (fig. 4.12) for hydrogen, especially if the hydro
gen is in atomic form on the high pressure side due to chemical or electrolytic 
effects. Thus the cooling of iron vacuum containers should be made with liquids 
which do not contain hydrogen ions, or air cooling should be used. The permea
tion of hydrogen through steels increases with increasing carbon content; low 
carbon steels are thus preferred as vacuum containers. 

Permeation of tritium is an important problem in the design of Tokamak reac
tors; the subject is discussed by Cecchi (1979). 

The permeability of glasses is important only for systems in the ultra-high 
vacuum range ( / >< 1 0 " 7 Torr). The permeation is influenced by the kind of glass 
and the gas involved. As a general rule the denser the structure of the glass and 
the larger the molecule of the gas the less the permeation. This is the reason 
why gases permeate easier through silica ( S i 0 2) than through technical glasses 
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(fig. 4.13). In technical glasses the open meshes of silica or other glass formers 
are occupied by network modifiers as Na, K, Ba. 

The permeation of helium through vitreous silica (or Vycor) is 107 times greater 
than through crystalline quartz. Vitreous silica has a considerable permeability 
also for other gases, like hydrogen, nitrogen, oxygen and argon. 

Organic polymers (rubbers, plastics) are permeated by all the gases including 
the rare ones (Ne, He, A, Kr, Xe). There are wide variations in permeability. 
That of C 0 2 through natural rubber is high (about 10" 5 cm 3 STP-mm/cm2sec* 
atm.), that of air is lower ( I O - 6 cm 3 STPmm/cm 2-sec ,a tm.) . Saran, polyethylene 
and Ke l -F have generally low permeability (about 3 x l 0 - 7 cm 3 STP-mm/cm2* 
sec-atm. at 25°C), 

The main features of the permeation processes are summarized in table 4 . 3 . 

Table 4.3. 
Main features of gas permeation (Norton, 1962). 

Glasses Metals Semiconductors Polymers 

He , H 2, D 2, N e , A , 0 2 

measurable through S i 0 2 

Vitreous silica (fastest) 

All rates vary directly as 
pressure 

N o rare gas through H e and H 2 through All gases permeate 
any metal 

H 2 permeates most, 
especially Pd. 

0 2 permeates Ag . 
H 2 through Fe by 

corrosion, 
electrolysis, etc. 

Rates vary as 
(pressure) 

G e and Si 
N e , A not measura

ble 

H 2 rate varies as 
V (pressure) 

all polymers 
Water rate apt 

be high 
Many specificities 

to 

All rates 
pressure 

vary as 

4.2.3. Consequences of permeation 

The consequence of permeation is obviously the transfer of gas from the high 
pressure to the low pressure side. This process is limiting the final pressure to 
which a vessel can be evacuated (see fig. 3.45) but also permits us to introduce 
measured quantities of specific gases into the evacuated systems. 

In order to show the importance of the inflow of atmospheric gases through 
the walls of a vacuum vessel, Norton (1962) gives some interesting examples. He 
considers a bulb of vitreous silica at 25°C with walls 1 mm thick, surface area 
100 cm 2 and volume 330 cm 3, and assumes that the walls have been completely 
degassed, that the initial pressure is I O - 16 Torr and that the steady-state flow 
is established at 25°C. From the abundance (partial pressure) of the various gases 
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Table 4.4. 
Order of inflow of atmospheric gases into S i 0 2 bulb at 2 5 ° C (for 1 m m wall thickness, 1 c m

2
 areas). 

After Norton (1962). 

Gas Atmospheric Permeation Ρ Inflow Order A t o m s 
abundance C (cm

3
 STP/sec, C Χ Ρ of per sec. 

(cm of Hg, for 1 cm Hg (cm
3
/sec) inflow 

partial pressure) pressure 
difference) 

N 2 59 .5 2 X IO"
29 

1 .2 X IO"
27 

5 

o2 

15 .9 1 X IO"
28 

1.6 X IO"
27 

4 — 
A 0 .705 2 X IO"

29 
1 .4 X IO"

29 
6 — 

N e 1.8 X IO"
2 

2 X IO"
15 

3 . 6 X IO"
17 

2 900 
He 4 X IO"

4 
5 χ I O "

11 
2 . 0 X IO"

14 
1 5 00 000 

H 2 
3 . 8 χ IO"

5 
2 . 8 X I O "

14 
1 .0 X 10"

 18 
3 25 

in the atmosphere, and from the permeation extrapolated to 25°C (table 4.4) 
the order of inflow of the gases, and the gas accumulation (figs. 4 .14 and 4.15) 
are established. 

It can be seen that the gases of low abundance show the highest inflow and 
the order of accumulation (fig. 4.14) in the silica bulb is (1) helium, (2) neon, 
(3) hydrogen. A large difference separates the succeeding gases oxygen, nitrogen 
and argon. For the vitreous silica bulb (fig. 4.14) the gases and pressures at the 
end of one year in air at 25°C, would be I O - 4 Torr helium, I O - 7 Torr neon, and 
I O - 8 Torr hydrogen. Only a few molecules of oxygen would have permeated 
even after a hundred years. 

The increase in pressure in bulbs of various glasses is shown in fig. 4 .15, for 
helium permeating from the atmosphere. To reach a helium pressure of I O - 6 Torr, 
requires, 3 days for silica, a month for Pyrex and very long times for soda-lime 
glass or other glasses. From this, it is evident that if we are concerned with sealed 
off vacuum containers with pressures in the range of I O - 9 Torr, it is necessary 
to make their envelope of a glass of low permeability, or surround it by a subsi
diary evacuated chamber. 

The permeation is used when specific gases are to be introduced in highly evacuat
ed systems. Calibrated leaks of helium are extensively used in leak detection. 
These are glass bulbs filled with helium, and sealed with a graded seal and a silica 
tube having thin walls. Such calibrated leaks may give leak rates as low as 1 0 - 10 

a tm · cm 3/ sec , and are very constant for many years. 
Leaks based on permeation of helium are discussed by Rubet (1983), Solomon 

(1986). 
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For the introduction of pure hydrogen, palladium or nickel tubes are used, 
while silver is the best material for the diffusion of oxygen. In order to increase 
and control the flow rate (permeability), Pd, Ni, or Ag tubes with thin walls are 
heated by coils, or direct electric current. The permeation of hydrogen through 
Pd may be used in the construction of "membrane pumps" as discussed by 
Murakami and Ohtsuka (1978); Livschitz and Notkin (1979). 

t (sec) 

Fig. 4 . 1 4 Atmospheric gas accumulation at 25°C, in a silica bulb, 330 c m
3
, 1 0 0 c m

2
 wall area, 

1 m m wall thickness. After Norton (1962). 

1 hr 1 qqy l y r 100 yr 

t ( s e c ) 

Fig. 4 . 1 5 Helium accumulation from the atmosphere in bulbs of various glasses, at 25°C. 
Bulbs: 330 c m

3
, 100 c m

2
 wall area, 1 m m wall thickness. After Norton (1962). 
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4.3. Sorption 

4.3.1. Sorption phenomena 

In the kinetic theory (Ch. 2) and the flow (Ch. 3) of gases, it was assumed that 
the interactions between gas molecules and the walls of the containing vessel are 
mainly elastic collisions. In fact other types of interaction occur which have a 
profound effect upon the degree of vacuum obtained and upon the processes 
used to achieve the vacuum. The group of interactions in which the gas is retain
ed by the solid (or liquid) received the name of sorption. This includes two mecha
nisms: The adsorption and the absorption. 

The term adsorption refers to the process whereby molecules are attracted to 
and become attached to the surface of a solid, the resulting layer of adsorbed gas 
being one (or a few) molecule(s) thick. The attracting forces of the solid may 
be physical - physisorption, or chemical - chemisorption. 

The term absorption refers to gas which enters into the solid in much the same 
manner as gas dissolving in a liquid. 

The solid which takes up the gas is known as adsorbent or absorbent; the gas 
removed is known as adsorbate or absorbate. Terms as adatom or admolecule 
are also used to refer to the specific particles involved in the process. For reviews 
on sorption phenomena we refer to Redhead et al. (1968); Schrieffer (1972); Malev 
(1973a); Johnson and Messmer (1974). 

4.3.2. Adsorption energies 

Any surface of a solid or liquid exhibits forces of attraction normal to the 
surface, hence gas molecules impinging on the surface are adsorbed. When the 
pressure in the system is low enough (high vacuum) the molecules adsorbed at 
the wall exceed those in the volume, thus the pumping is directed toward eva
cuating the adsorbed gas. Conversely gas can be removed from the volume by 
adsorption, a process utilized in the sorption pumps. 

Adsorption phenomena are schematically represented (Lewin, 1965) by their 
potential energy-distance diagram (figs. 4.16-4.19). 

A molecule impinging on the surface is attracted and will assume an equili
brium position at minimum potential energy, called the heat of adsorption, HA. 
The heat of adsorption is equal (in this simple case) to the energy of adsorption 
ΕΌ. 

If the adsorption is purely physical, it involves Van der Waals, intermolecular 
forces, like those occurring in liquefaction of gases. In this two-dimensional 
liquid, HA is larger than the heat of liquefaction. If additional layers are adsorb
ed, HA decreases until the layer becomes a three-dimensional liquid. In physical 
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adsorption, the attracting forces are comparatively weak, and the heat of adsorp
tion is small (max. 8 kcal/mole). Since the forces are attractive, work is done in 
adsorbing molecules and heat is generated, thus the adsorption is an exothermic 
phenomena. 

Distance from surface (h) 

Fig. 4 . 1 6 Potential energy of a molecule in (nonactivated) adsorption. 

C h e m i s o r b e d 

mo lec u le 

h — — 

Fig. 4 . 1 7 Potential energy for activated chemisorption, with physical molecular adsorption. 
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Fig 4 . 1 8 Potential energy for activated chemisorption, endothermic adsorption. 

In chemisorption the process is similar to the formation of a chemical com
pound with transfer of electrons. In this case the attractive forces are much larger 
than in the physical adsorption, heats of chemisorption being correspondingly 
higher (as large as 250 kcal/mole). The process of chemisorption does not always 
occur directly from the gaseous state; molecules may be initially adsorbed physically 
(fig. 4 .17) and then, with the provision of a certain minimum energy (activation 
energy EA) they may become chemisorbed. This is known as activated chemisorp
tion. The energy of desorption is the sum of the heat of chemisorption / / c , and 
the energy of activation EA 

ED=HC+EA 

The process readily occurs during adsorption at a heated surface, and the 
total amount of gas which can be adsorbed in this manner is higher than that by 
non-activated processes. 

The overall chemisorption process of molecules is exothermic. 
The inert gases cannot be chemisorbed and they are therefore only weakly held 

on a surface. 
Molecules may dissociate and be chemisorbed as atoms (figs. 4 . 1 8 and 4 . 1 9 ) . 
This process can be endothermic or exothermic. If twice the activation energy 
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Fig. 4 . 1 9 Potential energy for activated chemisorption, exothermic adsorption. 

for desorption of an atom 2ED is less than the energy of dissociation D, the pro
cess is endothermic (fig. 4.18). If 2ED > Z>, the reaction is exothermic (fig. 4.19). 

Some values of heats of adsorption are listed in table 4 .5 . 
The atoms have a certain mobility on the surface and they may migrate over 

the surface, as the necessary activation energy for this motion is only 0 . 2 - 0 . 4 
from the value of £ D . When two adsorbed atoms collide in their motion on the 
surface, they may recombine and desorb as a molecule. This process is known 
as second-order desorption. 

For a review on chemisorption we refer to Degras (1968). 

4.3.3. Monolayer and sticking coefficient 

According to eq. (2.46) the number of molecules adsorbed on unit area per unit 
time is given by 

d * a / d i = 3 . 5 l x ΙΟ22 [Ρ/(ΜΤ)ιΐη f (4.22) 

where an Jut is molec. /cm 2sec, / is the sticking coefficient and Ρ is the pressure 
of the gas (Torr). 

In addition to adsorption, molecules are desorbing from the surface at a rate 
given by 
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Table 4 .5 . 
Heats of adsorption H (kilocalories/mole).

5 

Kind Gas Surface H Gas Surface H 

Physical Xe W 8-9 A C 1.8 
adsorption 

Kr W 4 . 5 X e M o 8 
A w 1.9 Xe Ta 5 .3 

Chemisorption R b w 60 o 2 N i 115 
Cs w 64 H 2 Fe 32 
Β w 140 N 2 Fe 40 
N i M o 48 H 2 Ir 26 
Ag M o 35 H 2 C o 24 
H 2 W 46 H 2 Pt 27 

o2 

W 194 o2 

Pt 67 
CO W 100 H 2 Pd 27 
N 2 W 85 H 2 N i 30 

co2 

W 122 H 2 R h 26 
H 2 M o 40 C O N i 35 
H 2 Ta 46 H 2 Cu 8 

o2 

Fe 136 — — — 

•References : Mclrvine (1957), Hughes (1959), Kisliuk (1959), Gomer (1959), Ehrlich (1961, 
1962), Young and Crowell (1962), Brennan and Hayes (1965). 

dn, 
dt 

d _ Ν0Θ (4.23) 

where N0 is the total number of molecules required to form a complete monolayer 
(see eq. 2.85), θ is the coverage (i.e. the fraction of possible adsorption sites which 
are actually occupied), and ts is the average time spent by an adsorbed molecule 
at a particular site (known as sojourn time). 

The sojourn time is shown by Frenkel (1924) 

-V exp [ED/(R0T)] (4.24) 

where is the period of oscillation of the molecule normal to the surface (approx. 
10~ 1 3 sec), and ED is the energy for desorption. A sojourn time / s ^ 5 sec is typical 
for vacuum systems (Edwards, 1977a); a method for its measurement is described 
by Bailitis (1975). 
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Eq. (4.23) is only valid for less than a complete monolayer. Similar but more 
complex equations were deduced for multilayer adsorption (see Redhead et al, 
1968). 

From eqs. (4.23) and (4.24) it results that 

dnJdt=(No0/t') exp [-ED/(R0T)] (4.25) 

The exponential dependence of ts and hence of dnjdt, upon both £ D and 
Τ means that / s varies over a wide range, from about 10~ 1 3 to 107 sec for small 
values of ED (i.e. physical adsorption) and low temperatures (77°K), and from 
10~5 to 10 30 sec for chemisorption ( £ D = 1 0 - 2 0 0 kcal/mole) at room temperature. 

The equilibrium between adsorption (on the noncovered area 1 — Θ) and de-
sorption (from covered area Θ) is found from eqs. (4.25) and(4.22) . 

Ν0Θ = 3.5\ χ 1022 [PI(MT)l'*]ft' exp [ED/(R0TS)} ( 1 - 0 ) (4.26) 

where Τ is the temperature of the gas, and Ts is the temperature of the surface. 
This equation can be used to express the amount adsorbed No0 as a function 

of Ρ for constant Γ and Ts (the adsorption isotherm), as a function of T a t constant 
Ρ (the adsorption isobar), and P=f(T) for constant coverage No0 (the adsorption 
isostere). Unfortunately, the sticking coefficient / and the desorption energy ED 

are not constants. In practice, isotherms are observed experimentally and used to 
determine / a n d Θ. 

However eq. (4.26) predicts the following general features: 

(a) The quantity of gas adsorbed increases with pressure. 
(b) Very little gas can remain physically adsorbed under high vacuum condi

tions at room temperature. 
(c) At low temperatures the quantities adsorbed (even for low ED values) are 

considerable. 

Typically, sticking coefficients at room temperature lie between 0 . 1 - 1 , and 
decline when monolayer coverage ( 1 - 7 χ 10 14 molec./cm2) is approached. Figures 
4 .20 and 4.21 illustrate this. 

As it is shown in fig. 4 . 2 1 , Alpert (Lee et al., 1962) found that the sticking co
efficient is also low at the low coverages. The explanation has been suggested 
that this can be attributed to the need for nucleation centers. 

A review of the values of sticking coefficients is presented by Harra (1976); the 
(relatively high) values obtained in continuously deposited titanium films, is an
alyzed by Grigorov and Tzatzov (1977). 
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5 χ10 

Molec/cm 

Fig. 4.20 Fig. 4.21 

Fig. 4 . 2 0 Sticking coefficient / of CO on W (curves 1-4), and CO on Zr (curve 5). References 
(1) Eisinger (1957)-300°K; (2) Becker ( 1 9 5 8 ) - 3 0 0

o
K ; (3) Ehrlich (1961)-336°K; (4) Redhead 

(1961)-315°K; (5) Hansen and Littman (1967)-400°K. 
Fig. 4 .21 Sticking coefficients / o f N 2 on W. References: (1) Becker (1958) -300°K; (2) Eisinger 
(1959) -300°K; (3) Schlier (1961) -300°K; (4) Ehrlich (1961) -290°K; (5) Lee, Tomaschke and 
AIpert (1962) -300°K;(6 ) Madey and Yates (1967). 

4.3.4. Adsorption isotherms 

Langmuir (1918) used eq. (4.26) to express the adsorption isotherm as 

0 = bP 
1+bP l/b+P 

(4.27) 

where 

£ = 3 . 5 1 x l O 2 2 f r e xp (E*IRQT*) 
(MT)112 (4.28) 

(for notations see eq. 4.26). 
For cons t an t / , TS and Γ, b is a constant thus eq. (4.27) is an isotherm; b is 

a constant, expressed in T o r r - 1 units. Figure 4 .22 shows such isotherms for vari
ous values of b. Since the value of b is decreasing with increasing Τ and Tsi the 
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Ρ ( T o r r ) 

Fig. 4 . 2 2 Langmuir's isotherms 

Fig. 4 . 2 3 BET isotherms. 

curves for high values of b correspond to low temperatures, those for low b values 
to high temperatures. 

If the pressure is small compared with 1/è, the coverage θ is proportional 
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with Ρ 

e^bP 

Langmuir's isotherm was derived for layers less than monomolecular. 
The BET-isotherm (Brunauer, Emmett and Teller, 1938) was derived for multi-

molecular adsorption. This isotherm is described by the equation 

1 (C — 1) Ρ 
V(Py~P) VmC VmC Py 

(4.29) 

where V is the volume of the gas adsorbed at a given value of Θ, Vm and C are 
constants at any temperature. Ps is the saturation pressure of the gas at the given 
temperature (eq. 4 .6) . The BET isotherms are represented by curves of the shape 
shown in fig. 4 .23 . Vm is the volume of gas in a complete monolayer, and the 
constant C was found to be a function of the temperature, given by 

C = e x p [ ( E , - £ L ) / ( Ä 0 O ] (4.30) 

where EY is the energy of adsorption of monolayer, and EL the energy of conden
sation of the adsorbed gas. Vm can be determined using the method described by 
Genot (1975). 

Various shapes of adsorption isoterms are discussed by Redhead et al. (1968), 
Elsey (1975), while measured values in specific cases were also published by Outlaw 
et al. (1974), Halama and Aggus (1974, 1975), Benvenuti, Calder and Passardi 
(1976). 

4.3.5. True surface 

Relating the quantity of gas which was found to be adsorbed on surfaces, it 
was concluded that the true surface is usually much larger than the apparent 
one. This true surface is also known as physical surface (Ap), while the apparent 
one has often the name of geometrical surface (Ag). 

The BET equation (4.29) is a convenient method to evaluate the true surface 
area. A plot of the expression Ρν~\Ρν-Ρ)-λ versus P\PV will give a straight line 
for which the intercept is l / (K mC) and the slope ( C - l ) / ( F m C ) . From these 
two data, the values of the constants C and Vm can be calculated. Vm indicates 
the volume of gas in a monolayer, thus the number of molecules forming the 
complete layer. 

The BET method was used by Schram (1963), who determined Ap/Ag ratios as 
large as 900 (table 4.6). The measurement of Ap is discussed by Mikhail and 
Brunauer (1975). 
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The ratio AJA% of the physical surface to the geometric one was also deter
mined by the method of electrolytic polarization (Dushman, 1949) and these 
values are also listed in table 4 .6 . 

When a metal is made the cathode in a dilute acid, and current is passed through 
the solution, the potential changes, due to accumulation of hydrogen on the 
cathode. 

The phenomenon is described by the equation 

•E=KV/Ap+const ( 4 . 3 1 ) 

Table 4.6. 
Ratio of physical (true) surface Ap, to geometric (apparent) surface Ag 

Metal Surface/shape Ap/Ag Reference 

Pt Bright foil 2 . 2 
Bright foil, acid cleaned, flame 3 . 3 
Platinized 1830 

N i Polished, new 75 
Polished, old 9 . 7 
Oxidized and reduced 46 
Rolled, new 5 .8 

A g Freshly etched dilute nitric acid 51 
Etched, after 20 hr. 37 
Finely sandpapered 16 

AÏ Very thin foil 6 
Anodically oxidized (20 μ) 900 

Cu Plate (1 mm) 14 

Steel — 16 

Stainless steel Plate (1 m m ) 8 

M o Foi l 173 

Ta Foil 38 

W Foil 40 

Ti Foi l 15 

> Dushman (1949) 

y Brennan and 
Graham (1965) 
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where Ε is the potential, K= — ΔΕ/'ΔΥ, V is the amount of hydrogen on the 
surface of the cathode, and Ap is the physical surface. 

4 .3.6. Sorption of gases by absorbents 

The main absorbents used in vacuum technology are : activated charcoal, 
zeolites (molecular sieves), silica gel, and alumina. The absorption of these absor
bents is explained by an adsorption, followed by the penetration of the adsorbed 
gas into the solid by diffusion. It can be considered that the absorption is a pheno
menon similar to permeation, but having no desorption surface. 

Sorption by activated charcoal. Before the development of other means of pump
ing to very* low pressures, the technique of producing a high vacuum by absorption 
of the gases on activated charcoal was very frequently used. In the period 1900-
1950 there are more than 4000 publications on this subject. The most frequently 
used charcoal is that prepared from coconut shell. Pieces of the shell are destruc
tively distilled at 500-700°C, in iron containers, until vapour evolution is no 
longer apparent. The charcoal produced contains tarry residues, which are 
then removed to increase the gas absorption efficiency. This process is known as 
"activation", and consists in heating in steam at 800-1000°C for about one hour. 
The water in the activated charcoal is then driven off by heating the charcoal in a 
rough vacuum. 

3 0 0 } 

0 ι • 1 « ! i 1 1 1 1 1 
0 2 0 0 4 0 0 600 800 1000 

Ρ ( T o r r ) 

Fig. 4 . 2 4 L o w temperature adsorption on charcoal. V-volume of adsorbed gas ( c m
3
, STP) 

per gram of charcoal. Sample: activated charcoal, 0 . 2 g ( 0 . 5 c m
3
) . Curves: l . A , —195 8 ° C : 

2 . 0 2 ; - 1 8 3 ° C ; 3 . A , - 1 8 3 ° C ; 4 . N 2 , - 1 9 5 . 8 ° C ; 5 . N 2 - 1 8 3 ° C ; 6 . C O - 7 8 ° C . After Dush-* 
m a n (1949). 
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Fig. 4 . 2 5 Sorption of water vapour on charcoal at 0 ° C , G h 2 o ~ ~
M

S ° f water vapour, sorbed 

per gram of charcoal. After Dushman ( 1 9 4 9 ) . 

Fig.4.26 Pressure against time curves on pumping H2, N2, 0 2 by a liquid air cooled char-
coal trap. After Espe (1955). 
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The ratio AJAg was found to be 600-850, which corresponds to specific sur
faces of the order of 1000 m 2/g, (Stern et al, 1965). Fig. 4 .24 shows the volumes 
of various gases absorbed. 

The sorption of water vapour by charcoal exhibits a behavior quite different 
from that observed for the less readily condensible gases (fig. 4.25). Below 1.5 
Torr the sorption is small, between 1.5 and 2 .5 Torr it suddenly increases. Above 
2 .5 the increase is slow again. 

The pumping effect which can be obtained by using liquid-air cooled (— 183°C) 
activated charcoal traps, is shown in fig. 4.26. 

Charcoal sorbents are very effectively used in cryopumps (see also §5.6) for 
helium a n d / o r hydrogen, where the charcoal is coated on surfaces cooled to 
4 -10 ° K . The helium pumping speed obtained was about 7.7 l i ter / (s · cm 2 ) of 
charcoal (Sedgley et al, 1987; 1988). The cryopumping using charcoal was 
recently discussed by Coupland et ai (1987), Liu et al. (1987), Sedgley et al. 
(1987, 1988), Tobin et ai (1987). 
Zeolites are alkali metal aluminosilicates, having tetrahedral lattices. Unlike 
ordinary crystals containing water of crystallization they can be dehydrated with
out any change in the form of their crystal lattice. As a result, molecules of different 
gases can occupy the spaces left vacant by the removal of water, and the zeolites 
are therefore very good absorbents. This is however true only for certain gases 
since these materials exhibit the property of persorption. The persorption may 
be defined as adsorption in pores that are only slightly wider than the diameter 
of the adsorbate molecules. An example of sorption curves is given in fig. 4 .27. 
Stern et al. (1965) found that Linde molecular sieves present specific surfaces 
of 500-600 m 2/g. Bonded 5A molecular sieve (1.8 mm layer) absorbs (at 4.2°K) 

Ρ (Torr) 

Fig. 4 . 2 7 Water vapour sorption by molecular sieve 5A. 



( § 4 ) DESORPTION - OUTGASSING 185 

I , , , , , , , μ 
0 20 40 60 80 

100 P/Ps 

Fig. 4 . 2 8 Sorption-desorption curves for water vapour by silica gel at 20°C. In a specific range 
of pressures, a hysteresis loop appears. i V s a t u r a t i o n pressure of H 2 0 . After Dushman (1949). 

about 108 times more helium than bare copper of the same (apparent) area and 
temperature (Halama and Aggus, 1974). 

Based on the action of zeolites (molecular sieves), the sorption pumps (§5.5) 
are able to pump down vacuum systems of 1-50 liters, from atmospheric pressure 
to the range of 10~2 Torr. They are in use especially in applications where the 
system has to be kept oil free, or where the gas which is pumped is dangerous 
(e.g. radioactive). The desorption of gases from molecular sieves has been analyzed 
by Durm and Starke (1972), Durm et al (1972), Miller (1973a). 

Silica gel is a particularly dehydrate- jelly of silicic acid. It is used especially 
as drying agent for gases (fig. 4.28), having a specific surface of 700-800 m 2/g . 
Alumina pellets present a specific surface of about 300 m 2/g (Stern et al, 1965). 
Such pellets were used by Fulker et al (1969) to prevent back streaming of oil 
vapours. 

4.4. Desorption - outgassing 

4.4.1. Desorption phenomena 

When a material is placed in a vacuum the gas which was previously ad- or 
absorbed begins to desorh, i.e. to leave the material. The desorption is influenced 
by the pressure, the temperature, the shape of the material, and the kind of its 
surface. 

The pressure has a basic influence on the desorption phenomenon since accord-
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ing to its tendency of increasing over or decreasing below the equilibrium, the 
phenomenon of sorption or that of desorption appears. Nevertheless the function 
between the desorption rate and the pressure is not proved at pressures much 
lower than the equilibrium. The difficulty consists in separating the effect of the 
pressure from that of the pumping time to which it is usually connected. 

The temperature has a clear influence on desorption phenomena. Desorption 
is endothermic, thus it is accelerated by increasing the temperature. Electron (or 
photon) bombardment increases the desorption, e.g. 50-100 times when the wall 
is Ti or Al (Malev, 1973a). 

The shape of the material influences the desorption either if the gas is ad- or 
absorbed. If the gas is adsorbed, then only the amount of the surface is the influ
encing factor, but if the gas has to diffuse from the interior of the material to 
the surface, then the third dimension (thickness) is also influencing the rate of 
desorption. 

Since desorption phenomena are related to the physical surface (Ap9 see table 
4.6), the desorption must always be correlated to the history of treatments (polish, 
cleaning, etc.) of the surfaces. 

4.4.2. Outgassing 

The generation of gas resulting from the desorption is known as outgassing, 
and is expressed in terms of the outgassing constant. The outgassing constant 
(or specific outgassing rate) is defined as the rate at which gas appears to emanate 
from unit area of surface (geometric), and is usually measured in units of 
Torr*li ter*sec_ 1xm"2. 

The experimental observations of outgassing rates can be represented by the 
empirical equation of the form 

K^K^+K^ (4.32) 

where Kh and Kx are the outgassing rates at h hours and one hour respectively 
after the start of pumping; / h is the time in hours after the start of pumping. 
Ku is the limiting value of Kh and is generally negligible unless / h is very large. 

At the beginning of the pumping, γ is large and outgassing rates fall very rapid
ly, but after a few minutes the fall becomes less marked, with values of γ lying 
between 0 .5 and 2, depending upon the material. For metals, the value of γ is 
usually near 1. Fo- nonmetals, γ is lying between 0 .5 and 1. Values of γ greater 
than 1 are usually associated with an unusual surface condition, such as a porous 
material or rusty surface. After long pumping times (rarely less than 10 h) out
gassing rates show a tendency to fall exponentially with time, until limited at 
Ku. A curve showing a typical time variation of outgassing constant is presented 
in fig. 4 .29. 
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F ig . 4 . 2 9 Outgassing during pumping: (1) at room temperature, (2) using a baking cycle. 

If the temperature of the material is raised (baking) the outgassing rate rises 
rapidly to a peak value (fig. 4.29), followed by a slower fall back to a th~^ varia
tion, but at a higher level corresponding to the elevated temperature. If after 
a sufficiently long time, the temperature is allowed to fall to its original value 
the outgassing rate falls rapidly to a level which is significantly lower than 
that which would have existed if pumping had been at the lower temperature 
throughout. 

Together with the acceleration of desorption, heating may also have the effect 
of causing activated chemisorption of physically adsorbed gas (in particular, 
water vapour) which can then be desorbed only by prolonged heating at much 
higher temperatures. Chemisorbed water vapour continues to be evolved at 
temperatures in excess of 300°C. It should therefore appear that a degassing pro
gramme should begin with pumping at room temperature to remove physically 
adsorbed water vapour, before baking is commenced. 

The theory of the outgassing process was derived and summarized by Dayton 
(1960, 1962, 1963). The complete theory of the outgassing includes both the 
adsorption and the absorption simultaneously. However, in most cases the rate 
of diffusion is so small compared with that of desorption of adsorbed gas that the 
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two processes may be analyzed separately and the resulting outgassing rates sub
sequently added. The whole complex process is considered by Carter et al. (1973), 
Elsey (1975). 

The outgassing rate resulting from absorbed gases is based on the laws of diffu
sion, and can be obtained from solutions to eqs. (4.16) and (4.18). 

In general the solution consists of the sum of an infinite series, but may be appro
ximated to give the outgassing rate from the wall of a vessel of thickness hQ (cm) 
as 

Kh = K» + KJthy (4.33) 

where 

' h y = ' h 1 /2 - HM Π - e x p (fh/2£)] (4.34) 

and 

nh2 

ξ 5.76 x 104Di ( 4 , 3 5) 

where ξ is the diffusion time constant (hours), Dt the diffusion coefficient (eq. 
4.16). 

When th < ξ/4, then thy = t h

1 / 2, and thus Kh varies initially a s / h " 1 / 2 but eventu
ally falls more rapidly to approach an exponential dependence as tb becomes 
large. The theoretical values of Kx and Kn are given by 

^ = [2.79 χ 10 -7 (3 60 0 )^1 Γ ε 0 ( / ν π ) 1 / 2 (4.36) 

where yi is the value of y when th=\, and ε 0 is the gas concentration when / h = 0 , 
measured in cm 3 (STP)/cm3 of material. 

Ku = 2.19 χ IO"3 T(D,b/h0)P0 (4.37) 

The product Dxb is the permeation constant (eq. 4.20) which is measured in 
cm 3(STP)/cm 2 of cross section for a thickness of 1 cm, and pressure differential of 
1 Torr. The pressure P0 is the partial pressure outside the enclosure of the gas 
considered. 

Considering the outgassing at 27°C of hydrogen from a steel vessel of wall 
thickness 1 cm, the various parameters a re : h0 = \ cm; D 1 = 5 x l 0 - 9 cm 2/sec; 
£ o = 0.1 cm 3(STP)/cm 3; Z> = 10~3 cm 3(STP) /cm 3Tor r ; j=2 (eq. 4 .15) ; P0 = 
4 x 10~4 Torr (partial pressure of hydrogen in the atmosphere). 
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From eq. (4.35) it results that ξ α ΙΟ4 hours. th < ξ/4 = 2500 hours ; thus 
up to r h = 2500 h ; γ can be considered y = i. 

Substituting in eqs. (4.36) and (4.37) we have 

# ! = 5 . 6 x 10~8 T o r r l i t - s - ^ c m - 2 and 

# u = 2 x l 0 - 1 3 T o r r l i t - s - ^ c m - 2 

In this particular case the permeation outgassing rate will almost certainly be 
greater than the value of Ku calculated from eq. (4.37) because of the liberation 
of hydrogen at the outer surface of the vessel by action of water vapour on iron. 
The real value of Ku is about 5 χ I O - 12 T o r r l i f s - ^ c m - 2. Experimental values of 
K1 are about one order of magnitude larger than that calculated above, whereas 
γ observed experimentally for this case is in the region of y = l. Thus, factors 
other than diffusion of gases from the interior play a considerable part in the 
outgassing of metals. The outgassing due to water vapour is believed to be the 
main additional*factor. 

The outgassing rate resulting from an adsorbed monolayer can be found by 
using eq. (4.26); but the results obtained are not always meeting the experimental 
values, since the coverage θ is also a function of the pressure. 

For an approximation, the following equation can be used 

Kt = [10~i T0Jts] exp ( - / / / , ) (4.38) 

where Kt is the outgassing rate at time t, Τ is the temperature, r s the sojourn time, 
0 O the coverage when t = 0. If 0O = 1 (monolayer), then for small values of ts 

(physical adsorption), the initial outgassing rate is very high, but falls rapidly with 
time. On the other hand for strong chemisorption (/s high) the initial outgassing 
rate is low and falls only very slowly with time. 

For water vapour, adsorbed in several layers the above approach does not give 
consistent results. Dayton (1962) suggests that water vapour is held in the pores 
of Lhe layer of oxide that is inevitably present on the surface of most metals. 
A semi-empirical analysis of the distribution of pore size and layer thickness 
leads to an expression for the outgassing rate which varies as r _ 1. 

Edwards (1977c) established an "upper bound" for the outgassing rate of "low 
surface-area metals" (e.g. copper, stainless steel) as g m a x = 1.7 χ l0~5/t, 
Torr · lit · s - 1 · c m - 2 , where / (seconds) is the pumping time. 

Schalla (1980) discusses the influence of the a rea /vo lume configuration of the 
material on the outgassing rates (desorption) of gas in porous materials. Flécher 
(1982) studied the outgassing process of metal powders. Pang et al. (1987) found 
that the change of grain size of Al alloys by recrystallization influences consider
ably the bulk outgassing of CO and C 0 2 . Pang et al. (1987) also found that on 
the surface of 304 stainless steel there are two types of water adsorption: one 
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originating from exposure to air and the other from water rinse. These desorb at 
different temperatures (328 Κ and 366 Κ respectively). On the surface of 6063 Al 
alloy, only one type of water adsorption state exists, regardless if it is from air 
exposure or water rinse (it desorbs at 353 K). 

4.4.3. Outgassing rates 

Outgassing rates were determined by various authors. Figure 4 .30 shows the 
values obtained for various metals and plastics, and their decrease with time of 
pumping. 

These values are meant to be " t rue" rates, but in most of the cases are in fact 
"ne t" outgassing rates. The "ne t" rates (qn) are calculated from the throughput 
of gas measured (which leaves the measuring vessel). The " t rue" rates (qt) must 
include the gas desorbed but readsorbed on the surface. These are related (Hobson, 
1979) by 

It = <7n + WfPKMTf'2 (4.39) 

t 1 1 1 1 1 1 
10 20 30 60 120 2 4 0 

t ( m i n ) 
Fig. 4 . 3 0 Outgassing rates of various untreated materials at room temperature: ( I ) Silicone 
rubber; (2) Polyamide: (3) Plexiglas; (4) P V C : (5) Araldit; (6) Vi ton; (7) Teflon; (8) Hostaflon: 
(9) Copper; (10) Stainless steel. References: Geller (1958), Santeler (1958), Jackel (1962), Henry 

(1969), Chen (1987a), Erikson et al (1988). 
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where M is the molecular weight and Τ the absolute temperature of the gas, / is 
the sticking coefficient, and Ρ (Torr) is the pressure in the test chamber. It can 
be seen that for qn = 3 X I O - 1 4 Torr l i t - s - 1 c m - 2; M = 2 (hydrogen); Τ = 300°K; 
a n d / = 0.1, it results qt — 1.2 χ 1 0 - 1 0 Torr l i t - s - 1 c m - 2, much higher than the 
measured qn value. 

Methods for measuring the outgassing rates are described by Kutzner and 
Wietzke (1972); Elsey (1975); Messer and Treitz (1977); Komiya et al (1979); 
Beavis (1982); Yoshimura (1985); Horikoshi (1987). 

The gas evolution from glasses is shown in fig. 4 . 3 1 . By heating the glass to 
150°C in vacuum, the greatest part of the adsorbed gases is given off. The curves 
representing the gas evolution (fig. 4.31) have a maximum point at about 140°C 
for soda-lime glasses, at 175°C for lead glasses and at about 300°C for borosili-
cate glasses. At still higher temperatures the gas evolution is reduced, but after 
the temperature range between 350° and 450°C is exceeded additional gases are 
given off due to the decomposition of the glass. 

The outgassing rates of various materials depend on the state of their surface. 
Figure 3.44 shows a summary of these values, for untreated surfaces, for degreased, 
polished and baked ones. The values for degreased surfaces correspond to surfaces 
cleaned by usual methods using liquid degreasing agents; the lowest end 
of the ranges correspond to vapour degreasing. Polished surfaces include 
mechanical polishing, blasting, chemical or electrochemical polishing. From the 
published data it was not possible to conclude if one or another of these methods 
systematically results in the lower outgassing rates; it rather appears that each of 
them can give the low values in the range, if the process is carried out carefully. 
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Fig. 4 .31 The evolution of gas from various glasses. After Von Ardenne Π962) , Espe (1966). 
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The values for untreated, degreased and polished states were taken for 4-8 h 
of pumping. 

Schalla (1975) established equations expressing the influence of the surface 
finish, temperature and humidity on the outgassing rates. 

The baking of nonmetals (fig. 3.44) is at temperatures of 80-100°C and baking 
times up to 24 h. For baked metals the upper ranges correspond to baking at about 
300°C for 24 h, the middle ranges to baking at 400°C for up to 100 h, while the 
lowest values for stainless steel also include an additional subsequent baking at 
1000°C for 3 h. 

Fischer (1972) and Samuel (1970) used a pretreatment process which consists of 
heating the stainless steel vacuum chamber in air at atmospheric pressure for a 
few hours, and then while hot (about 200°C) evacuating the system. 

Moraw and Dobrozemsky (1974) concluded that the actuating mechanism of 
the air bake-out consists in changing the activation energies required for thermal 
desorption. Santhanaman and Vijendran (1979) found that exposure of plastics 
(epoxy, high voltage cables) to nitrogen, considerably reduces their outgassing 
rates. 

Chen (1987a) measured the outgassing rate of a chamber of Al 6063-Ex alloy 
and one of SUS 304 stainless steel, before and after filling the chambers with 
water for one day. The outgassing rates were measured initially, after bakeout, 
after filling with water (and drying) and after a new bakeout. At the final 
bakeout (24 h at 150°C) the Al alloy chamber reached 1.5 Χ 1 0 " 1 3 Torr · l i ter / (s 
• c m 2) while the stainless steel chamber (8 h at 180°C) reached only 7 X 1 0 " 1 3 

Torr · l i ter / (s · cm 2) . Chen et al. (1987b) explain the better behavior of the Al 
alloy chamber by the diffusion of water vapour out of the porous oxide layer, 
which is the main process governing the outgassing of Al alloys. In the case of the 
stainless steel the outgassing is a surface controlled desorption process. 

Odaka et al. (1987) found that the outgassing rate of 316 L stainless steel is 
reduced by repeated baking/air-exposure cycles, and reaches a constant (mini
mum) value (e.g., 1.3 X 1 0 - 1 0 Pa · m 3 / ( s · m 2 ) or 1 X 1 0 - 1 3 Torr · l i ter / (s · c m 2) 
after a few such cycles. 

Radiation (e.g. gamma), electron or ion bombardment increase the desorption 
rate, usually by orders of magnitude (e.g. Calder, 1974; Fischer, 1974, 1977; 
Hilleret and Calder, 1977; Graham and Ruby, 1979; Edwards, 1979b). 

In electron storage rings the main source of gas is a result of the synchroton 
radiation photons, which first produce photo-electrons and these later desorb 
surface held gas molecules. The mechanism, the resulting rates and the methods 
for decreasing the radiation induced desorption were extensively discussed, e.g. 
by Cummings et al. (1971), Falland et al (1974), Benvenuti, Calder and Passardi 
(1976), Fischer (1977), Kouptsidis (1977), Trickett (1977, 1978), Dean et al (1978), 
Archard et al. (1979), Gröbner et al. (1983), Kobari and Halama (1987), 
Kobayashi et al. (1987), Mathewson et al. (1987). 
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4.5. Interaction of electrons and ions with surfaces 

4.5.1. Electron scattering 

Electrons which strike a surface may be elastically reflected or may produce 
inelastic processes. The ratio of emitted electrons to incident current depends on 
the energy and direction of the incident and scattered electrons, and on the sur
face on which they act. Reviews on electron scattering are given by Hachenberg 
and Brauer (1959), Redhead et al (1968), Hobson (1974), Holland et al (1974), 
Wolsky and Czanderna (1975), Polaschegg (1978/79), Grosse et ai (1987a). 

The general relationship between the various types of backscattered electrons 
is shown in fig. 4 .32. If the energy E0 of the primary electron beam is 100-500 eV, 
the characteristic curve (fig. 4 .32, lower curve) may be divided in: 

I - the peak of elastically reflected electrons, 
II - the region of characteristic energy losses, 

ο 5 E(eV) 

0 E(eV) 10 

IV 

Eo=300 

0 100 200 300 

E(eV) 

Fig. 4.32 Schematic energy distribution generated by electron beams with EQ primary energy. 
After Harrower (1959); Redhead et al. (1968); Bauer (1972). 
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III - the region of inelastically scattered and emitted electrons, 
IV - the region of true secondary electrons. 

By decreasing the energy of the primary electron beam, the relative value of peak 
I compared to IV increases (upper curves, fig. 4.32) so that at very low energies 
only peak I appears. 

At primary electron energies of 100-500 eV, peak I is u sed inLEED studies (see 
§4.5 .3) , while very low energy electron beams ( < 50 eV) are used in direct scatter
ing measurements (Hagstrum and D'Amigo, 1960) on atomically clean surfaces 
in ultra-high vacuum. 

The region II (fig. 4.32) of characteristic energy losses extends in the range 
Eo—\00<E<Eo (eV), where E0 and Ε are the energies of the primary and 
scattered electrons, respectively. This range represents reflected electrons which 
have lost specific amounts of their energy by : plasma losses (Klemperer and 
Shepherd, 1963), shell ionization (Robins and Swan, 1960), or - at low impact 
energies - by transfer to the vibrational state of adsorbed molecules (Schulz, 
1962; Prost and Piper, 1967). Region II is used in electron loss spectroscopy 
(ELS) at high energies (Weber and Webb, 1969) and with some limitations 
(Bauer, 1972) in low energy ELS, (LEELS). 

Region III (fig. 4.32) extends in the range 50< E< E0 —100 (eV), and includes 
inelastically scattered electrons, and emitted (Auger) electrons (see §4 .5 .4) . 

Region IV extends from zero to 50 eV (arbitrary value), and includes the true 
secondary emission (Dekker, 1958; Hachenberg and Brauer, 1959). This group 
has a maximum (peak IV) at a few electron volts (scattered electrons) and forms the 
largest fraction of scattered electrons, except at very low primary energies (see 
upper curve, fig. 4.32). This range gained interest in the last time, forming the 
field of true secondary spectroscopy (Jenkins and Chung, 1971 ; Willis and Filton, 
1972; Mathewson, 1974). 

When electrons impinge on the surface of the solid they may desorb atoms, ions 
or molecules of the adsorbed gases. This process is known as EID, electron-
impact desorption (Menzel and Gomer, 1964; Redhead et al., 1968; Leek and 
Stimpson, 1972; Moore, 1980). 

4.5.2. Ion scattering 

The processes discussed in § 4 . 1 - 4 . 4 are produced by neutral particles; their 
thermal energy is about 0.026 eV at room temperature. 

If ions having energies of 1 — 1 χ 105 eV are hitting a surface, they produce 
elastic collision effects as : scattering, penetration, entrapment and sputtering, or 
inelastic processes a s : neutralization and electron ejection. Reviews of these 
phenomena were published by Colligon (1961), Kaminsky (1965), Snoek and 
Kistemaker (1965), Redhead et al. (1968), Kistemaker et al. (1968), Buck and 
Poate (1974), Hobson (1974), Holland et al. (1974), McCracken (1974), Holm 
and Storp (1976), Polaschegg (1978/79), Akaishi et ai (1987). 
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In the low energy range ( < 3 0 eV) the predominant effect is the scattering of 
the bombarding ion, back into the vacuum space. When an ion of moderate energy 
( < 1 0 3 eV) and sufficiently high ionization potential approaches a conducting 
(metal) surface, an electron from the conduction band of the solid can combine 
with the ion, producing its neutralization, but a second electron could be sufficiently 
excited by this process to surmount the work function barrier, and be ejected 
from the solid. These electrons are known as Auger electrons (see §4 .5 .4) . In 
the energy range 3 0 - 3 χ 104 eV, in addition to scattering (Goff, 1973) and electron 
ejection, the ejection of atoms of the solid, known as sputtering becomes important 
(Behrisch, 1964). The penetration of the ions into the solid is 1-10 lattice cons
tants at moderate energies (up to 103 eV) and increases to about 100 lattice cons
tants at higher energies (3 χ 104 eV^ The probability of entrapment of ions increas
es with the energy of the parucle, approaching unity at energies of about 
3 χ 104 eV (Grant and Carter, 1965). 

The ion scattering spectroscopy as used for surface composition analysis is dis
cussed e.g. by Goff (1973), Rusch and Erickson (1976). Ion entrapment is the 
phenomenon on which the ion pumping (see §5.4) is based. Ion entrapment also 
produces pumping effects (§6.7.2) in ion gauges (Alpert, 1953; Alpert and Buritz, 
1954). This effect was analyzed by Kornelsen (1960). 

Sputtering is the phenomenon on which sputter-ion pumps (§5.4.4) are based. 
The sputtering effect was studied by Wehner (1955, 1974), Moore (1960), Kay 
(1962), Logan et al. (1977), and is extensively used as one of the vacuum coating 
methods; these coating techniques are discussed by Holland (1956), Maissel and 
Glang (1970), Maissel and Francombe (1973), Varga and Bailey (1973), Reiber 
and Lantaires (1973), Laville Saint-Martin (1973), Holland and Cox (1974), 
Wehner (1974), Fraser and Cook (1977), Harding (1977), Holland (1978). 

Ion bombardment is an effective means for cleaning surfaces for high and ultra
high vacuum studies, or before vacuum coating (Hagstrum and D'Amigo, 1960; 
Grant and Carter, 1967; Govier and McCracken, 1970). 

Ion bombardment cleaning is extensively used in accelerators, storage rings 
and plasma machines; the cleaning processes used in various applications are 
discussed by Jones et al. (1973), Calder (1974), Mathewson (1974), Lambert and 
Comrie (1974), O'Kane and Mittal (1974), Winter (1975), Schiller et al. (1976), 
Blechschmidt (1977, 1978), Calder et al (1977), Fischer (1977), Hartwig and 
Kouptsidis (1977c), Hilleret and Calder (1977), Logan et al. (1977), Mathewson 
et al. (1977), Sorensen and Whitton (1977), Bouwman et al (1978), Dean et al. 
(1978), Gomay et al. (1978, 1979), Dylla et al. (1979), Störi (1983), Dylla et al. 
(1984), Waelbroek et al. (1984), Hseuh et al. (1985), Kobari and Halama (1987), 
Mathewson et al. (1987), Suemitsu et al. (1987), Dylla (1988), I toh et al. (1988). 

Ion bombardment (glow discharge) cleaning of a vacuum vessel requires one 
or more electrodes placed according to the geometry of the walls. The surfaces to 
be cleaned are usually grounded relative to the excitation source. The power 
source can be a d.c. supply (800-1000 V), an r.f. supply (e.g. 200 kHz) or a 
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microwave power supply (e.g. 1 to 3 GHz) . Hydrogen and argon are the more 
often used gases for the discharge, but A r / 0 2 , 0 2 and H e / 0 2 are also used 
(Dylla, 1988). The pressure of the gas (during the discharge) is in the range 
5 X 1 0 " 4 - 1 Χ 1 0 " 2 Torr. A high gas throughput has to be maintained during the 
discharge, to remove the products of the cleaning. Turbomolecular pumps are the 
most appropriate for the purpose. The current densities required are 10-25 
μ Α / c m 2 for hydrogen glow discharge cleaning (Waelbroek et al, 1984), and 100 
μ,Α/cm 2 for argon cleaning (Calder et al, 1977). The required ion dose for 
stainless steel systems is in the range 1 0 1 8- 1 0 1 9 i o n s / c m 2 (Dylla, 1988), while for 
the discharge cleaning of Al systems a total argon ion dose of 2 X 1 0 1 8 i o n s / c m 2 

is mentioned (Mathewson et al, 1987). It was found (Itoh et al, 1988) that about 
3 X l O

- 3 a toms / ion are trapped in the surfaces, which explains the relatively 
high reemission of argon occurring later in the cleaned systems. 

4.5.3. Low energy electron diffraction (LEED) 

Low energy electrons (100-500 eV) have a penetration depth up to 1-2 mono
layers, thus such beams are diffracted from the plane array of atoms forming the 
surface of the crystal. This permits us to use such electrons in order to obtain in
formation about the surface. 

The diffraction equipment for LEED studies (fig. 4.33) consists of an electron 
source (filament), a means of collimating and then focusing the primary beam 
onto the crystal, and a system for detecting the diffracted electrons. The diffracted 
beams pass through grids, and then are accelerated to a fluorescent screen which 

F i g . 4 . 3 3 Schematic of a L E E D system : (1) Fi lament; (2) primary beam; (3) specimen; 
(4) slow secondary electrons; (5) elastically scattered electrons; (6) shield grid; (7) suppressor 
grid; (8) fluorescent screen; (9) quartz window; (10) observer. After Maissel and Francombe 

(1973). 

8 
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produces a pattern that can be observed (photographed) through the front win
dow. One function of the grids is to shield the incident and diffrated beams from 
the 4 kV on the fluorescent screen. The grid closest to the screen is a suppressor 
grid and serves as a filter to reject electrons that have lost energy after interaction 
with the target crystal, thus only the elastically scattered electrons, which produce 
the diffraction patterns can reach the screen. 

In order to be able to study clean surfaces LEED systems use ultra-high vacuum 
( 1 0 - 9 - 1 0 - 1 0 Torr) . 

Fig. 4 . 3 4 (a) L E E D pattern of Si(l 11) surface, E0 == 45 eV; (b) Auger spectrum of the same 
surface (E0 = 2 keV, grazing incidence). Lower curve 10 times amplified. Reprinted from Bauer 

(1972), by permission of Pergamon Press Ltd., Oxford. 
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The principles of electron diffraction were treated by Pinsker (1953), the LEED 
systems are discussed in many publications, e.g. Germer (1965), McRae (1966), 
Ducros (1968), Davison (1971), Prutton (1971), Cunningham and Weinberg (1978). 
A LEED pattern is shown in fig. 4.34. 

Electron diffraction at normal incidence becomes less and less sensitive to scat
tering by surface atoms as electrons are more energetic and thus penetrate deeper 
into the material. This is counteracted by using glancing incidence (0.5-3°) at 
high energies (10-100 keV) in the method known as reflection high energy electron 
diffraction or R H E E D (Sewell and Cohen, 1965). Facilities for LEED and 
RHEED are conveniently combined in the same instrument (Heppel, 1967), and 
there is a growing tendency to add to this the equipment for AES (§4.5.4) 
as well (Todd, 1973). 

4.5.4. Auger electron spectroscopy (AES) 

The method of surface analysis by Auger electron spectroscopy was suggested 
by Lander (1953), improved by Harris (1968) and treated in a large number of 
publications, e.g. Siegbahn (1965), Taylor (1969), Chang (1971), Davison (1971), 
Bauer (1972), Todd (1973), Noller et al (1974), Sickafus (1974), Mathewson (1974), 
O'Kane and Mittal (1974), Fäber (1976), Gomay et al (1978), Archard et al (1979). 

The AES method is based on the peaks which appear in the electron energy 
spectra of various materials bombarded by electrons (or ions), and which are 
due to electrons ejected by the process first explained by Auger (1925). If an atom 
is ionized in an inner shell, the vacancy is filled very rapidly (10~ 17 —10~ 12 sec) by 
an electron of one of the outer shells. The energy liberated in this transition can 
be radiated off in the form of characteristic X-rays or can be transferred to another 
electron. This electron (the Auger electron) is emitted from the surface if the 
transferred energy is larger than the ionization energy of this electron. 

The basic requirement of an AES system is the ability to energy analyze elec
trons in the range from a few electron volts to about 1500 eV. The most common 
geometry of the analyzer used is shown in fig. 4 .35 . This analyzer is based upon 
LEED optics (see fig. 4.33). The incident beam can either pass along the axis 
of the optics, striking the sample at normal incidence, or enter from a direction 
outside the angle of optics striking the sample at a glancing angle. With the 
glancing angle arrangement the sensitivity is increased since the excitation is more 
concentrated near the surface, thereby increasing the chance of escape of the low-
energy Auger electrons. Various grid arrangements and modulation techniques 
may be used to obtain the derivative of the energy distribution curve showing the 
Auger peaks (figs. 4.36 ; 4 .34b). Employing four concentric grids and a collector 
(fig. 4.35) the grid nearest to the specimen is grounded as are the specimen and 
all neighboring components, in order to give a field-free region between the grid 
and specimen. This ensures that electrons emitted at the centre of curvature of the 
optics will travel in radial paths toward the first grid. The next two grids are 
retarding grids which prevent electrons with very low energy from passing them. 
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Fig. 4.35 Fig. 4.36 

Fig. 4 . 3 5 Schematic diagram of a retarding field analyzer: (1) specimen; (2) electron beam; (3) 
L E E D gun (if present); (4) collector (fluorescent screen); (5) a.c. modulat ion; (6) d.c. sweep 
supply; (7) lock-in amplifier; (8) x-y recorder. After Taylor (1969). 

Fig. 4 . 3 6 Collector currents in the analyzer (fig. 4 . 3 5 ) in different modes of operation, 
(a) Retarding field plot; (b) Energy distribution (fundamental); (c) Derivative of energy 
distribution (second harmonic). £ p— p r i m a r y beam energy. After Taylor (1969). 

Two grids of this kind are used, in order to sharply define the radial retarding 
field, and obtain a high resolution. To these two grids is also applied the ac 
modulation voltage which together with the dc retarding field enables energy 
analysis to be carried out (see fig. 4.36). The fourth grid is held at ground poten
tial and serves primarily as an ac shield to reduce the capacitive coupling to the 
collector of the ac voltages applied to the retarding grids. The collector is a 
fluorescent screen (in order to be used for LEED as well) biased a few hundred 
volts with respect to ground. 

If the specimen is excited by primary electrons of energy Ep (fig. 4.36) and the 
current to the collector is recorded as a function of the retarding field voltage, 
sweeping from ground potential to the potential of the cathode, a retarding field 
plot is obtained (fig. 4.36). To obtain the energy distribution it is necessary to 
differentiate this plot with respect to retarding voltage (fig. 4.36). This is accom
plished by applying a small ac modulation voltage to the retarding grids and 
tuning the detector to the frequency of the modulation. In order to obtain the 
derivative of the energy distribution curve the detector is tuned to the second 
harmonic of the modulation frequency. This gives the significant peaks (fig. 4.36) 
showing the characteristic Auger electron energies, which permit determination of 
the elemental composition of the surface of the specimen, including adsorbed 
molecules on the surface. An example of an Auger spectrum is shown in 
fig. 4 .34 , together with the LEED pat tern of the surface. 
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Production of low pressures 

5.1. Vacuum pumps 

5.1.1. Principles of pumping 

Since vacuum technology extends on so many ranges of pressure (§1.1), no 
single pump has yet been developed, which is able to pump down a vessel from 
atmospheric pressure to the high vacuum or ultra-high vacuum range. 

Although all the vacuum pumps are concerned with lowering the number of 
molecules present in the gas phase, several different principles are involved in the 
various pumps which are used to attain low pressures. Vacuum pumping is based 
on one or more of the following principles: 

Compression-expansion of the gas, in piston pumps, liquid column or liquid 
ring pumps, rotary pumps, Root 's pumps; 

Drag by viscosity effects, in vapour ejector pumps ; 
Drag by diffusion effects, in vapour diffusion pumps ; 
Molecular drag, in molecular pumps: 
Ionization effects, in ion pumps; 
Physical or chemical sorption in sorption pumps, cryopumps and gettering pro

cesses. 

5.1.2. Parameters and classifications 

The selection of the pumping principle or of the pump to be used is defined by 
its specific parameters. The main parameters a re : the lowest pressure, the pressure 
range, the pumping speed, the exhaust pressure. In the ultra-high vacuum range 
two other parameters are added: the selectivity of the pump and the composition 
of the residual gas. 

200 



( § 1 ) VACUUM PUMPS 201 

The lowest pressure which can be achieved by a pump at its inlet, is determined 
either by the leakage in the pump itself, or by the vapour pressure of the fluid 
utilized in the pump. This pressure determines the low pressure end of the pres
sure range in which the various pumping types are effective (fig. 5.1). 
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Fig. 5 .1 Pressure ranges of vacuum pumps. 

The pressure range of a single pump is that range in which the pumping speed 
of that pump can be considered useful (fig. 5.2). Pumps of the same type but of 
different sizes or constructions may have adjacent pressure ranges, so that the 
pressure range of a specific pumping method can be larger (fig. 5.1) than that of 
an individual pump (fig. 5.2). 

The pumping speed of the pumps is not constant (as it was considered in §3.7) , 
but is a function of the pressure. The pumping speed vs. pressure curve of pumps 
has either a shape of a curve decreasing as the pressure decreases (e.g. rotary 
pumps), or of a curve increasing first with decreasing pressure, reaching a maxi
mum and then decreasing as the pressure decreases (e.g. diffusion pumps, Root ' s 
pump). 

The classification of the pumps, according to the pressure range, is summa
rized in fig. 5 . 1 , while the typical variation of the pumping speed is shown in 
fig. 5.2, expressed as percents of the maximum pumping speed of each type of 
pump. 

The exhaust pressure is the pressure against which the pump may be operated. 
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Fig. 5 .2 The pumping speed range S of several pumps, in terms of their maximum pumping 
speed 5 ma x

 J
- Single stage rotating-vane pump (without gas ballast); 2 . Single stage gas 

ballast pump; 3 . Root 's pump; 4 . Ejector pump; 5. Diffusion pump; 6. Molecular pump. 

Fig. 5 . 3 Schematic cross section of an industrial vacuum system, and the graph of the pressure 
at the various points in the system. Reprinted from Lucas (1965), by permission of Pergamon 

Press Ltd., Oxford. 
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From this point of view the vacuum pumps may be broadly divided into three 
classes: 
- Pumps which exhaust to atmosphere, usually known as roughing or backing 
pumps. The removal of the atmospheric air from the system to some accept
able operating pressure is referred to as roughing out the system. The main
tenance of a required low pressure at the outlet of another pump, is referred to 
as backing. Mechanical rotary pumps, and ejectors are the typical roughing and 
backing pumps. 
- Pumps which exhaust only to sub-atmospheric pressures, require & backing 
pump (in series) to exhaust to atmosphere. Diffusion, Root 's pumps, and mole
cular drag pumps are of this type, which require a backing pump. 
- Pumps which immobilize the gases and vapours within the system require no 
outlet. These are the pumps based on ionization or on sorption. 

A typical laboratory vacuum system, with roughing and backing stages is 
shown in fig. 3 .35. Figure 5.3 shows an industrial vacuum system, in which the 
process chamber is maintained at a low pressure by a pumping system consisting 
of three vacuum pumps in series: a 3-stage diffusion pump, backed by a Root 's 
type, which is backed by a rotary plunger pump. The rotary piston (plunger) 
pump, being capable of unassisted discharge to atmosphere, is used initially 
to reduce the system pressure to about 1 0 - 1 Torr and then is used to back up the 
diffusion pump. The diffusion pump can reduce the pressure in the clean chamber 
to less than 10~5 Torr, but when the process is outgassing or there is an admission 
of control gas, the pressure can be maintained at only about 10~4 Torr. 

Almost all the books mentioned in §1.4.1 have chapters dedicated to vacuum 
pumps. A very detailed discussion of the subject is presented by Power (1966). 
Pumps for ultra-high vacuum are reviewed by Weston (1978). 

Pumps and pumping processes were discussed by Adam et ai (1980), Nelson 
(1980), Bhatia and Chéremisinov (1981), Currington et al (1982), Liversey and 
Budgen (1982), Hablanian et al (1987), Ota and Hirayama (1987), Wycliffe 
(1987), Hablanian (1988), Wong et al (1988). 

Hablanian (1984) comments on the history of vacuum pumps, while Hobson 
(1984) predicts the future of the pumps and their applications. The vocabulary to 
be used in connection with vacuum pumps and pumping is stated in I S O / D I S -
1981. 

5.2. Mechanical pumps 

5.2.1. Liquid pumps 

Most of the vacuum pumps using liquid to compress and exhaust have only 
historical interest. We will mention here only the Sprengel pump, the water-
jet pump, and the Toepler pump, the latter two being still used in laboratory. 

The Sprengel pump has only the historical interest of being used in the first 
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lamp factories. It was recently discussed by Myer (1972). This pump was based 
on the principle shown in fig. 5.4. The mercury drops introduced in the vertical 
capillary T, capture between them air bubbles. In this way the system evacuates 
air from the side tube C and exhausts it through the mercury at the bottom, to 
the atmosphere. 

The water-jet pump is a familiar practice in laboratory work, especially in 
filtering operations. Water supplied from a fast-running tap is fed into the nozzle 
at A (fig. 5.5). This water stream then emerges at high velocity from the converg
ing jet B. The jet is surrounded by a cone to prevent splashing and also guide 
the water stream to waste at C. A side tube D is connected to the vessel to be 
evacuated. Molecules of the gas are trapped by the high speed jet and forced out 
into the atmosphere. By this means, pressures down to 10-17 Torr are attain
able, the limit being due to the vapour pressure of the water (see table 2.2). 

The principle of the Toepler pump is fundamentally the same as that applied 
by Torricelli in his famous experiment. The air from Ε (fig. 5.6) is "pumped" 
by alternately raising and lowering the mercury reservoir R, which is connected 
to the tube of barometric length placed below B. At each upward " s t roke" the gas 
in Β is closed from Ε and forced, through the tube F, into the atmosphere at M. 
Then, on the downward "s t roke" , the pressure in Ε is lowered by expansion of 
the gas into B. The glass valve G (see fig. 7.57) prevents the mercury from entering 
the vessel E, in the upward stroke. With the Toepler pump, pressures down to 
I O - 5 Torr can be obtained, except the mercury vapour pressure which is about 
I O - 3 Torr (see table 2.2). The great disadvantage of the Toepler pump is its very 
low pumping speed. This was somehow increased recently in the "automatically 
operated" Toepler pumps, e.g. Moore and Frahm (1974), Kanellopoulos (1979). 

A 

Τ 

c 

Fig. 5.4 Sprengel pump. Fig. 5.5 Water ejector p u m p 
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5.2.2. Piston pumps 

The piston pumps (fig. 5.7) have valves so arranged that air is pumped out of 
vessel A. As the piston is raised from the lowest position, the valve V 2 closes, 
and the motion of the piston then reduces the pressure in B. The pressure difference 
between* A and Β will open valve VA and gas will pass from A to B. As the piston 
descends, the pressure in Β increases, Wl closes, V 2 opens and the gas in Β escapes 
through V 2. 

In one stroke the volume of gas VA is expanded to VA + VB9 thus the pressure 

Fig . 5.6 Fig. 5.7 
Fig. 5 . 6 Toepler pump. Reprinted from D u s h m a n and LafTerty (1962), by permission of J. 
Wiley & Sons , Inc., N e w York. 
Fig. 5 .7 Piston pump (principle). 
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and after η strokes to P, η 

PJP = lvj(vA + vB)]n (5.2) 

The minimum attainable pressure is limited especially by the dead space below 
the piston i.e. the space between the valves V! and V 2 (fig. 5.7) when the piston 
is in its lowest position. If Vd represents the dead volume, then the minimum 
attainable pressure is 

since at the end of the stroke the pressure in Β must be atmospheric in order to 
open V 2 . Piston pumps have VJVB = t n , thus their lowest pressure is about 
100 Torr. 

5.2.3. Water ring pumps 

Water ring pumps are constituted by a multi-blade impeller, which is eccen
trically mounted relative to the pump casing (fig. 5.8). 

When the impeller rotates the liquid is thrown outwards to form a ring which 
rotates inside the pump casing. The pockets between the blades of the impeller 
are completely filled with liquid when at the top position, but as the pocket rotat
es, the' liquid moves away from the axis and draws gas through the suction port. 
As rotat ion continues the liquid returns toward the axis and forces the gas out 
through the discharge port. 

The sealing liquid, which is generally water, is heated by the action of the pump. 
It is either run to waste and replaced or circulated through a cooler. Water ring 
pumps have a nominal operating pressure of about 30 Torr , and are used in large 
systems where such pressures are sufficient. The range of pumping speeds of these 
pumps extends up to 6000 m 3 / h (Ebdale, 1978). Liquid ring pumps are also 
discussed by Powle and Kar (1983), Cole (1987). 

5.2.4. Rot at ing-vane pumps 

The rotating-vane pump, known also as "rotary p u m p " , is constituted of a 
stator and an eccentric rotor which has two vanes (blades) in a diametral slot, 
(figs. 5.9 and 5.10). The stator is a steel cylinder the ends of which are closed 
by suitable plates, which hold the shaft of the rotor. The stator is pierced by the 
inlet and exhaust ports which are positioned respectively a few degrees on either 
side of the vertical. The inlet port is connected to the vacuum system by suitable 
tubulation usually provided with some kind of dust filter. The exhaust port is 
provided with a valve, which may be a metal plate moving vertically between 

Po = 760VJVl Β (5.3) 
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F ig . 5.8 Fig . 5.9 
Fig. 5 .8 Cross section of a water ring pump. 1. Suct ion; 2. Suction port 3. Water ring; 4. Impel
ler; 5. Discharge port; 6. Discharge. 
Fig. 5 . 9 Cross section of a rotating-vane pump. 1. Inlet tube; 2. Inlet port; 3 . T o p seal ; 4 . 
Vanes; 5. Oil; 6. Rotor ; 7. Stator; 8. Exhaust port; 9. Exhaust flap valve with backing plate; 
10. Exhaust outlet; 11. Oil splash baffles. 

arrester plates, or a sheet of Neoprene, which is constrained to hinge between 
the stator and a metal backing plate. 

The rotor consists of a steel cylinder mounted on a driving shaft. Its axis is 
parallel to the axis of the stator, but is displaced from this axis (eccentric), such 
that it makes contact with the top surface of the stator, the line of contact lying 
between the two ports. This line of contact known as the top seal (üg. 5.9) between 
rotor and stator must have a nominal clearance of 2-3 microns (see fig. 7.13). A 
diametrical slot is cut through the length of the rotor and carries the vanes (fig. 
5.10). These are rectangular steel plates which make a sliding fit in the rotor slot 
and are held apart by springs which ensure that the rounded ends of the vanes 
always make good contact with the stator wall. The whole of the stator-rotor 
assembly is submerged in a suitable oil. Lubrication problems of vacuum pumps 
are discussed by Webb (1974), oil back-migration by Baker et al. (1972), Harris 
(1978), Hablanian et al. (1987), Laurenson et al. (1988), while selection of fluids 
for rotary pumps is discussed by Kuhn and Bachmann (1987). Pumps with direct 
drive are discussed by Nelson (1980). 

The action of the pump is shown in Fig. 5 .11 . As vane A passes the inlet port 
(fig. 5.11a), the vacuum system is connected to the space limited by the stator, 
the top seal, the rotor and vane A. The volume of this space increases as the vane 
sweeps round, thus producing a pressure decrease in the system. This continues 
until vane Β passes the inlet port (fig. 5.1 lb) , when the volume of the gas évacuât-
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Fig. 5 . 1 0 Exploded view of a rotating-vane pump. Reprinted from Ward and Bunn (1967), 
by permission of Butterworths Publ. Co. , London. 

ed is isolated between the two vanes. Further rotation sweeps the isolated gas 
around the stator until vane A passes the top seal (fig. 5.11c). The gas is now 
held between vane Β and the top seal, and by further rotation it is compressed 
until the pressure is sufficient (about 850 Torr) to open the exhaust valve, and 
the gas is evacuated from the pump. 

Since both vanes operate, in one rotation of the rotor a volume of gas equal to 
twice that indicated in fig. 5.11b is displaced by the pump. Thus, the volume rate 
at which gas is swept round the pump, referred to as pump displacement St is 

St = 2Vn (5.4) 

where V is the volume between vanes A and Β (fig. 5.11b), and η is the number 
of rotations per unit time (usually 350-700 r.p.m.). Pumps with direct drive have 
1500-1700 r.p.m. 

The contacts of the vanes and rotor with the stator form three separate chambers 
each containing gas at different pressure. These contacts must therefore make 
vacuum-tight seals, especially for the top seals which must support more than one 
atmosphere pressure difference. For this reason the inner surfaces of the stator, 
that of the rotor and vane, are very carefully machined. Hence, great care must 
be taken to ensure that no abrasive material or gas which is likely to corrode the 
metal surfaces enters the pump chamber. 
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Fig. 5 . 1 1 Act ion of the rotating-vane pump. 

In theory, the lowest pressure achieved by the pump is determined only by the 
fact that the gas is compressed into a small but finite "dead volume". When the 
system pressure becomes so low that, at maximum compression, the gas pressure 
is still less than that of the atmosphere it cannot be discharged from the pump. 
Subsequent pumping action re-expands and recompresses the same gas without 
further decreasing the pressure in the system. The ratio of the exhaust pressure 
to the inlet pressure is termed the pump compression ratio (see also eq. 5.3). Thus, 
to produce pressures of the order of 10~2 Torr, pumps having compression ratios 
of the order of 10δ are required. In addition to lubrication and sealing, the oil 
also performs the function of filling the dead volume, thus increasing the com
pression ratio. Oil suck-back preventing systems are discussed by Harris and 
Budgen (1976). 

The lowest (ultimate) pressure achieved by a single stage rotary pump is about 
5 χ 10~3 Torr, as measured by a McLeod gauge (permanent gas pressure). If 
the pressure is measured by a Pirani gauge (total pressure), pressures of about 
I O - * Torr will be recorded for the same single stage pump. This higher reading 
is due to the vapour pressure of the sealing oil or its decomposition products in 
the pump. Modern two-stage pumps can achieve 1 X 10 ~ 5 Torr (about 1 X 1 0 " 3 

Pa) inlet pressure while discharging to atmosphere, i.e. achieve a compression 
ratio near to 10 8. 
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Parallel connection of two identical rotor-s tator systems will provide twice the 
displacement but the same ultimate pressure. Series connection provides the same 
displacement but greater pumping speeds at low pressures (lower ultimate pres
sure). A two-stage pump may reach I O - 4 Torr (McLeod) or 2 χ 10~3 (Pirani) 
ultimate pressure. 

The pumping speed curves (fig. 5.12) plotted for rotary pumps do show a fairly 
constant speed at the higher pressures (760-10 Torr), but this speed falls off notice
ably at the lower pressures and becomes zero at the ultimate pressure, as described 
by eq. (3.255). The performances of rotary pumps were analyzed by Kendall 
(1982b), Hablanian (1986, 1987, 1988). 

60 τ 

Ρ ( T o r r ) 

Fig. 5 .12 Typical pumping-speed pressure curve of rotating-vane pumps. 

Gas ballast. When a rotary pump is set to pump condensible vapour, like water 
vapour, the vapour is compressed and its pressure is increased, thus it condenses. 
The liquid (water) mixes with the pump oil, and as oil circulates in the pump, 
it carries some of the contaminating liquid with it to the low pressure side where it 
will evaporate, limiting the attainable pressure. In order to avoid this pheno
menon, Gaede (1935) provided the pump with a gas ballast valve (fig. 5.13), which 
admits a controlled and timed amount of air into the compression stage of the 
pump. This extra air is arranged to provide a compressed gas-vapour mixture, 
which reaches the ejection pressure before condensation of the water vapour 
takes place. The principle of the gas-ballast is shown (Jaeckel, 1950; Pirani and 
Yarwood, 1961) in fig. 5.13, where A, B, C, D, E, F represent successive posi
tions of the leading edge of vane V. 

Consider a gas-ballast pump with: 
P b - t h e total pressure of the ballast air; P h - t h e partial pressure of vapour 

in the ballast air; Pg - the partial pressure of the permanent gas (air) at the pump 
inlet; P v - t h e partial pressure of vapour (water) at the pump inlet; Ps - the 
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saturation vapour pressure of the vapour; P e - t h e ejection pressure required to 
raise the exhaust valve against the spring, atmosphere and oil above it; S - the 
pumping speed at the inlet; Sb - the speed (rate) at which air is admitted through 
the gas ballast; Γ - t h e pump temperature; T0 - the ambient temperature; C r -
compression ratio. 

The compression ratio C r, i.e. the ratio of the maximum to the minimum swept 
volume between the rotor and the stator is 

Ct=PJ(Py + Pg) (5.5) 

The maximum value that PV can have without condensation of the vapour dur
ing compression results from 

Cr=PJPy (5.6) 

and from eqs (5.5) and (5.6), it results 

A t m o s p h e r e 

Fig . 5 .13 T h e principle of the gas-bal last p u m p , a n d its one-way gas-bal last valve. After 
Jaeckel (1950), P i ran i a n d Y a r w o o d (1961). 
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P v = P s P g / ( i > e - P s ) (5.7) 

For example if the pump temperature is 60°C, Ps = 150 Torr. With P e = 1.4 
atm = 1060 Torr 

P v = [150/(1060-150)]/>g = 0 .155P g 

It follows that in this pump condensation of water will occur if the partial 
pressure of water vapour at the pump inlet exceeds 16 per cent of the air pressure. 

If gas ballast is used, the equality between eqs. (5.5) and (5.6) gives 

Pv = [Ps Pg + Ps Pb (SJS)]/(Pe-Ps) (5.8) 

and 

Sb = (S/Ph) [(/>e PJPS) - P v - 7>g] (5.9) 

Equation (5.8) is slightly changed if the vapour content of the gas ballast (Ph) 
and temperatures T, TQ are also considered. In this case 

PgS + (Ph-Ph)Sh ShPh 

Ρ -Ρ Λ
 e - ' s 

(5.10) 

The use of gas ballast increases the ultimate pressure of the pumps (fig. 5.14). 
However this disadvantage is unimportant in practice because the gas ballast 
valve is usually open only during the initial stages of pumping. 

5.2.5. Sliding-vane pumps 

These pumps have a single vane which slides in a slot cut in the stator between 
the inlet and exhaust ports. There are two types of this kind of pump (figs. 5.15 
and 5.16). 

In one of these types (fig. 5.15) the vane slides in its casing and on the eccen
tric cylindrical rotor. The reciprocating vane mounted in the casing of the stat
or is maintained by springs in contact with the rotor, and provides a seal bet
ween inlet and outlet ports. 

Another type of sliding vane pump is shown in fig. 5.16. In this type the vane is 
fixed by a bearing to the outer sleeve of the rotor. The rotor rotates eccentrically, 
which makes the vane slide in its slot in the casing. 
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Fig. 5 . 1 4 Pumping speed curves of one and two stage rotary pumps, without and with gas ballast. 

Fig. 5 .15 Sliding-vane pump, with vane sliding both incas ing and on rotor. 1. Inlet port; 2 . 
Vane-rotor seal; 3. Stator; 4. Rotor-stator seal; 5. Rotor ; 6. Discharge valve; 7. Discharge 

valve in exhaust posit ion; 8. Sliding vane. 

The whole assembly is submerged in oil which completes the vacuum seals and 
provides lubrication. The pumping cycle is shown in fig. 5.17. The volume of gas 
swept around the pump at each rotation is that between the stator and the rotor 
at the instant when the rotor passes the vane slot. 
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Fig . 5.16 F ig . 5.17 

Fig. 5 . 16 Sliding-vane p u m p , with vane sliding in casing. 1. Inlet p o r t ; 2. R o t o r ; 3 . S t a t o r ; 
4. V a n e ; 5. Exhaus t . 

Fig. 5 .17 M o d e of act ion of a sliding-vane p u m p ; (a) induc t ion ; (b) i so la t ion; (c) compres s ion : 
(d) exhaust . 

5 . 2 . 6 . Rotating-plunger pumps 

I n t h e s e p u m p s ( f i g . 5 . 1 8 ) t h e s l i d i n g v a n e i s r e p l a c e d b y a h o l l o w t u b e w h i c h 

is r i g i d l y a t t a c h e d t o t h e o u t e r s l e e v e o f t h e r o t o r . T h e t u b e r o l l s a n d s l i d e s i n a 

b e a r i n g , a n d a n a p p r o p r i a t e h o l e c u t i n t h e s i d e o f t h e t u b e a l l o w s g a s t o b e 

d r a w n i n t o t h e i n l e t s i d e o f t h e p u m p . 

T h e s e p u m p s a r e d e s i g n e d f o r l a r g e p u m p i n g s p e e d s . T h e h e a t o f c o m p r e s s i o n 

o f t h e g a s c a n b e c o n s i d e r a b l e , s o t h e s t a t o r i s u s u a l l y p r o v i d e d w i t h a c o o l i n g 

w a t e r j a c k e t . T h e s h a p e o f t h e p u m p i n g s p e e d c u r v e s a r e s i m i l a r t o t h o s e o f r o t a r y 

v a n e p u m p s ( f i g . 5 . 1 4 ) . P u m p i n g s p e e d s m a y r e a c h 1 0 0 0 m
3
/ h ( H a r r i s , 1 9 7 8 ) . 

A n a l t e r n a t i v e c o n s t r u c t i o n o f t h e r o t a t i n g - p l u n g e r p u m p , t h e planetary piston 
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pump has been recently described by Sadler (1973). Bachler and Knobloch (1972) 
described another kind of p u m p : the trochoid vacuum pump. The principles of 
the trochoid pump are discussed by Wutz (1698). 

5.2.7. Root's pumps 

The Root ' s pump consists of two double-lobe impellers ( R t , R 2 , fig. 5.19). 
These are rotated in opposite directions within the pump housing. The directions 
of rotation being those shown by the arrows, the intake and exhaust will be as shown 
in fig. 5.20. 

The impellers have identical cross sections and are dimensioned and arranged 
so that a large enough part of the surface of R x is a close fit to a part of the sur
face of R 2 through the rotat ion. The impellers are also a close fit inside the pump 
housing H (fig. 5.19). The rotat ing impellers do not, however, touch one another , 
nor do they touch the housing, but there is a small clearance (about 0 .1 mm) 
at the points 1, 2 and 3 (fig. 5.19). As point 1 moves around the inside wall of 
the pump housing, points 2 and 3 move correspondingly (fig. 5.20). 

Since the inlet port is isolated in fact from the outlet by a narrow gap (clearance 
between parts) there is a back flow of gas from the exhaust region to the inlet 
region, and therefore the efficiency of compression is much lower than in the case 
of oil sealed pumps. However, the absence of rubbing contacts means that higher 
speeds of rotation (1000-4000 rpm) are possible, leading to much higher pumping 
speeds. 

Fig. 5 .18 Rotating-plunger pump. 1. Intake; 2. Rotating-plunger; 3. Sliding tube; 4. Bearing: 
5. Exhaust ; 6. Stator; 7. Cooling water inlet; 8. Cooling water outlet. 
Fig. 5.19 Root's Pump. 

I n l e t 

Fig . 5.18 Fig. 5.19 
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c d 
Fig. 5 .20 Action of Root ' s pump. 

The conductance of the clearance gaps decreases as the average pressure in 
the pump falls; the pump efficiency is expected to increase (fig. 5.21). Maximum 
efficiency occurs when the pump is operated at a compression ratio of about 10 
at a pressure of the order of 5 χ 1 0 - 2 Torr, and thus the pump must be provided 
with a suitable backing pump. 

Root 's pumps provided with cooling by gas circulation (e.g. Hamacher, 1974b; 
Henning and Lang, 1976; Lang, 1977) reach ultimate pressures of 70 Torr (without 
a backing pump). Fukotome et al. (1976) describe a 3-stage Root 's pump with a 
compression ratio of 1 0 4 and an ultimate pressure of 1 X 1 0 ~ 6 Torr. Root 's 
pumps and boosters are discussed by Budgen (1982, 1983), Henning et al (1982), 
Bürger (1983). 

In an "oil-free" system, the backing of the Root 's pumps is achieved by using 
dry rotating pumps, e.g. of claw-type as described by Wycliffe (1987). In these 
pumps, the rotors almost touch at their cylindrical surfaces (fig. 5.20a) producing 
a seal in the center and the claws almost touch the stator surface (leaving a very 
small clearance) producing another seal. The claws enter reciprocally the depres
sion in the mating rotor, separating a "carry over volume". In 3 stages this pump 
achieves an inlet pressure of 5 X 1 0 ~ 2 Torr ( ~ 7 Pa) while discharging to 
atmosphere (Hablanian, 1988). The pumping speed is maximal (e.g. 90 m 3 / h ) at 
about 200 Pa ( ~ 1.5 Torr) and is reduced, at atmospheric pressure, to about 60% 
of its maximum. 
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1 , r 2 5 

Fig. 5.20a Action of claw-type pump. 1. Rotors; 2. Stator; 3. Inlet port; 4. Carry-over volume; 5. 
Swept volume; 6. Outlet port. After Wicliffe (1987); Copyright of American Institute of Physics; By 

permission. 

5.2.8. Molecular pumps 

The principle of the molecular drag pump, based on the directional velocity 
imparted to gas molecules which strike a fast moving surface is described in §2.6.2. 
This principle is applied in modern turbomolecular pumps (Becker, 1958, 1961, 
1966; Kruger and Shapiro, 1961; Henning (1988), which contain alternate axial 
stages of rotating and stationary discs and plates. The discs and plates (fig. 5.22) 
are cut with slots (fig. 5.23) set at an angle so that gas molecules caught in the 
slots of the moving disc are projected preferentially in the directions of the slots 
in the stationary plates. The running clearances between the rotating and 
stationary plates are of the order of 1 mm. The rotational speed* for a pump 
having a rotor diameter of about 17 cm is 16000 rpm (Becker, 1958) or 42000 
rpm (Osterstrom and Shapiro, 1972). The variation of the pitch angle of the slots 
varies the zero-flow compression ratio and pumping speed; a pitch angle of 20° 
appears to be a good compromise for many applications. Since a compression 
ratio per stage of about 5 can be achieved, a pump having 9 stages should 
maintain a zero-flow compression ratio of the order of 5 9 = 2 X 10 6. For this 
compression ratio, the pumping speed is constant below 1 0 ~ 3 Torr (fig. 5.24), but 
above 1 0 " 2 Torr the speed depends upon the size of the backing pump. The 
range of the pumping speeds extends up to 3500 l i t / sec . Normally the presence 
of hydrogen, which back diffuses, limits the total ultimate pressure to about 

* Henning (1978b) mentions 1000 Hz (60000 rpm) and Henning (1988) indicates 90000 rpm. 



1 0 " 1 0 Torr, although the maximum speed for hydrogen is some 20 percent more 
than that for air. The great advantage of molecular pumps compared to diffusion 
pumps is that molecular pumps are free of (hydrocarbon) vapours. 

The performance and construction of several turbomolecular pumps are dis
cussed by Power (1966), Becker (1966), Rubet (1966), Henning (1974), Bachler 
et al (1974), Becker and Nesseldreher (1974), Mirgel (1972), Falland et al (1974), 
Frank (1974), Henning (1974b), Maurice (1974b), Nesseldreher (1974), Sawada 
(1974), Frank et al (1975), Becker and Nesseldreher (1976a, b), Frank and Ussel-
mann (1976a, b), Flécher (1977), Gorinas (1977), Henning (1977, 1978b), Nessel
dreher (1976a, b), Osterstrom (1977), Saulgeot (1977), Schittko et al (1977), Dylla 
(1978), Lange and Singleton (1978), Schulz and Usselmann (1978), Weston (1978), 
Dennison and Gray (1979), O'Hanlon (1979), Osterstrom and Knecht (1979), 
Yarwood (1979), Henning (1979, 1980), Harris (1980), Abbel et al. (1982), 
Danziger (1982), Duval (1982), Fischer et al. (1982), Goetz (1982), Stayst (1982), 
Bernhardt (1983), Goetz and Henning (1983), Keller et al. (1983), Goetz et al. 
(1984), Hablanian (1984,1986), Deters et al. (1987), Goetz et al. (1987), Murakami 
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Fig. 5.21 Typical pumping speed curve of Root's pump. 

Fig. 5.22 Molecular pump. After Becker (1958). 
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Fig. 5 .23 Details of the rotor and stator plates of the molecular pump. After Becker (1958). 

1000 τ 

Ρ (Torr ) 

Fig. 5 . 2 4 Typical pumping speed curve of molecular purnp for air. (a) with 4 5 m
3
/ h backing 

pump; (b) with 10m
3
/h backing pump. 

et ai (1987), Rava et ai (1987), Yang et ai (1987), Casaro (1988), Chu (1988), 
Duval et ai (1988), Henning (1988), Mase et al (1988), Tu et al (1988). 

Turbomolecular pumps have low compression ratios for light gases (see eq. 
2.91) sometimes as low as 300 (for hydrogen). This limitation can be corrected by 
adding another stage, changing the blade angles a n d / o r increasing the speed 
(Hablanian, 1986). Schittko and Schmidt (1975) improved the density ratio of 
light gases by using gas-ballast in their molecular pump. 

The very high rotational speeds require advanced bearing and balancing 
techniques. Besides the mechanical bearings, "gas bearings" (Maurice, 1974b) 
and "magnetic bearings" (Frank and Usselmann, 1977) were commercially 
developed. 

Turbomolecular pumps used in plasma confinement devices with strong 
magnetic fields, experience induction of eddy currents in their metallic rotors. 



220 PRODUCTION OF LOW PRESSURES (CH. 5) 

Excessive heating results if the magnetic flux density exceeds 10-30 mT (Becker 
and Henning, 1978a, b ; Bieger et al, 1979; Henning, 1988). Murakami et al 
(1987), constructed a turbomolecular pump with a ceramic rotor, which has been 
tested at a magnetic flux density of 460 mT. 

Modern specialized pumping technologies (semiconductor industries, plasma 
fusion devices, etc.) require pumping at ultra-high vacuum level and handling (at 
low pressures) of corrosive or radioactive gases. Turbomolecular pumps for such 
applications are discussed by Abbel et al (1982), Henning (1988). 

5.3. Vapour pumps 

5.3.1. Classification 

The general term of vapour pump applies to ejector pumps as well as to diffusion 
pumps. The distinction between these two kinds of pumps is described funda
mentally, by considering the mean free path of the gas molecules at the intake 
port (mouth) of the pump, in relation to the throat width (nozzle clearance t/2 

Both the ejector and the diffusion pumps have at their base a boiler (heater) 
which supplies the vapour (e.g. oil). In the diffusion pump (fig. 5.25) the vapour 
(oil or mercury) travels up the chimney and is deflected by the umbrella placed 
at the top of the chimney. The molecules of the vapour stream collide with the 
gas molecules entering through the intake port. Since the mean free path /. of the 
gas molecules is greater than the throat width (nozzle clearance, t/2), the inter
action between gas and vapour is based on diffusion (see §2.5.2), which is respon
sible for the drag of the gas molecules toward the fore-pression region. This 
effect establishes a pressure gradient between the high and fore vacuum sides. 

Fig. 5 .25 Vapour pumps, (a) diffusion pump: 1. High vacuum; 2. Water cool ing; 3. First stage; 
4. Second stage; 5. Pump oi l ; 6. Heater; 7. Fore-vacuum; (b) vapour ejector pump: I. Intake port; 

2. Fore-vacuum; 3. Oil; 4. Heater. 

fig. 5.25). 

a ) b) 
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In the ejector pump (fig. 5.25b), the mean free path λ of the gas molecules at 
the intake is less than the clearance t/2. Thus the gas is entrained by the viscous 
drag and turbulent mixing which carries the gas (at high speeds) down the pump 
chamber of diminishing cross section and through an orifice near the fore-vacuum 
side. 

Combinations of the diffusion and ejector principles are encountered in diffusion-
ejector pumps, sometimes called vapour booster pumps. 

5.3.2. Vapour ejector pumps 

Ejector pumps work with oil vapour or steam. Figure 5.26 shows the diagram 
of an oil ejector pump. The pump fluid is contained in the boiler (10) and the 
vapour flows through the jet chimneys (8, 9) into the nozzles (2.4). Due to their 
special shape each of these nozzles produces a supersonic jet, which enters the 
nozzles (diffusers 5) and condenses on their cooled walls. The air to be pumped 

6 

F i g . 5,26 F ig . 5.27 

Fig. 5 .26 Double-s tage oi l -vapour ejector p u m p . 
Fig. 5 .27 Glass o i l -vapour ejector p u m p . I. In t ake po r t ; 2. Backing p u m p ; 3 . Nozzle sys tem; 
4. Water cool ing; 5. Lagging; 6. Immers ion heater . 
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enters the pump through the high vacuum connection (1), and is carried with the 
jet and compressed. The process is repeated in the second stage. A compression 
ratio of about 10 is achieved in each stage. The air compressed to a pressure 
equivalent to that of the fore-vacuum line (6) is removed by the backing pump. 
The condensed fluid flows back through the return pipe (7) to the boiler. The 
fluid column in the return pipe counterbalances the vapour pressure in the boiler. 

Oil vapour ejector pumps are constructed of glass (small sizes), for pumping 
speeds of a few liter/sec at I O - 1 Torr, and heaters of hundreds of watts (fig. 5.27). 
Metal constructions reach pumping speeds of thousand(s) of liter/sec at 
10~2 — 1 0 1 Torr, and have heaters of many kilowatts. Figure 5.28 shows the 
pumping speed curve of oil vapour ejectors. 

The performance characteristics of vapour ejector pumps are discussed by 
Wutz (1982). 

Steam ejector pumps are able to produce rough vacuum at high pumping speeds. 
A four stage steam ejector is able to produce 0 .5 Torr with the discharge to 
atmosphere, a five stage arrangement with interstage water-cooled vapour con
densers can be used to produce a pressure of about 3 χ 10~2 Torr. 

In the steam ejector (fig. 5.29) a high velocity jet of steam is discharged through 
the nozzle into a convergent-divergent diffuser and entrains gases and vapours 

Fig . 5.28 Fig . 5.29 
F i g . 5 .28 Pumping speed curves of oil vapour ejector p u m p s . 

Fig. 5 .29 Steam ejector. I. S team inlet: 2. Air intake po r t ; 3. Steam nozzle; 4 . Diffuser; 
5. Discharge. 
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entering the pump intake port. The discharge to intake pressure ratio is about 7.5 
per stage. Steam ejector pumps are discussed by Ebdale (1978). 

5.3.3. Diffusion pumps 

The theory of diffusion pumps is discussed by Dushman and Lafferty (1962), 
Power (1966), Beck (1966), Roth (1968), Duval (1969), Hablanian (1974), Nöller 
(1977), Toth (1977), Wutz (1979), while reviews and discussions on these pumps 
were published by Hablanian (1974, 1980), Weston (1978), Hablanian and Landfors 
(1980), Harris (1980), Dennis et al. (1982a, b), Duval (1982), Hablanian (1984, 
1986). The pumping speed of a diffusion pump is determined by the size of the 
intake clearance and the Ho-factor (Ho, 1932). The area A (cm 2) of the intake 
annulus is (fig. 5.25a) 

A = nD*l4-n(D-tY/4 (5.11) 

where D is the diameter of the intake port, and t/2 is the throat width. 
In accordance with eq. (2.48) it is impossible for a gas of molecular weight M 

and temperature Γ to pass through this area at a flow rate exceeding 

S m ax = 3.64(T/Afy*A 

or for air at 20°C exceeding 

S m ax = 11.6 A liter/sec 

The ratio between the admittance (i.e. the true pumping speed S across the 
throat of the pump) and the maximum flow rate Smax is known as the Ho-factor 
or speed factor ( / / ) . This is usually H = S/Smâx = 0 . 3 - 0 . 4 5 . Best modern 
pumps have H = 0 .5 (Hablanian and Maliakal, 1973). 

The pumping speed of the pump is thus given by 

S = HSmM = 3.64 (T/M)«* H(n/4)t(2D-t) (5.12) 

With H = 0 .4 and t = D/3 (large diffusion pumps) the pumping speed for air 
at room temperature is 

S= 0.4 £ ( 2 - J ) D
2
zz2D

2
 liter/sec (5.13) 

A pump with a pumping speed of 1000 liter/sec would need to have an inlet port 

diameter of 

/ 1000 X
1
'

2 

D = I - γ - I = 22.4 cm ä 9 in 

and this is about the diameter of diffusion pumps having such pumping speeds. 
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Assuming that the Ho-factor is independent of the molecular weight of the 
gas being pumped, eq. (5.12) implies that the pumping speed of a diffusion pump 
should be inversely proport ional to the square root of the molecular weight of 
the gas. This proves to be approximately true for some pump designs (fig. 5.30b). 

Equat ion (5.12) also implies that the pumping speed of a diffusion pump is 
independent of the pressure. This is indeed the case for a range of pressures of 
many decades, the pumping speed curve being as shown in fig. 5.30. At the maxi
mum pressure at which the vapour pumping action begins (A, fig. 5.30a) this 
action reduces the system pressure, thus decreasing the density of gas molecules 
entering the vapour stream. This in turn reduces back-diffusion and hence the 
pumping speed rises with decreasing pressure. The pumping speed continues to 
increase until the pressure is such (B, fig. 5.30a) that the rate of back-diffusion 
at the top jet is not determined by the inlet gas density but by the rate at which 
gas is removed from the jet. At this, and lower system pressures, the speed remains 

-12 -10 -Θ -6 -4 -2 
10 10 10 10 10 10 

Ρ ( T o r r ) 
Fig. 5 .30 Typical diffusion pump characteristics, (a) Shape of pumping speed-pressure curve for 

air; (b) Relative pumping speed for various gases. After Hablanian and Maliakal (1972). 
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constant at a maximum value of S. Modern pumps produce throughputs of more 
than 1 Torr lit/sec per kilowatt of heating power (Hablanian and Maliakal , 1973). 

The ultimate pressure obtainable is theoretically determined by the vapour 
pressure of the pump fluid. With additional refrigerated baffles much lower pres
sures can be obtained. In practice however the ultimate pressure is governed by 
the characteristics of the system, in that the pumping speed in the system must 
necessarily become zero when the gas load (leaks, outgassing) is equal to the 
maximum rate at which the pump can handle gas. This is illustrated by fig. 5.30a. 
Curve ABCD shows the theoretical characteristic, while curve ABCE shows a 
typical practical characteristic in which the pumping speed becomes very small 
at 5 χ 10~6 Torr, when the throughput is 5 χ I O - 4 T o r r lit/sec. The characteristic 
of a larger pump ( 5 = 10 000 lit/sec) is also shown in fig. 5.30a. The section AB 
of the characteristic is reasonable linear on a log plot and hence may be represent
ed by the empirical equation 

where Sm is the maximum pumping speed (B,C), while Pm is the pressure corres
ponding to point B. The slope Ζ takes values between 0.8 and 1. The section 
B C Ε can be represented by an equation similar to that governing the variation 
of a rotary pump (eq. 3.255) 

where Pn is the ultimate pressure (point E). 

Pump sizes. A wide range of sizes of diffusion pumps are available with inlet 
port diameters from 1 in to 48 in, with corresponding pumping speeds from about 
10 lit/sec up to about 105 lit/sec. Small sizes of diffusion pumps are also construct
ed of glass. 
Roughing and backing. The single jet pump does not function very efficiently in 
practice. For efficient operation two conditions must be fulfilled: 

- The system pressure must be initially reduced below a certain value (roughing) 
which in most practical cases is of the order of 1 0 _ 1 Torr . 

- The pressure below the jet must be kept reasonably low (backing pump) to 
reduce the probability of back-diffusion. 

To make these conditions easier to achieve by the external roughing and back
ing pumps, vapour pumps are constructed with several jet stages in series, one 
acting as a backing pump to another. The main function of the top jet (fig. 5.31) 
is to give a large pumping speed and thus this jet has a large admittance area. On 
the other hand the lower jets have smaller admittance areas, and hence smaller 
escape areas for the vapour stream. Consequently the pumping speeds of the 
lower jets become successively smaller whilst the pressure differences which they 
can support become larger. It should be noticed that the throughput is necessa
rily constant throughout the pump. 

S = Sm(P/Pm)
z 

(5.14a) 

S = Sm[l-(PJP)] (5.14b) 
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Table 5.1. 
Diffusion pump fluids. 

Fluid Chemical Molecu- Vapour Boiling Viscosity Ref. 
name lar pressure point at at 25<>C 

weight 25°C (Torr) IO"
2
 Torr (centistokes) 

(°C) 

Amoil S i-diamyl sebacate 343 .3 i o -
6 

111 — 
Octoil d-2-ethyl hexyl 390 .3 3 X IO"

7 122 75 
phtalate v U 

Octoil S d-2-ethyl hexyl 4 2 6 . 3 3 X IO"
8 

1435 — 
sebacate 

Apiezon A hydrocarbon 414 2 X IO"
5 — 

,, Β 468 4 X IO"
7 

110 ΠΛ 
„ c parafinic 574 4 χ 1 0 ~

9 
125(265*) 295 I 

\ £ ) 

hydrocarbon 

Silicone 
D C 702 Methyl poly- 530 1 0 ~

e 
160 28 ^ 

siloxanes 
D C 703 570 IO"

7 
200 58 Π) 

D C 704 Phenyl poly- 484 IO"
8 

216* 47 \jj 

si loxanes 
D C 705 546 5 X 1 0 "

10 
243* 170 ^ 

Santovac 5/ Mixed 5-ring 447 1 X IO"
9 

288* 2500 (4) 
Conwalex 10 polyphenil ether 

Fombl in 425/9 Perfluoro- 2600 5 χ IO"
8 

252** 180 (5) 
polyether 

(1) Bendix C o φ . , (2) Shell Chem. Co., (3) Dow Corning Corp., (4) Hickman (1962)., (5) Edwards Co. 
and Laurenson et al. (1979). 
* Flashpoint. 
** Boiling Pt. at 1 Torr. 

Pump fluids. Diffusion pumps use either mercury or organic fluids. Table 5.1 
gives data on several of the organic fluids used (see also fig. 4 .5) . Table 5.2 lists 
the properties required from these fluids and the extent to which they are satisfied. 

The relative advantages and disadvantages of the various oils result from table 
5.2. A comparison between oils and mercury is shown in table 5.3. 

The properties of some oils and their utilization in modern diffusion pumps 
are discussed by Hirsch and Richards (1974; polyphenylether), Luches and Per
rone (1976), Laurenson and Caporiccio (1977), Caporiccio and Steenrod (1978; 
perfluoropolyethers); Sakuma and Nagayama (1974, eicosyl-naphthalene); 
Laurenson (1980, 1982), O'Hanlon (1984), D 'Anna et al. (1987), Whitman (1987). 
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Table 5.2. 
Requirements of fluids for diffusion pumps.* 

Requirement Remarks 

Ability 
to reach low 
ultimate pressures 

Ability for 
effective pumping 

G o o d thermal 
stability 

Chemical 
inertness 

Low vapour pressure 
(table 5.1) 

Freedom of volatile 
constituents 
Low ability to dissolve 
gases 

High molecular weight 

Suitable viscosity 

High surface tension 

Low heat of vaporization 
Low cost 

High flash and fire 
points 
Resistance to oxidation 
in air 
Resistance to 
decomposit ion in vacuum 
Resistance to catalytic 
decomposi t ion 
Resist, to decomposition 
by electr. discharge or 
hot filaments 

Chemical inertness 

N o n toxicity 

Santovac 5 and D C 705 attain IO"
9
 Torr with 

water cooled baffles. D C 705 reaches 1 0
- 10 

Torr with baffle at - 2 0 ° C . 
If present, fractionating pumps shall be used. 

All oils dissolve gases to some extent. 

Oils (table 5.1) have fairly high molecular 
weights. 
All oils (table 5.1) have corresponding viscosity-
temperature characteristics. 
Oils (table 5.1) have surface tensions of 3 0 - 5 0 
dyne/cm, which minimizes creep. 

Silicone D C 705 has minimum combust ion 
hazard. 
Silicones have good resistance to oxidation. 

Silicones least prone to decomposit ion. 

Copper has greatest catalytic action. Cr, Ni 
plating useful. 
All oils prone to decomposition. Octoil and 
Santovac 5 give less insulating deposits. 

Most oils inert, except to halogens, acid 
vapours and alkali metals . 
Requirements fulfilled by all oils (table 5.1). 

•References : Pirani and Yarwood (1961), Hickman (1962), Crawley et ai (1963), Solbrig and 
Jamison (1965), Hablanian and Maliakal (1973). 

Fractionating pumps. If the pump oil is a mixture of chemical compounds the 
interest is to separate them so that the top jet includes those of the lowest vapour 
pressure. This is achieved by incorporating into the design the principle offraction-
ation (fig. 5.32). Fluid returning from the jets to the boiler flows radially inward 
toward the center of the boiler. If this flow is impeded by barriers with small 
openings (shaded parts on base plate, fig. 5.32), the fluid is heated substantially 
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T a b l e 5 .3 . . 
C o m p a r i s o n between oils a n d mercury as p u m p fluids. 

Requi rement Advan tage (A) 
or d isadvantage ( D ) 

for 

R e m a r k s 

Oils Mercury 

Low vapou r pressure A D Liquid ni t rogen t r ap necessary for mercury . 

F r eedom of volati les and 
easy purification 

D A Mercury easily distil led, oil requires self-
fract ionat ing p u m p s . 

L o w ability to dissolve 
gases 

D A Mercu ry as p u m p fluid sensitive to traces 
of oils and greases. 

H igh molecular weight A D 

High density D A 

Resistance to oxidat ion 
in air 

D A See table 5.2. 

Resistance to decom
posi t ion in v a c u u m 

D A 

Use with high fore-pressure D A Mercu ry can be used up to 40 T o r r . 

Res i s tance to decom
posi t ion on hot filaments 
or due to d ischarges 

D A 

Non- tox ic i ty A D 

Iner tness D D Mercury used only with steel and glass . 
Oils require c h r o m i u m o r nickel p l a t ing . 

while it is still near the outer portion of the boiler, so that high vapour pressure 
constituents are boiled off near the outside. 

As the fluid flows toward the center it is further heated and lower vapour pres
sure components are vaporized. The jet system is constructed of concentric 
tubes arranged such that each jet receives vapour from only a specific annular 
region of the boiler. The backing (lowest jet) receives vapour from the outer 
portion of the boiler where the vapour pressure is highest, and the top jet receives 
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Fig . 5 .31 Fig. 5.32 

F ig . 5 .31 Pumping speed and pressure in a multistage diffusion pump. 

Fig. 5 . 3 2 Fractionating oil diffusion pump. 1. Pump inlet, high vacuum; 2. First stage; 3 . 
Second stage; 4. Third stage; 5. Ejector; 6. Pump fluid; 7. Fractionating boiler; 8. Heater; 
9. Water cooling coi l; 10. Forline baffle; 11. Backing line, fore-vacuum. 

vapour from the central section where the vapour pressure of the fluid is the 
lowest. 

Cooling. The cooling of the diffusion pump is a part of its working principle, 
as is the heating. Diffusion pumps are usually water-cooled, but air-cooled pumps 
are also available (small size pumps). The cooling should be arranged so that the 
coolest region is where the vapour stream strikes the pump wall. The rate of 
cooling is also fairly critical since if it is too low the vapour is not entirely con
densed and thus the back-streaming effect is increased. On the other hand, if the 
cooling rate is too high the vapour is not only condensed but also considerably 
cooled. This results in a slow flow-back to the boiler, and necessitates a high 
boiler power to re-evaporate it. 

The instabilities of small diffusion pumps due to the variations of the pressure 
in the boiler and their correction are discussed by Hablanian and Landfors (1976). 
Specific operation problems were solved by compact pump systems (Power, 1974a, 
b), by quick start and stop pumps with a porous carbon boiler (Power et al, 
1977), or by systems having the vacuum chamber inside the diffusion pump 
(Kuypers, 1977). 
Back-streaming and back-migration. Diffusion pumps suffer from two defects 
whereby the pump fluid enters the vacuum enclosure: the back-streaming, and the 
back-migration. These phenomena were studied and discussed by Auwarter 
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(1957), Power and Crawley (1954), Schulze (1967), Holland (1970), Hablanian 
and Maliakal (1973), Rettinghaus and Huber (1974), Meyer (1974), Power et al 
(1974b), Harris (1977), Hoffman (1979), Maurice et al (1979). 

Back-streaming is due to a small fraction of the molecules of the working fluid 
(oil or mercury) travelling from the top jet in the wrong direction (toward the 
vacuum chamber). This undesired direction is either imparted to the molecules 
as they issue from the jet or it is acquired after impacts with gas molecules or 
with other vapour molecules in the stream. A well-designed nozzle should be 
dry during pumping. 

Back-migration is due to re-evaporation of the working fluid from the walls 
of the pump and the connecting tube to the vacuum chamber. 

Back-streaming and migration can be decreased by using baffles and cold-

io7 io~6 io"5
 10"* io~3 io~2 io1 

Ρ ( T o r r ) 

Fig . 5 .33 Examples of characteristics of diffusion pumps. LJltimate pressure depends usually on 
the pump oil used. (1) One inch oil diffusion pump, E O - 1 (Edwards, England); (2) One inch 
mercury diffusion pump, E M - 1 (Edwards, England); (3) T w o inch oil diffusion pump, E203 
(Edwards, England); (4) 80 m m oil diffusion pump, Type 6080 (Alcatel, France); (5) 100 m m 
oil diffusion pump, Type 400/1 (Leybold-Heraeus, Germany); (6) 138 m m oil diffusion pump, 
D I F F 900 (Balzers, Liechtenstein); (7) 9 inch oil diffusion pump, E O - 9 (Edwards, England); 
(8) 12 inch oil diffusion pump, H V S - 1 0 , (Var ian-NRC, U . S . A . ) ; (9) 24 inch mercury diffusion 
pump 2 4 M 4 (Edwards, England); (10) 1000 m m oil diffusion pump, Type 50 000 (Leybold-

Heraeus, Germany); (11) 48 inch oil diffusion pump, P M C - 4 8 C (Bendix, U .S .A. ) 
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traps (see §3.4.4. and 5.6.5), which obviously lower the net pumping speed. 
Hablanian and Maliakal (1973) appreciate that an optimum design should have 
about 40% net pumping speed and only 1 X 10~ 1 () g / c m 2 · minute back-stream
ing. 

Diffusion pumps with high-quality fluids and well-designed traps, can be used 
in ultra-high vacuum systems which do not require pressures lower than 1 0 - 1 1 

Torr. The behaviour of diffusion pumps in ultra-high vacuum systems is dis
cussed by Harris (1980), Dubois (1988). 
Characteristic curves. The characteristic curves of diffusion pumps are generally 
plotted in the form of pumping speed (lit/sec) against the fine side pressure; fig. 
5.33 shows some such curves. 

The diffusion pump must always be backed by a forepump, and the throughput 
of the forepump must be equal to or larger than that of the diffusion pump. 

For the reason of choosing the appropriate backing pump, it is useful to plot 

Fig. 5.34 Pumping speed and the equivalent throughput curve of a diffusion pump. 
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the characteristic curve of the diffusion pump in terms of throughput-pressure. 
Figure 5.34 shows such a pair of curves. 

5.4. Ion-pumps 

5.4.1. Classification 

If a gas is ionized and the resulting positive ions are accelerated to a negatively 
charged plate, atoms of the gas are effectively removed from the system, and thus 
a pumping action is produced. The general term ion-pump includes those 
vacuum pumps in which gas molecules are pumped by being ionized and trans
ported in the desired direction by an electric field. The ionization may be produced 
by collisions of the gas molecules with electrons emitted either from a hot filament 
or from a cold cathode discharge. The first type of pump is referred to as hot 
cathode ion-pump, while those belonging to the second type are known as cold 
cathode ion-pumps. Both the hot and cold cathode ion gauges (§6.7) act as pumps 
in this manner, and can be used to pump small closed systems, which have been 
previously evacuated to about I O - 3 Torr. Pumping speeds for hot cathode gauges 
are typically of the order of I O - 3 liter/sec, while cold cathode gauges can reach 
about 1 lit/sec. Ames et al. (1978, 1979) achieved pumping speeds up to 2 lit/sec 
by using a 60 Hz, 80 kV field. 

In order to increase the pumping efficiency, sorption and gettering phenomena 
are combined with ionization. Pumps which combine the action of an ion-pump 
and the sorption of the ions in a sorbent, are known as ion-sorption pumps. Ion-
sorption pumps in which a getter* is continuously or intermittently vaporized 
and condensed on the trapping surface to give a fresh deposit of sorbent, are 
termed getter-ion-pumps. The vaporization is due to thermal evaporation in 
evapor-ion-pumps and to cathode sputtering* in sputter-ion-pumps. Although 
ion-pumps without sorption or gettering were also constructed, commercial ion-
pumps are either of the evapor-ion or of sputter-ion type. 

Pumps based only on sorption are discussed in §5.5, and pumping based only 
on gettering in §5.7. Sublimation and cryo-sublimation pumps are discussed in 
§5.7.5. 

The feasibility of a "solid state diffusion pump" , in which ionized atoms are 
injected into a permeable membrane then pumped by the backing pump on the 
other side of the membrane, is shown by Carter et al. (1975). 

5.4.2. Jon-pumping 

An electrical gas discharge, in which ions are formed, is basically capable of 
pumping gases, and one assumes that the formed ions are either bombarded into 

*Getter = a material which is included in a vucuum device (tube) for removing gas by sorp
tion (see §5.7). 

^Sputtering — process of ejecting atoms of a cathode by bombarding it with heavy positive 
ions (see §4.5.2). 
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a metallic collector provided for the purpose or that these ions are trapped within 
the surface atoms of such a collector, due to a chemisorption effect. The pumping 
efficiency is expressed by the ratio i+/P between the ion current and the pressure 
of the gas in the device. The ion current /+ is proportional to the number of 
molecules entering the device per unit time, thus to the throughput Q. Therefore 

i+IP = K(Q/P) = KS (5.15) 

and the pumping speed S is given by 

S = ß{i+/P) liter/sec (5.16) 
where β = \\K is the constant of the pump expressed in Torr* liter/sec*Amp, 
/+ is the ion current (Ampere), Ρ is the pressure (Torr). 

The value of the pump constant β was determined by plotting the pumping 
speed S (for a determined gas), as a function of the sensitivity i+/P (fig. 5.35). 

The pump constant β of practical pumps was found (Bächler, 1965) for nitrogen 
β = 0.07, while the maximum value of this constant is 

Ä n , x = - ^ = 0 . 1 9 1 (5.17) 

where 
e- charge of an electron = 1.6 χ I O - 19 A* sec, 
η - number of molecules in 1 liter gas, at Ρ = 1 Torr, 20°C, η = 3.27 χ 1019 Torr"1* 

l i t . - 1 (see eq. 2.18). 
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F ig . 5 .35 P u m p i n g speed vs sensitivity of spu t t e r - ion -pumps , for n i i rogen . After Bäch le r (1965). 

F ig . 5 .36 Small e v a p o r - i o n - p u m p . 1. G la s s enve lope ; 2 . T i t a n i u m coil o n tungs ten filament; 
3 . Elect rode (formed by evapora ted t i t an ium) ; 4 . F i l a m e n t ; 5. A n o d e ring. 
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Unlike the diffusion pump, the ion-pumps (evapor-ion and sputter-ion) do not 
require a forepump to pump the collected gas up to atmospheric pressure, since 
the pumped gas is in effect trapped. However, an auxiliary pump is needed to 
reduce the system pressure to the range of 10 - 3-10~ 4 Torr, where the ion-pumping 
action will commence. Mechanical or sorption pumps are usually used for this 
initial pumpdown. 

5.4.3. Evapor-ion-pumps 

Evapor-ion-pumps combine the ion-pumping effect with the gettering process 
of evaporated active metal. The gettering effect is used both during evaporation 
(dispersal gettering), and in the form of a fresh film on a surface (contact getter
ing^. The gas is ionized to ensure transport by electrical pumping of the inert 
gases (which are not gettered) to the getter-coated wall at which they are made 
to arrive with energies of a few hundred electron volts. At these energies, about 
20% of the ions are retained, and embedded in the film as fresh getter is vaporiz
ed. The most widely employed getter in these pumps is titanium. Pumping and 
re-emission of gas in the ion-pumping process has been studied by Hobson (1963). 

From the various types of evapor-ion pumps we will describe here: 

(a) Small pumps, designed to perform a single pumping operation, 
(b) Large high speed pumps with continuous feed of titanium, and 
(c) The Orbitron pump. 

Small evapor-ion pumps. These pumps (fig. 5.36) consist typically of a hot 
cathode ionization gauge (see §6.7) containing an extra filament around which is 
wrapped a wire of getter material (usually titanium or zirconium). 

Usually, these pumps are first evacuated to diffusion pump pressures (below 
I O - 3 Torr). On firing the titanium getter, sorption of the common gases takes 
place; on operating the ionization gauge, positive ions of the gas, and in particular 
the inert (rare) gases, are driven into the titanium-coated walls, where 10-20% 
of those incidents are retained and buried in any subsequently deposited 
titanium. A pumping speed of about 5 liter/sec for air is possible and ultimate 
pressures of I O - 9 Torr are attainable. A typical application of such pumps is the 
improvement of the residual vacuum in special vacuum tubes. An auxiliary small 
getter-ion-pump in a glass bulb is attached to the main tube. After sealing-off 
the main tube from the conventional pumping system at a pressure of about 10*6 

Torr, the getter-ion-pump (evapoi-ion-pump) is operated to reduce the pressure 
to 10~9 Torr. The evapor-ion-pump is sealed-off, and discarded. Small evapor-ion 
(getter-ion)-pumps have been described by Klopfer and Ermrich (1959), Huber 
and Warnecke (1958), and Kornelsen (1960). 

Large evapor-ion-pumps. The construction of such a pump is schematically 
shown in fig. 5.37 (Davis and Divatia, 1954; Swartz, 1956). A spool, carrying 
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Fig. 5.37 Fig 5.38 
Fig . 5 .37 Evapor-ion-pump (principle). 1. Wire feed spool ; 2. Titanium wire; 3. Heated post; 
4 . Grid; 5. Spool shaft driven from outside; 6. Wire guide; 7. Cooling water coil . 8. Filament. 
After Dav i s and Divatia (1954); Swartz (1956). 

Fig . 5 .38 The Orbitron pump (principle). 1. Tungsten rod (anode); 2. Titanium cylinder; 
3. Filament-electron source; 4. Lead-in wire; 5 .Plate; 6. Wall (cathode). 

titanium wire, is externally controlled so that the wire is fed downward onto a 
post of refractory conducting material maintained at 1000 V positive with respect 
to the pump wall. Electrons produced at the circular filament (100 V positive with 
respect to the wall) bombard the post and heat it to about 2000°C. This causes 
rapid evaporation of the titanium wire which then condenses on the cooled 
pump walls. This continuous evaporation of the wire ensures a continuous pump
ing action by both dispersal and contact gettering. A wire mesh grid, at a poten
tial of 1000 V positive (with respect to the walls) also attracts electrons from the 
filament and these cause ionization of the gas, resulting in positive ions travel
ling to and being retained by the pump walls. Using a titanium evaporation rate of 
about 5mg/min, pumping speeds are of the order of 3000 //s for H 2 at 10~6 Torr ; 
2000 //s for N 2 at 3 χ IO"6 Torr; 1000 //s for 0 2 at IO"5 Torr; and 5 I/s for argon 
at 5 χ 10~5 Torr. 

Satisfactory maintenance-free life times of at least 1000 hours for these pumps 
are recorded. The component most likely to fail early is the titanium feed device 
due to build-up of titanium on the tip of the wire guide. For this reason in some 
designs (e.g. Pauly et al, 1960) multiple titanium cartridges (moved magnetically) 
were used, instead of wire. Difficulty is also experienced due to peeling of the 
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titanium film on the pump walls after repeated evaporations, especially if air at 
atmospheric pressures is frequently admitted. 

The large titanium evapor-ion-pumps have been applied in those cases where 
a high pumping speed, coupled with oil vapour free residual gases at low pressure 
( 1 0 ~ 6- 1 0 - 7 Torr), are required in chambers of considerable sizes, such as accele
rators, large X-ray devices, etc. 

Bills (1973) established that evapor-ion-pumps have high pumping speeds for 
active gases, but their pumping speed for inert gases is lower than that of sputter-
ion-pumps. In order to produce pumping of the inert gases, the ionization pro
bability has to be increased. This is done by causing a large number of energetic 
electrons to travel a relatively short distance (e.g. Kuznetzov et al., 1969) or by 
increasing the electron path by an appropriate field (Grigorov, 1973). 

Schwarz (1972) describes an ion-pump in which the ionization is based on the 
quadrupole principle. Electrons are emitted from a hot filament at one end and 
accelerated by a dc potential. At the other end of the tube a flat spiral carries the 
same potential as the cathode, causing the electrons to return. Hereby a back and 
forth movement of the electrons is achieved. A rotational high frequency potential 
adjusted according to the quadrupole principle (Schwarz and Tourtellotte, 1969) 
keeps the electrons within the center part of the tube, until they hit a gas mole
cule. Thus a high ionization yield is obtained. These pumps have pumping speeds 
of 4-100//sec at 10~ 5-10~ 9 Torr. The up-to-date theory of the quadrupole ion 
pumps is discussed by Hora and Schwarz (1974), Schwarz (1977). 

The Orbitron pump. The principles of the Orbitron have been discussed by Herb 
et al. (1963), Maliakal et al. (1964, 1965), Feidt and Paulmeir (1980). 

The Orbitron is a device in which electrons are injected into an electrostatic 
field between two concentric cylinders, the central cylinder being the ancde and 
the outside cylinder being grounded. Electrons injected into this field with suffi
cient angular momentum have paths of several tens of meters, thus a high effi
ciency to ionize inert gases. 

The central cylinder (fig. 5.38) is a tungsten rod of small diameter supporting 
titanium cylinders of relatively large diameters. Most of the electrons are collected 
by the titanium cylinders, because they intercept electrons of relatively high angu
lar momentum, and the titanium is heated to sublimation temperatures. Active 
gases are pumped by the fresh titanium on the walls of the pump. Inert gases 
are ionized in the electrostatic field, driven to the walls, and buried by fresh tita
nium. 

The electrons must be injected with an angular momentum such that they 
move on orbits between anode and cathode. For this purpose tungsten filaments 
are placed parallel to the cylinder axis at a distance of about ^ of the radius 
of the cathode. One of the lead-wires of the filaments is placed to be parallel 
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with the filament and is situated between the filament and the anode. This arrange
ment avoids direct path of electrons to the anode. In order to give a slight axial 
component to the electrons in their orbiting motion, a plate is provided at the 
upper end, this plate is at the same potential as the filaments. 

The pumping speed of an Orbitron pump is shown in fig. 5.39. The ultimate 
pressure is of the order of I O - 10 Torr. It is difficult to obtain lower pressures, since 
the outgassing rate of the hot titanium is relatively high. 

Naik and Herb (1968) constructed a glass Orbitron pump with a pumping 
speed of 11.6 //sec for N 2 , 5.6 //sec for air and 0.1 //sec for argon, in the range 
10~5—10- 10 Torr. To avoid difficulties due to peeling of titanium, a stainless steel 
mesh was used on the inside wall of the glass body. 

The characteristics of Orbitron pumps are discussed by Douglas et al. (1965) 
and Kato et al (1974), Naik and Verma (1974, 1977), Feidt and Paulmeir (1980, 
1982), Petit and Feidt (1983). 

Besides the Orbitron pumps in which the titanium is evaporated by electron 
bombardment (e.g. fig. 5.38), pumps with resistively heated titanium sources 
were also constructed (e.g. Denison, 1967; Bills, 1967). 

5.4.4. Sputter-ion-pumps 

The pumping action of a magnetically confined discharge observed by Penning 
(Penning and Nienhuis, 1949) was increased by using titanium cathodes (Guren-
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F ig . 5 .39 Pumping speed of Orbitron pump. 
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Fig. 5.40 F ig 5.41 
Fig. 5 .40 Sputter-ion-pump (principle). 1.Stainless steei anode; 2. Titanium cathodes. 
Fig. 5 .41 Pumping speed of a sputter-ion-pump (5 //sec). 

witch and Westendrop, 1954). This action was used in multicell pumps, which give 
higher pumping speeds and attain lower pressures (Hall, 1958), and further im
proved by using combined titanium-zirconium cathodes (Hall, 1969). 

The sputter-ion-pumps are designed such that an electrical discharge occurs 
between the anode and the cathode at a potential of several thousands of volts in 
a magnetic field of a few thousand gauss. Since the magnetic field causes the elec
trons to follow a flat helical path, the length of their path is greatly increased. 
A high efficiency of ion formation down to pressures of I O - 12 Torr and less is 
assured by this long path length. The gaseous ions so formed are accelerated to 
the titanium cathode, where they are either captured or chemisorbed. Due to the 
high energies they are propelled into the cathode plate and sputter cathode mate
rial (titanium), some of which settles on the surfaces of the anode where it also 
traps gas atoms. 

The discharge mechanism of sputter-ion-pumps is discussed by Jepsen (1961, 
1968) and Hirsch (1964). The pumping mechanism was discussed in many publica
tions; these were reviewed by Andrew (1968), Jepsen (1968), Power (1966), Baker 
and Laurenson (1972), Harra (1974). 

Sputter-ion pumps consist essentially of a stainless steel vessel, containing an 
anode of honeycomb construction (fig. 5.40), and a titanium cathode* mounted 
opposite each end of the anode. A potential of about 3000 V is maintained 
between the electrodes and a magnetic field of about 1500 G is applied by 
external permanent magnets along the axis of the electrode system. Positive ions 
of system gas which are formed in the region of the electrodes are accelerated to 

* Cathodes of Z r - A l (Okano et ai 1984), A l - T i - Z r (Ishimaru, 1984), and Al plus rare earths (Lu 
and Fang, 1987) are also used. 
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the cathode and acquire sufficient energy to sputter titanium. The sputtered 
titanium condenses mainly on the open structure anode and in so doing pumps 
active gases by both dispersal and contact gettering. Gas molecules which reach 
the anode by either of these processes are rapidly buried beneath succeeding 
layers of titanium and are thus permanently removed from the system. On the 
other hand, gas which reaches the cathode as positive ions has a high probability 
of being desorbed by succeeding ion bombardment . This is particularly so in the 
case of the inert gases since they can only be ion-pumped and then held at the 
cathode by the relatively weak forces of physical adsorption. Surprisingly, 
helium, for which normal sorption by any material is insignificant, is pumped 
quite well, apparently by being rather buried in the cathode material. Argon is 
most troublesome in this respect (fig. 5.41) and is the main factor governing the 
ultimate pressure attainable. The low pumping speed for argon is frequently of 
concern, since the atmosphere contains 1 percent argon. In addition to their poor 
argon pumping speed, simple diode sputter-ion-pumps exhibit regular pressure 
bursts (fig. 5.42), at time intervals of several minutes. The argon instability was 
studied by Jepsen et al. (1960) and Vaumoron (1970). 

In order to obtain stable pumping for argon, either a third element, the sputter 
cathode, is interposed, or the pump cathode is slotted (Jepsen et al., 1960). In the 
first solution an electrode in the form of grid (cathode, fig. 5.43) is incorporated 
between the anode and the outer plate electrode, such that the new grid becomes 
the true cathode and the side plates become auxiliary electrodes (fig. 5.43). This 
arrangement is referred to as the triode-pump. Its principle is that titanium is pre
ferentially sputtered from the cathode and ion burial and noble gas pumping 
occurs on the auxiliary electrode. 

The triode design results in a stable pumping of argon, but brings to a loss 
in the cathode life time, or to a reduction of the pumping speed for other gases. 
The slotted cathodes in the diode pump (fig. 5.44) appear to bring a better solution 
to the argon instability. 

T i m e *— 

Fig. 5 .42 Pressure vs time curve of a sputter-ion-pump exhibiting the argon instability. After 
Jepsen et al. (1960). 
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Fig . 5.43 Fig. 5.44 
Fig . 5 .43 Triode ion-pump. 1. Auxiliary electrodes; 2. Cathodes; 3. Cloud of trapped electrons; 
4. Anode ; 5. Positive ions; 6. Sputtered atoms of cathode material; 2?-axial magnetic field. 
After Jepsen et al. (1960). 

Fig . 5 . 4 4 Slotted-cathode diode ion-pump. 1. Slotted cathodes; 2. A n o d e ; i?-axial magnetic 
field. After Jepsen et al. (1960). 

As another solution to the argon pumping speed Tom and James (1966) achiev
ed differential sputtering by use of a titanium and a tantalum cathode. 

Singleton (1971) studied the difficulties produced by hydrogen. Heavy hydro
gen loads produce deformations of the cathode due to titanium hydride forma
tion. 

The problems of sputter ion pumps are discussed by Tom (1972), Henning 
(1975), Welch (1976), Denison (1977a), Weston (1978), Pierini and Dolcino 
(1983), Okano et al. (1984), Audi and Pierini (1986), Lu and Fang (1987), Audi 
and De Simon (1988), Liu et al. (1988). 

A further difficulty with ion-pumps is the care which must be taken when 
starting the pump at high pressures (max. 10~2 Torr) . The ion current at high 
pressures is large and causes heating of the pump. If the pump has previously 
handled much gas the temperature rise leads to outgassing which in turn causes 
a larger ion current. Such a process rapidly becomes "run-away" leading to glow 
discharge between the electrodes and a rapid rise in system pressure. Even if the 
gas evolution is not rapid the pumping speed is reduced giving what is termed 
"slow starting". These troubles can be largely overcome, by initially pumping 
to pressures of the order of 5 χ I Ο - 4 Torr before operating the sputter-ion-pump. 
The problems of starting of these pumps were discussed by Bell et al. (1967), 
Horikoshi et al. (1974), Konishi and Mizumachi (1974). 

Sputter-ion-pumps are available (fig. 5.45) from 1 liter/sec to 5000 liter/sec. 
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VACUUM WALL 

Fig . 5 .45 Sputter-ion-pump. Reprinted, by permission, from Lafferty (1964). 

The life of a sputter-ion-pump is limited by saturation of the titanium or build-up 
of sputtered materials (flaking). Commercial pumps are quoted as having a life 
up to 50 000 h at a pressure of IO"6 Torr, but at I O - 5 Torr the life is only 3000-5000 
h. If pressure bursts occur the life time of the pump may be considerably less. 

The pumping speeds of sputter-ion-pumps have been analyzed by Bächler 
(1965), Dallos and Steinrisser (1967), Paul (1973b), Halama (1977), Ho et al. 
(1982), Pierini (1984), Audi and Pierini (1985), while the power consumption of 
such pumps is discussed by Snouse (1971). 

In order to achieve continuous pumping action along the (long) tubular vessels 
of the storage rings, thus decreasing the pressure drop discussed in §3.7.4, 
distributed sputter-ion pumps were constructed. The pumping speed of such pumps 
(for nitrogen) is 100 to 400 lit/sec per meter length of the ring. The distributed 
pumps are discussed by Cummings et al. (1971), Malev and Trachtenberg (1973, 
1975), Hartwig and Kouptsidis (1974, 1977a, c) Bostic et al. (1975), Fischer (1977), 
Rees (1977), Reid and Trickett (1977), Laurent and Gröbner (1979), Chou (1987). 
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5.5. Sorption pumps 

5.5.1. Nature of sorp tion ρ ump in g 

The sorption pump consists of a refrigerated enclosure containing an activated 
sorbent (§4.3.6). On opening the pump to the system, gas is sorbed until the sor
bent is saturated; therefore sorption pumping is a batch process. 

The principles and performances of the sorption pumping process have been 
analyzed and reviewed by Turner and Feinleib (1962), Manes and Grant (1963), 
Barrington (1963), Boers (1968), Stern and Dipaolo (1969), Vijendran and Nair 
(1971), Dobrozemsky and Moraw (1971), Bergandt and Henning (1976), Weston 
(1978). 

The materials used as sorbents in commercial sorption pumps are the zeolites 
(§4.3.6) also known as "molecular sieves". The ability of zeolites to adsorb large 
quantities of gases rests on their unique porous crystal structure. The structure of 
molecular sieves is made of very fine roughly spherical cavities, connected by 
minute channels of about the same diameter as that of the gas molecules (table 
2.5). The ratios between the diameters of the channels and the molecular diameter 
of various gases may make highly selective the sorption pumping process of a gas 
mixture. The properties of sorbent materials and especially of molecular sieves 
have been discussed by Kindall and Wang (1962), Bauer and Jeffers (1965), 
Stern et al. (1965), Espe and Hybl (1965), Boers (1968), Halama and Aggus 
(1974), Durm and Starke (1972), Durm et al (1972), Miller (1973a), Watson and 
Fischer (1977), Fischer and Watson (1978, 1979). 

The adsorption characteristics of a typical molecular sieve (with a mean pore 
size of 5 Â) is shown in fig. 5.46. The curves show the quantity of gas which 
can be sorbed, in T o r r liter of gas per gram of sorbent, as a function of the resi
dual gas pressure. It is apparent that as the sieve temperature is lowered, more 
gas molecules can be sorbed. Neon and helium, however, are sorbed to a lesser 
degree than nitrogen. In the atmosphere, the partial pressures of nitrogen, neon 
and helium are 595, 1.4 χ I O - 2 and 4 χ 10~3 Torr,respectively. If the sieve 
is exposed to a volume of atmospheric air, the nitrogen partial pressure will be 
reduced to a much greater extent than that of neon and helium. 

The isotherms (fig. 5.46) indicate that a partial pressure of KT 2 Torr is obtain
ed after pumping 100 Torr/liters of nitrogen, 10~3 T o r r liters of neon or 8 χ I O - 5 

Torr-liters of helium per gram of zeolite. 
Figure 5.47 shows the equilibrium pressure after atmospheric air has been 

pumped. Commercial sorption pumps normally operate in the range IO - 3—10 _1 

liter (chamber volume) per gram (of sorbent). For small values of this range the 
limiting pressure is governed by the quantity of nitrogen sorbed at room tempe
rature (branch A). It can be lowered by preheating the zeolite to 300°C and cool
ing from this temperature (branch B). 
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Oxygen, argon and carbon dioxide are pumped quite effectively and do not 
present the problems encountered with neon and helium. 

Although molecular sieves are the most extensively used sorbent materials in 
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Fig. 5 .47 Predicted equilibrium pressures of some constituents of air as a function o f the 
pumping load (expressed as the chamber volume W per absorbent weight W). The sorbent is 

5 A molecular sieve at — 195°C. After Turner and Feinleib (1962). 

Fig. 5.46 Adsorption isotherms, molecular sieve 5A. After Turner and Feinleib (1962). 



244 PRODUCTION OF LOW PRESSURES (CH. 5) 

sorption pumping, other materials were also used and tested. Activated charcoal 
was used by many workers in the early times of vacuum technology (Dushman, 
1949) and restudied more recently by Jepsen et al. (1959), Stern et al. (1965). 
Milleron (1965) analyzes the possibilities of using porous metals, while Mason 
and Williams (1972) describe the use of porous silver. 

The use of zeolites and alumina (at room temperature) for trapping oil vapours 
backstreaming from rotary pumps, has been discussed by Luches and Zecca 
(1972), Fulker et al. (1969), Buhl (1981). 

5.5.2. The sorption pump 

The sorption pump consists of a stainless steel body with internal copper fins 
to facilitate heat transfer to the zeolite charge. A liquid nitrogen container can 
be attached to three support brackets (fig. 5.48a). 

The sorption pump is valved into the system, and immersed in liquid nitrogen, 
As the temperature of the zeolite (molecular sieve) falls, it sorbs (fig. 5.47) more 
gas from the system to cause a reduction in the pressure. After pumpdown to the 
equilibrium pressure has been accomplished, the valve to the system is closed. 
At this stage the molecular sieve is saturated. The re-activation can be carried 
out by allowing the pump to warm at room temperature, care being taken to 
vent the pump. A removable rubber stopper (fig. 5.48) allows easy release of the 
gas which is evolved from the molecular sieve as it warms. The stopper also acts 
as a safety pressure-release valve, since a high pressure may develop in the pump 
on its heating. 

Normally, warming the molecular sieve to room temperature is all that is neces
sary to prepare it for the next pumpdown. However, since adsorbed water is not 
readily evolved from the molecular sieve at room temperature, it occasionally 
becomes necessary to bake the molecular sieve for several hours to drive off water 
vapour. For this purpose a bakeout unit is used, which fits tightly around the sorp
tion pump, and heats it up to 300°C. 

Sorption pumps are generally used to pump from atmospheric pressure, and 
ultimate pressures of the order of 10~2 Torr are achieved provided the sorptive 
capacity is correctly matched to the volume of the system. Typical performance 
characteristics of the pump from fig. 5.48a are shown in fig. 5.49. In order to 
pump larger volumes several pumps may be used simultaneously. In order to 
obtain a sort of continuous pumping it is possible to use two pumps alternately, 
one pumping whilst the other is valved off from the system and is being re-activated 
(fig. 5.48b). 

Sorption pumps are described by Barrington (1963), Turner and Feinleib (1962), 
Danielson (1970), Wheeler (1974), Weston (1978). In order to increase the thermal 
contact to the sorbent, several authors recommend to bond the sieves to the cooling 
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Fig . 5 . 49 Pressure vs pumpdown time, for sorption pump (fig. 5 .48a) operating on various 
volumes; after 10 min pre-chill 

Fig. 5.48 (a) Sorption pump (Varian), 1. Rubber stopper; 2. Liquid nitrogen container support. 
(b) Two sorption pumps connected for multistage pumping. 1. Pump being re-activated; 2. Pump 
in operation; 3. Liquid nitrogen; 4. Rubber stopper; 5. Vent; 6. Molecular sieve; 7. Dewar; 

8. Valve closed; 9. Valve open. 
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surfaces (e.g. Sands and Dick, 1966; Stern et al, 1966; Powers and Chambers, 
1971; Halama and Aggus, 1974, 1975; Dillow and Palacios, 1979). 

5.5.3 Multistage sorption pumping 

The final pressure achieved by sorption pumping can be improved by prepump-
ing the sorption pump with another sorption pump or a mechanical pump 
(Turner and Feinleib, 1962; Barrington, 1963; Nair and Vijendran, 1974, 1977; 
Dobrozemsky and Moraw, 1974; Weston, 1978). 

The effects which can be achieved may be shown by considering the example 
of a sorption pump connected to a vacuum system, where the ratio of the chamber 
volume V io the sorbent weight w is V/'w= 0.02 liter/g. If the partial pressure of 
a particular gas in the atmosphere of the system is Pl9 then the quantity of this gas 
present in the system is Px V/w Torrl i ter /g. As the pump is cooled to — 195°C, 
a lower equilibrium pressure P2 is achieved, since a quantity of gas (Pi— Pi)x 

V/w was sorbed. This quantity of gas is equal with that shown by the - 1 9 5 ° C 
adsorption isotherm (fig. 5.46). If we denote this latter quantity by QT/w9 the 
equilibrium is described by the equation 

Figure 5.50 shows the plot of Px(V/w) for V/w = 0.02 (line 1) and V/w = 0.01 
(line 5). Curves 2 and 3 are plots of QT/w + 0 .02 P2 for nitrogen and neon using 
the values of Q7/w (at 195°C) shown in fig. 5.46. Line 4 is the value of QT/w 
nitrogen at room temperature. 

Point A (fig. 5.50) results from the intersection of Px = 595 Torr (partial 
pressure of N 2 ) , with line 1, thus defines the value Px(V/w) = 595 χ 0 .02. The 
horizontal through A, intersects curve 2 at B, and the vertical through Β defines 
the pressure P2=3 χ 10~3 Torr, and intersects line 1 at C. According to eq. (5.18), 
the vertical distance BC is the quantity of nitrogen sorbed. 

By adding an additional sorption pump V/w is practically halved to 0.01 (line 
5, fig. 5.50), and for both pumps cooled simultaneously point A moves to E. Since 
0.02 Ρ or 0.01 Ρ are small values compared to QT/w for N 2 at - 1 9 5 ° C , the 
curve 0.01 Ρ + QT/w is practically the same with curve 2. 

The horizontal through Ε intersects curve 2 at F, thus the new equilibrium 
pressure is about P2 = 1.3 χ I O - 3 Torr, which cannot be considered as a signifi
cant improvement. 

By cooling the first pump and leaving the second pump connected but uncooled, 
the pressure drops from A to Β as before, and the quantity of N 2 remaining at C 

(Pi-P2) V/w = QT/w (5.18) 

which can be arranged as 

Qrlw + (V/w)P2 = (VMPi (5.19) 
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Fig. 5 . 50 Multistage sorption pumping with 5A molecular sieve. After Turner and Feinleib 
(1962). 

is about five orders of magnitude smaller than the initial quantity at A. If the first 
pump is now valved off and the second pump is cooled, the pressure drops from 
C to D, thus the final pressure of N 2 is of the order of 1 0 - 7- 1 0 " 8 Torr, which 
is a serious improvement. Since the two pumps have already adsorbed a certain 
quantity of nitrogen at room temperature which is given by point G (line 4) this 
must be added to that represented by point A (fig. 5.50). Thus the quantity of N 2 

present is increased to A' , which raises the intermediate pressure from Β to B', 
moves C to C and D to D ' . 

If neon is considered, point W (fig. 5.50) represents its partial pressure 
( 1 . 4 x I O - 2 Torr) in the atmosphere, and the quantity of neon present. The first 
pump lowers the neon pressure to 2 χ 10~3 Torr (point X), and the second pump 
to 2 .6 χ I O - 4 Torr (point Z), which is a pressure much higher than that of nitro
gen (point D, or D') . In practice, adsorption of N 2 can interfere with neon adsorp
tion and the actual equilibrium pressure of neon may be higher than point Z. 

If helium is considered, the small sorptive capacity of zeolite for this gas (fig. 
5.46) explains the fact that its partial pressure of 4 χ I O - 3 Torr is practically not 
changed by sorption pumping. 

Thus sequential pumping is able to reduce the partial pressure of N 2 (and active 
gases), but cannot achieve total ultimate pressures lower than a few microns due 
to neon and helium. 

If a mechanical pump is used to prepump the system, although the result is 
not entirely oil-free, it reduces both the partial pressures of neon and helium. 
By cooling the sorption pump after this prepumping, the ultimate pressure in 
the system should be much lower (fig. 5.51). 
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5.6. Cryopumping 

5.6.1. Cryopumping mechanism 

Cryopumping is the process by which gases (vapours) are condensed at low 
temperatures in order to reduce the pressure. The ultimate pressure which can 
be achieved by such a process was described by eq. (4.9), while the pumping 
speed which can be obtained was expressed by eq. (4.12). 

Cryopumping may involve three mechanisms: cryocondensation, cryosorption 
and cryotrapping (Schäfer and Häfner, 1987). Cryocondensation occurs when gas 
molecules impinge on molecules of the same species adhering to the cold surface; 
by this process condensation layers of millimeters (thickness) may grow. Cryo
sorption is the physical adsorption of gases on cold surfaces; the sorption 
capacity is increased by enlarging the adsorbing surface, e.g. using a layer of 
activated charcoal (inner surface of up to 1000 m 2 per gram of charcoal). 
Cryotrapping is the process by which gases are trapped (buried) in the growing 
solid condensation layer of a second gas, e.g. trapping of H 2 or He in N 2 , Ar or 
c o 2 . 

Review discussions of cryopumping have been published by Gareis and 
Hagenbach (1965), Power (1966), Redhead et ai (1968), Kidnay and Hiza (1970), 
Hobson (1973), Benvenuti (1977), Schäfer (1978), Weston (1978), and Haefer 
(1981). The measurement of the sticking coefficient is discussed by Habets et al. 
(1975). 

In order to understand the cryopumping phenomenon Moore (1962) analyzed 
it in some detail. He considered the molecular flow (see §3.1.1) of a gas between 
two infinité parallel planes; one a gas source and the other a cryopump condenser 
(gas sink), as shown in fig. 5.52. For this analysis Moore made the following 
assumptions: (1) The distance L between the surfaces is small compared to the 
mean free path (molecular flow). (2) The condensing surface is covered with a 
deposit of condensed solid (formed from gas from the source surface), and the 
deposit has an exposed surface temperature T2. (3) Of the stream of molecules 
that strike the solid on the condensing surface (the mass flow rate w\) the fraction 
/ s t i c k and the rest are diffusely reflected. (4) The reflected molecules leaving the 
condenser constitute a mass flow ( 1 - f)\\\, and have a velocity distribution corres
ponding to the temperature T2, i.e. the accommodation coefficient (eq. 2.104) 
is unity. (5) In addition to the reflected molecules, the solid deposit also emits 
molecules by evaporation at the temperature T2, and at the same rate We2 as if 
it were in equilibrium with a gas at temperature T2 ; (6) The mass flow, w,, from 
the source consists of the flow Wi emitted by the source and that of diffusely 
reflected molecules w2 which strike the source surface. The mass flow w{ is cons
tituted of molecules having a velocity distribution corresponding to the tempe
rature Tl. (7) The velocity distributions of all molecular streams are Maxwellian 
(eq. 2.38). 
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Fig. 5.51 Fig. 5.52 
Fig. 5 .51 Two-stage sorption pumping, with two different combinations of pumps . After Turner 
and Feinleib (1962). 

Fig. 5.52 Model for analysis of cryopumping between infinite parallel planes. 1. Source; 2. Conden
ser with thin deposit. After Moore (1962). 

According to these assumptions, the gas between source and condenser (fig. 
5.52) can be considered composed of two streams* moving in opposite direc
tions: w, flowing from source to condenser, and w2 flowing from condenser to 
source: w} and w2 have velocity distributions corresponding to temperatures Τλ 

and T2 respectively. 
Since the net mass flow input to the system is given by 

Wt = n\ — w2 = w 1 / — We 2 

the mass flow for the two opposite streams results as 

w1=(W1+lVe2)/f 

">i = Wx{\-f)lf+We2lf 

(5.20) 

(5.21) 

(5.22) 

* Directional detectors are discussed by Tuzi and Kobayashi (1983). 
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If w{ and w2 are considered as being gas streams with molecular densities nt 

and w2, according to eqs. (2.47) and (2.38) it results 

A 4 

w2 mn2v2a 

where w/A is the mass flow per unit area, m is the molecular mass, and v a v is the 
average molecular velocity (eq. 2.38) . 

Equations (5 .21-5 .24) can be used to express the densities of the hypothetical 
gas streams 

Wx + We2 ( 2π y / « Wx + We2 

\mkTj mAviav f \mkTYJ Af 

4 W,(\-f)+We2 

(5.25) 

\mkT2) Af " 2 ηιΑν2Λν f \mkT2) Af 

The total molecular density is the average of these two expressions, but the 
gas between source and condenser will be far different from isotropic, thus the 
usual meaning of pressure cannot be used here. The situation can be illustrated by 
considering the pressure which would be sensed by an open ended probe in various 
orientations (fig. 5.53). It is assumed that the pressure sensed is the pressure Pp 

inside the probe, the gas being at the temperature of the probe Tp. The pres
sure .Pp reaches a level so that the efflux of molecules through the opening 
equals the influx from the environment, which is the sum of the molecular fluxes 
incident on theprobeopeningf romsurfaces 1 and2(fig. 5.53). 

Based on the expressions marked on fig. 5.53 and eqs. (5 .25 , 5.26) the pres
sure sensed in various orientations is 

Case A : 

/2nkTO\
1/2 Wx + We2 

Case B: 

Λ = ( ^ ) Ι / 2 
P 

W ) x Wei 
2Af

 1
 Af (5.28) 
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F i g . 5 .53 Pressures inside an open-ended probe. After M o o r e (1962). 

Case C: 

2nkTpy<2 Wl (\-f)+ We2 

A) 
(5.29) 

Equations (5.27-5.29) show that regardless of probe orientation the contribu
t ion of the molecules evaporating from the deposit is the same and equal to 

e 2 ~ \ m ) Af Λ,= ι — ή 

According to assumption 5 

^ = fP ( m \ 
A J v2\2nkT2J 

1/2 

(5.30) 

(5.31) 

where Pw2 is the vapour pressure of the condensed gas at Γ 2 , and from eqs. (5.30) 
and (5.31) 

(5.32) 

thus the contribution due to reevaporation from the condensing surface is equal 
to the vapour pressure of the deposit corrected for the probe temperature. 

The contribution of the net mass flow input Wx to the system is dependent on 
b o t h / and the probe orientation (eqs. 5.27-5.29). This dependency is shown in 
table 5.4 for extreme values of f. 
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Table 5.4. 
Probe pressure Pv, for We2=0 

Case 1 = 1 

Β 

A 

C 0 

Obviously the values / ^ 1 represent the cases without appreciable cryopump
ing, thus the pressure is independent of the orientation of the probe, i.e. the gas 
is isotropic. 

When / = 1 the portion of the probe pressure contributed by WY is highly sensi
tive to the orientation of the probe, varying from a maximum value for case A 
to zero for case C. Thus when Wt is large compared to We2 the gas is far from 
being isotropic. 

The pumping speed of an isotropic system is defined by S=Q/P. Since the 
expression of the pressure in cryopumping (fig. 5.53) is different according to the 
orientation, the pumping speed is also different. 

In the case of space simulation a pumping speed per unit area SSJA based on 
the molecular density A 7 sl sensed by the source of gas is most significant. This is 
equivalent to case C (fig. 5.35) with Tp = Ti. Thus from eqs. (5.29, 5.31 and 
5.32) 

(5.33) 

and since 

= PJ(kTl} (5.34) 

the pumping speed per unit area is 
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S* _ Wj f ( k Τ γ» Γ Ρ* ( 7 \ \ 
A Amnst l-f\ 2π m ) [ Psl \TJ 

1/2 

/ V a v, 

1 - / 4 
(5.35) 

As P s l approaches the value Pv2 (TJT^112 the pumping speed diminishes to zero. 
It results that as long as P v 2 <^ Psi the pumping speed apparent to the gas 

source is independent of the pressure and temperature of the condenser and has 
the value 

SJA^[fl(\-f))(vavl/4) 

When / <^ 1 (reflecting) 

SJA = / v a v l/ 4 

while when / = 1 (good sticking) 

Ssl/A = oo 

(5.36) 

(5.37) 

(5.38) 

This latter is the case which is desired to be achieved in space environment 
simulation. 

A second definition of the pumping speed is that based on case Β (fig. 5.53), 
which corresponds more directly to that used for diffusion pumps. In this case 
the pumping speed Sp is given by 

ρ 

A A m nn 

WxkTv 

Am Pn 

2f 
2-f 

2f v a vp 

2-f 4 - m i (5.39) 

To get maximum pumping speed it is required that Pw2 ^ ^ u s 

Sp/A = [ 2 / / ( 2 - / ) ] (Vavp/4) <5-40) 

Here the pumping speed is independent of pressure, and the significant tempe
rature is Tpl the probe temperature. This temperature is practically equal to the 
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ambient temperature if conventional vacuum systems are concerned, but is usually 
very different in systems using cryogenic surfaces. 

From eq. (5.40) and f o r / ^ 1, the pumping speed per unit area is 

SJA^fv^H (5.41) 

and f o r / = 1 

S JA = v a v p/ 2 (5.42) 

The result in eq. (5.41) is identical with that shown by eq. (5.37), because 
probe orientation is not important w h e n / ^ 1. The result in eq. (5.42) differs 
markedly from that given by eq. (5.38), because the probe inlet in position Β 
will still receive molecular flux, even w h e n / = l . Calculations of the cryopumping 
speed by Monte-Carlo method have been published by Chubb (1970), Akiyama 
et al. (1971). Performances achieved by cryopumping are discussed by Eder (1972), 
Flesch et al. (1975), Kleber (1975), Flaefer and Kleber (1976), Bentley and Hands 
(1977), Thompson and Hanrahan (1977), Edwards and Limon (1978), Graham 
and Ruby (1979). 

5.6.2. Cryopumping arrays 

Cryopumping surfaces cannot generally be exposed directly to a source of gas 
at room temperature because the heat load due to radiation would exceed that due 
to the condensation of gas molecules. Therefore, the cryogenic surface is protected 
on the side facing the gas source by an optically opaque baffle (e.g. figs. 3 14, 
3.15) at an intermediate temperature to act as a radiation shield. Figure 5.54 
shows some common arrangements used in space simulation. 

The radiation shields also impede the gas flow to the condenser and limit the 
maximum achievable pumping speed. Fig. 5.55 shows a cryopumping array 
which offers a reasonable compromise between pumping speed and radiation 
losses. Here both the chevron baffle and the back shield are cooled with liquid 
nitrogen to 77-l00°K, while the condenser is operated at 20°K, so that nitrogen 
and all less volatile gases are cryopumped. Additional means, such as diffusion 
or ion-pumps must be provided for removing helium, hydrogen and neon. The 
emissivity of each surface is chosen primarily to minimize the heat load on the 
condenser, and secondarily to minimize that on the radiation shields. The relative
ly high value of the condenser emissivity takes into account the presence of frost. 

Cryopumping arrays (cryopanels) and shielding methods are discussed by Forth 
(1965), Kienel and Wutz (1966), Turner and Hogan (1956), Haefer (1970), Omelka 
(1970), Holkeboer et al. (1967), Elo et ai (1979), Haefer (1980a), Schwarz (1987). 
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Fig. 5.54 Arrangements of cryopumping arrays. 

F ig . 5.55 Detail of a cryopumping array. 1. Radiat ion; 2. G a s : 3. Chevron baffles ( 100°K) ; 
4. Condenser ( 2 0 ° K ) ; 5 . Back shield (100°K); 6. Chamber wall (300°K) . After Moore (1962). 

The pumping effectiveness of the array will be described by its over-all capture 
probability (7, rather than by the sticking coefficient of a simple condensing sur
face. The capture probability G is the fraction of the total number of molecules 
incident on the inlet side of the cryopumping array which is finally captured in 
the array. Moore (1962) analyzes the model array shown in fig. 5 .55, by using: 
gs - the probability that a molecule impinging on chevron shields will pass through 
(see §3.5); / - the condenser sticking coefficient, and gc - the probability that a 
molecule impinging on the condenser will pass through (equal to the ratio of open 
area). 

According to the notations on fig. 5.56, the conditions of equilibrium are 
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Wx = w{ — w2 

W
2 = ( l - g s )

 W
l + gsW4 

^ 3 = gsWl + ^ 4 

^ 5 = gc

W3 + G ~^c) (1 - / ) W5 

^ 4 = gCW5 + G ~Sc) (1 " Ζ ) ^ 3 

( 5 . 4 3 ) 

and the simultaneous solution of these equations give the over-all capture prob
ability as 

r
 w

i ι - 2 ( l - g c ) ( i - / ) + ( ί ~gcy ( l -ff-g* 

1 - ( 1 -gc) G - / ) ( 2 - f t ) + (1 - * , ) [(1 ~ g c ) 2 (1 - / ) 2 - ^ c 2 ] 

(5.44) 

Ι λ / v -

f 9c 

Fig. 5.56 Model for analysis of a cryopumping array. 1. Gas source; 2. Chevron baffle; 3. Conden
ser; 4. Back shield. 

Fig. 5.57 Effect of condenser sticking coefficient on array capture probability. After M o o r e (1962). 
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Assuming g s = 0 . 2 3 (fig. 3.22), and g c = 0 . 2 5 , the capture probability given by 
eq. (5.44) is a function of/ , as shown by fig. 5.57. The pumping speed of such 
an array, as defined by probe oriented as case Β (fig. 5.53), is given by eq. (5.40) 
with / r e p l a c e d by G, thus 

S p M = [ 2 C / ( 2 - G ) ] ( v a v p' 4 ) (5.45) 

5.6.3. Cryotrapping 

Gases may be trapped on cooled surfaces on which a condensable vapour (eq. 
water) has been condensed, with the result that the partial pressure attainable 
may be significantly lower than the equilibrium vapour pressure at the tempera
ture of the cooled surface. This pumping action is known as cryotrapping. It offers 
the possibility of cryopumping of gases such as N 2 , H 2 , Ar much more effectively 
in the presence of a contaminating agent (such as water vapour) than in a system 
from which all such agents have been carefully removed and excluded. Cryo
trapping is believed to be due to the non-condensable gas being carried down by 
a condensable vapour and trapped within the pore structure of the condensate. 

The cryotrapping of nitrogen and argon by water vapour (Schmidlin, 1962) con
densed at 77°K, has shown that the water vapour forms a porous deposit with 
an effective area of about 600 m 2/g of water. The quantity of N 2 and Ar required 
to saturate the surface deposit of water is proportional to the quantity of water 
deposited (fig. 5.58). The number of molecules of nitrogen trapped per molecule 
of water condensed on the surface has a constant value of about I O - 2 for partial 
pressures of N 2 above about 0.1 Torr, and then decreases with decreasing partial 
pressure to a value of about 5 χ I O - 5 at 10~5 Torr. 

0 1 2 3 4 5 6 7 8 9 10 

M (g) , Η 20 

Fig. 5 .58 Quantity Q of nitrogen and argon to saturate an ice coating of M grams. There results 
1 .0 Torr / /g for N 2 and 1.4 Torr / /g for A . After Schmidlin (1962). 



258 PRODUCTION OF LOW PRESSURES (CH. 5) 

The cryotrapping of hydrogen and helium by condensed argon at 42°K was also 
achieved. The results of Hengevoss and Trendelenburg (1963) are shown in fig. 
5.59. For the curves (a) and (b) the hydrogen flow rates are so low that the equi
librium pressure is below that for saturation at 4 .2°K, so that no condensation 
occurs and the pumping action is only that of the diffusion pumps. In each of 
these cases, when the argon partial pressure reaches about j O of that of the 
hydrogen, the hydrogen partial pressure drops suddenly by a factor of 10 or more 
and then remains at this lower value as the argon-flow rate and partial pressure 
are increased. The decrease in hydrogen partial pressure is due to additional 
pumping resulting from the trapping of hydrogen by the condensed argon. From 
the trapping rates and the area of the cryosurface, the sticking coefficient for 
hydrogen on the argon deposit was determined to be 0 .4 . The 45° line on fig. 5.59 
corresponds to the case in which one hydrogen molecule is trapped by one con
densed argon molecule. Curve (c) is taken at a hydrogen flow rate which is great 
enough that the hydrogen partial pressure exceeds the saturated value at 4 . 2 ° K 
so that the condensation on the cryostatic surface occurs even in the absence of 
argon. Thus in curve (c) both condensation and trapping occur at the same time. 
Therefore the break in the curve (cryotrapping by argon) occurs at an appre
ciably lower argon flow rate than that corresponding to the intercept with the 
45° line. This indicates that about 10 times as many hydrogen molecules are depo
sited by the combination of condensation and trapping as are argon molecules. 

Experiments for cryotrapping of helium showed that the sticking probability 
of helium on argon deposit is about 0.03 and that about 30 argon molecules are 
required to trap one molecule of helium. 

Experiments on cryotrapping were reported by Schmidlin (1963), Hengevoss 
and Trendelenburg (1963, 1967), Muller (1966), Templemeyer et al. (1970), Boissin 
et al (1972), Benvenuti and Calder (1972), Mongodin et al (1974), Chou and 
Halama (1977, 1979), Sedgley et ai (1988). 

The characteristics of cryotrapping by a layer of a second gas have been 
summarized by Haefer (1981). The pumping of H 2 at pressures of 1 0 ~ 6 Pa 
( ~ 1 0 - 8 Torr) on a cryosorption pump using a condensed layer of C 0 2 is 
discussed by Arakawa and Tuzi (1986). 

5.6.4. Cryopumps 

A practical cryogenic pump is illustrated in fig. 5.60. It consists of a helix 
made of stainless steel tube, which acts as the condenser surface, mounted direct
ly in the chamber to be evacuated. The coolant (liquid nitrogen, hydrogen or 
helium) is supplied from a Dewar to the helix through a vacuum insulated feed 
tube, and is made to flow through the coil by means of a gas pump at the outlet 
end of the coil. The coolant boils as it passes through the coil, hence cooling the 
tube. The rate at which coolant passes through the system, and hence the tempe
rature to which the condenser surface is cooled, is controlled by a throttle valve 
mounted in the gas exhaust line. A temperature sensing element mounted on the 
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Fig. 5.59 Fig. 5.60 
F ig . 5 .59 Hydrogen cryotrapping by argon. After Hengevoss and Trendelenburg (1963). 
Fig. 5 . 60 Cryopump (schematic), 1. Liquid nitrogen D e w a r ; 2. Insulated feed tube; 3. Condenser 
co i l ; 4 . Temperature sensing element; 5. Throttle valve; 6. Connection to gas pump; 7. Con

nection to roughing pump. 

condenser coils automatically controls the throttle valve setting. 
The cryogenic pump is not used at pressures above I O - 2 Torr, partly because 

of the large quantities of coolant that would be required, and partly because the 
thickness of solid built up during high pressure pumping would seriously reduce 
the pump efficiency at low pressures. The rate of built-up of solids is typically 
of the order of 10 cm/h at 10" 1 Torr and IO"2 cm/h at 10~4 Torr. 

Pumps having speeds for nitrogen up to 5000 //s (liquid helium consump
tion = 2 //h) are commercially available. Pumps with speeds of the order 106 

l/s are feasible, but for these high speeds the coolant would be fed directly from a 
gas liquifier rather than from a storage vessel. The introduction of small, cryogenic, 
closed-cycle refrigerators provided possibilities to construct systems in which 
helium is compressed and expanded, reaching two steps of refrigeration: 80°K 
and 1 2 - 2 0 ° K , respectively (Schäfer, 1978; Visser and Sheer, 1979; Coupland et 
αί, 1987; Foster, 1987). 

The sorbent surface ratio Ap/Ag (see §4.3.5) can be increased by using 
activated charcoal, coated on the cryogenic surfaces as mentioned in §4.3.6. 

Cryopumps are discussed and described by Hobson (1964, 1973), Dawson and 
Haygood (1965), Roussel et al. (1965), Power (1966), Davis (1968), Hengevoss 
et al (1970), Fox (1970), Benvenuti and Calder (1972), Benvenuti (1973), Forth 
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et al (1972), Wössner (1972), Dobrozemsky (1973), Schäfer and Schinkmann 
(1973), Benvenuti (1974, 1977), Benvenuti and Blechschmidt (1974), Blinov and 
Minaichev (1974), Klipping (1974), Woods and Delvin (1974), Flesch et al. (1975), 
Wolgast (1975), Benvenuti et al (1976), Davey (1976), Hands (1976), Becker (1977), 
Bottglioni et al (1977), Denison (1977b), Forth and Frank (1977), Hands and 
Davey (1977), Siebert and Omori (1977), Visser et al (1977), Rijke (1978), Schäfer 
(1978), Benvenuti (1979), Benvenuti and Hilleret (1979), Visser and Sheer (1979), 
Yarwood (1979), Charland and Frei (1980), Harra et al (1980), Robens ( 1980), 
Schwenterly (1980), Wilson and Watts (1980), Benvenuti and Firth (1979), 
Bentley (1980), Coupland et al. (1982), Duval (1982), Hands (1982), Liu et ai 
(1982), Longsworth and Bonney (1982), Muhlenhaupt (1982), Rommel (1982), 
Sänger et al. (1982), Scheer and Visser (1982), Nöller (1983), Hood (1984), Klein 
et ai (1984), Bridwell and Rodes (1985), Arakawa and Tuzi (1986), Foster (1987), 
Liu et ai (1987), Sedgley et ai (1987), Schäfer and Häfner (1987), Tobin et ai 
(1987), Porter (1988), Sedgley et al. (1988). 

The "cold bore" system of (future) proton storage rings represents a very large 
(perhaps the largest) cryopump, where the whole vacuum chamber wall is at 
liquid helium temperatures. These systems and their problems were analyzed by 
Halama and Herrera (1975), Wolgast (1975), Aggus et al. (1977), Benvenuti, 
Calder and Hilleret (1977), Blechschmidt (1977), Cho et al. (1977), Fischer (1977), 
Benvenuti and Hilleret (1979). 

5.6.5. Liquid nitrogen traps 

Liquid nitrogen traps are cryogenic devices which function primarily to pro
hibit the transfer of pump oil vapour into the vacuum system, and to pump by 
condensation, water vapours and other vapours which originate in the system. 

Well-designed traps incorporate the following features: 

(a) The trap offers minimum impedance to the diffusion pump (see §3.4.4 and 
3.5) and to the vapour condensation or cryopumping surface (§5.6.2). However 
the trap should be effective in keeping pump oil from the chamber. 

(b) A constant low temperature of the cryopumping surfaces is maintained 
to prevent pressure bursts resulting from the reevaporation of condensate. 

(c) There is no warm surface path shunting the cold areas which would permit 
the diffusion pump oil to migrate. 

(d) Additional considerations include minimum liquid nitrogen consumption, 
and a trap interior accessible for cleaning. A water-cooled baffle is required to 
prevent holdup of the pump oil on the trap during long-term continuous opera
tion. The condensed oil should return to the pump along the trap walls rather 
than dripping onto the hot jet assembly. 

Liquid nitrogen traps have been discussed by Milleron (1959), Holkeboer 
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Fig. 5.61 Liquid nitrogen traps. 1. Liquid nitrogen; 2 . Place of thermal gradient; 3. Water baffle. 

et al (1967), Boissin and Thibault (1971), Santeler (1971), Harris (1977), Lunelli 
(1978), Carpenter and Watts (1982), Singleton (1984). 

Figure 5.61 illustrates several trap designs which meet some of the above 
criteria. Types a, b, c are generally used with pumps of small and medium sizes. 
An elbow trap (fig. 5 .6Id) may be used on large vacuum systems where a liquid 
nitrogen circulation system is available. A vacuum system pumped down to its 
operating pressure exhibits molecular flow through the trap, thus for an optically 
tight trap, an oil molecule must undergo at least one cold wall collision (§3.5) 
before entering the vacuum chamber. Since the sticking coefficient is less than 
unity, and some oil-to-oil and oil-to-gas molecular collisions also occur, traps 
can be more effective if they are designed such that each oil molecule impinges 
on the cold surfaces a greater number of times (Types a, b) than the minimum 
of one contact required by simple optical tightness (Types c, d) (see also fig. 
3.29). 

Jones and Tsonis (1964) calculated the oil-backstreaming rate through an 
(36" diam) elbow trap, and presented the results in the diagram of fig. 5.62. The 
calculations were made for DC 704 silicone oil held at 300°K at the trap bottom, 
neglecting any cracking effects. Solid horizontal lines show the backstreaming 
due to a sticking coefficient α less than unity, each lihe corresponding to a value of 
a, resulting from the conclusion of a calculation which indicates that 1.09 ( 1 - a ) 
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F ig . 5.62 Oil backstreaming W (calculated values) through a 36 inch diam. optically t ight 
e lbow trap. After Jones and Tsonis (1964). 

percent of the entering molecules pass through the trap. Unfortunately the stick
ing coefficient is not accurately known, and small differences in its value can 
cause differences of decades in the backstreaming rate. 

The interrupted line (fig. 5.62) is the oil transfer due to oil-oil collisions. From 
the calculation, Jones and Tsonis established that the oil transfer due to oil-oil 
collisions is 

Ν = 2 χ 10 14 Pa3/Ml/2 molec/second (5.46) 

where a (cm) is the radius of the pipe of the elbow, M is the molecular weight of 
the oil, and Ρ is the partial pressure of oil vapour at t rap inlet (Torr). It results 
that this mode of transfer is significant only if α > 0.9999. 

The probability PT of an oil molecule escaping the trap due to an oil-gas colli
sion was found to be 

Pr = 4 .5 χ IO"5 [ 1 - e x p (-11 λ)] (5.47) 

where / is the mean length of escape path from trap base to knee (in the case consi
dered I = 2.la), and λ is the mean free path of the oil molecule. Since λ is an 
inverse function of the gas pressure, the transfer due to oil-gas collisions is rising 
with gas pressure.l t results that this mode of transfer is significant only if α > 0.99. 
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The right-hand side of fig. 5.62 shows the oil transfer resulting from diffusion 
and sweeping action in the transition and viscous flow regions. 

Traps are usually not meant to operate in the transition region (see table 3.1), 
although conditions existing in the transition region can be expected during pump
down. The trap configuration shown in fig. 5.61b suppresses this oil transfer by 
having two regions of trapping which differ significantly in dimensions, the skirt 
and the chevron. Thus, transition flow in the two sections will occur at two different 
pressure ranges, and at any pressure at least one of the sections will be efficient. 

Regions of the trap where the cold surfaces are in contact with parts at ambient 
temperature experience temperature gradient shifts resulting from changes in 
ambient temperature, or in the cooling conditions. These gradient shifts result in 
the reevaporation of a part of the condensate. If the reevaporated gas is not 
retrapped prior to chamber reentry, a pressure rise will occur in the chamber. 
The type of trap shown in fig. 5.61c has no allowance for retrapping capability. 
The other designs shown in fig 5.61 have a good possibility of retrapping such 
molecules. The amount of gas condensing on the thermal gradient region can also 
be minimized by shielding these regions from the chamber with cold surfaces 
(fig. 5.61a, b, d). Gas condensed on the intermediate temperature regions during 
the higher pressure phase of a pumpdown will reevaporate at lower pressures and 
thus cause an increase in pumpdown time. Figures 5.61a and c indicate that 
troublesome temperature gradients may exist on the top of a partially empty liquid 
nitrogen reservoir when it is in sight of the chamber. If the reservoir walls have a 
sufficiently high thermal conductivity, this temperature gradient can be avoided. 

5.7. Gettering 

5.7.1. Gettering principles 

Any sealed-off vacuum device (lamp, electronic tube) in which the pressure 
remains essentially constant, contains a chemically active getter. 

While effort is made to effectively degas the tube parts during construction 
and evacuation before sealing-off, there will always be some evolution of gases 
during operation. To avoid a build-up of pressure a getter, i.e. a material able to 
chemisorb gases, is included in the tube. Getters and gettering are discussed by 
Jackson and Haas (1967), Delia Porta (1972), Malev (1973), Giorgi (1974), Lange 
(1975), Giorgi et al. (1985). 

Getters may be classified into three groups according to the form in which 
the getter material is active : flash, bulk and coating getters. 

Flash getters are chemically active metals which can be easily volatilized. Flash 
getters may work by the process of dispersal gettering in which gas is sorbed 
whilst the getter is being evaporated, and contact gettering in which the film of 
getter material deposited by evaporation on the walls continues to sorb gases. 
Dispersal gettering is limited in time, but the getter presents its maximum possi-
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ble surface to the gas; contact gettering is a continuous process where sorption 
on the outer layer is followed often by diffusion into the bulk. 

Bulk getters are heated metals in sheet or wire form. 
Coating getters consist usually of powders sintered on the surfaces of electro

des. The general conditions for getters can be summarized as : 

(a) The getter must be resistant to storage prior to use. 
(b) It must not be affected by the process of manufacture of the tube (sealing-in 

of the electrode assembly, bake-out of the tube, sealing-off of the tube). 
(c) The getter should sorb during its evaporation (if flash getter) and after the 

tube has been processed. 
(d) The vapour pressure of the getter material and its reaction products with 

the residual gases in the tube should be negligible. 

Operating temperatures and uses of various getters are summarized in table 
5.5. 

Table 5.5. 
Operation characteristics of getters. 

Material 

Characteristic 

Flash getters 

Ba 
(and alloys) 

Batalum Ba-berylliate Bato 

Shape 

Tempe
rature 
( °C) 

Metal clad, Paint on Ta Paint on Ta 
wire or pellets 

Degassing 400-700 800-1100 900-1000 

Flashing 900-1200 1200-1300 1300 

Gettering 20 -200 2 0 - 2 0 0 20 -200 

Metal clad 
pellets 

750-900 

20 -200 

Uses Most kinds o f Small and oxide Small and oxide Medium and 
tubes cathode tubes cathode tubes high power tubes 

(contd.) 
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5.7.2. Flash getters 

The active ingredients in flash getters are chemically active metals that can 
be easily volatilized, such as Ba and Ba-Al alloys. An alloy of rare earth metals 
(Cerium, Lanthanum) known as misch metal is also used. Phosphorus is the getter 
used in most incandescent lamps. 

Barium getters are made in a form that can be easily evaporated and deposited 
as a thin film on the vacuum envelope or on other cool inactive parts of the struc
ture. In the processing of an electron tube, the procedure is: evacuation and 
bakeout at 400-500°C, cathode heating, induction heating of electrodes, and 
flashing the getter just before the tube is sealed-off or immediately afterwards. As 
barium is very active it must be protected against atmospheric action during 
storage and within the vacuum tube prior to flashing. The protection is done by 
incorporating the Ba in metal pellets or tubes, or alloying it. 

Nickel, copper or iron clad tubes or pellets are obtained by filling a tube of 
these metals with liquid barium under vacuum. The tube is then drawn down to 

Table 5.5 (contd.) 
Operation characteristics of getters. 

Flash getters Bulk and coating getters 

M g A l - M g Red 
phosphorus 

Ti Zr Ta Th Ceto 

R ibbon , Powder Powder Sheet, wire Sheet , Sheet, Powder Powder 
wire paint suspension wire, powder 

powder 
400 400 — 800-900 700-1300 1600 - 8 0 0 - 8 0 0 -

( - 1 7 0 0 ) 2000 1500 1200 
500 — > 2 0 0 — — — — — 
Only during flashing 100-200 1200-400 1400-400 1500-800 400-500 200-300 

Gas filled Small and Incandes Sputter and Medium Medium Medium Special 
and oxide cent sublima size and size tubes 
mercury cathode lamps tion and gas , high tubes 
vapour tubes pumps (Hg) power 
tubes tubes tubes 
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size obtaining a wire, or cut into small cushion-shaped pellets. Ni , Cu and Fe 
tubes with Ba filling are commercially available in a wide range of diameters and 
in "infinite" length under such names as Niba, Cuba, and Feba wire. The right 
amount of Ba for a particular use is nipped from the clad wire with blunt-edged 
cutters, which causes self-sealing of the ends and protects the Ba from atmospheric 
oxygen to some extent. The tube (cladding) wall is often purposely thinned along 
an axial strip to facilitate exit of Ba vapour and to direct it in a predetermined 
direction. The surface is ground flat (fig. 5.63a) on one side in the getter known 
as KIC (Kernet iron-clad), or given a longitudinal notch, known as Kerb getter 
wire (fig. 5.63b). These getters are t o b e degassed at about 750°C, and subsequent 
heating to 850°C or more causes the tube or pellet to burst. 

To avoid getter spoilage during storage or processing, alloys of Ba with Al 
are used. These are known as the Stabil type getters of SAES-Milano, and con
sist of Ba-Al alloy either in a straight, grooved Fe or Ni tube which is welded to a 
nickel or iron alloy wire bridge (fig. 5.64a, b) or within a groove in a ring of stain
less steel (fig. 5.64c). These getters are chemically stable in air up to temperatures 
of 600°C, but require a higher flashing temperature (above 1000°C) than the 
pure Ba getters. 

A gettering method used in all-metal electron tubes is the Batalum process. 
In this process a thin tantalum strip which can be heated by special connecting 
leads, is coated with a mixture of B a C 0 3 and S r C 0 3 which is fully stable in air. 
This strip is heated first to 800-1100°C at a suitable stage of the evacuation pro
cess, whereupon the carbonates decompose to their respective oxides. C 0 2 is 
formed which is pumped off, the strip temperature raised to 1300°C, the Ta 
substrate reduces the oxides to Ba which evaporates onto the tube wall. A dis
advantage is that the tantalum oxide formed slowly dissociates and increases the 

Fig. 5.63 
Fig. 5 .63 Barium getter wires; (a) K I C ; (b) Kerb. 
F ig . 5 . 6 4 Ba-AI alloy getters. 

Fig. 5.64 
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pressure in the sealed-off tube. The replacement of the carbonate mixture by 
barium berylliate (BaBe0 2) is a subsequent development which avoids the evolu
tion of C 0 2 . Two other types of these (reaction getters) are the Alba in 
which barium oxide is reduced in the presence of aluminum, and Bato in which 
barium is evaporated from a mixture of Ba-Al alloy, iron oxide and thorium 
powder. Other getters are obtained by using Sr-Al or Ca-Al alloys (Turnbull, 
1977). 

Red phosphorus is used as a getter in both vacuum and gas-filled lamps. The 
tungsten filament is coated with red phosphorous from an alcoholic suspension. 
At the first incandescence of the filament the phosphor is flashed and it gives rise 
to a deposit on the glass envelope which is transparent to light. 

Magnesium is used as a getter in mercury vapour hot cathode discharge tubes, 
and Al-Mg alloy (the so-called Formier getter) is used in oxide-cathode tubes. 

Delia Porta (1972) describes a "getter mercury dispenser" to be used in mercury 
(fluorescent) lamps. The dispenser is a cathode shield coated on alternative sides 
with Zr 16% Al getter and a Ti 3Hg compound. By heating (after seal-off of the 
lamp) at 850-950°C, the getter is activated, whereas the mercury alloy decomposes 
to yield the precise quantity of mercury necessary in the lamp (Delia Porta and 
Rabusin, 1974). 

5.7.3. Bulk and coating getters 

Bulk getters are usually operated at elevated temperatures to promote diffusion 
of the adsorbed gas into the solid. Since evaporation is not essential to the opera
tion of bulk getters, they are usually selected from chemically active elements 
with low vapour pressures and high melting points. These include Ti, Zr, Ta, Th, 
U, W, and Mo, used in a variety of forms: sheet, ribbon, wire, rod (bulk getters) 
or powder (coating getters). 

Titanium is frequently used as a bulk getter in electron tubes. After Ti has been 
outgassed in vacuum at 800°C for a few minutes no additional gases are liberated 
when it is heated to higher temperatures. At temperatures above 700°C Ti conti
nuously sorbs N 2 , 0 2 and C 0 2 , since at these temperatures C, N 2 and 0 2 readily 
diffuse into the Ti, leaving an active surface. Sorption of these gases from 10 to 90 
atomic per cent is possible, and the compounds formed do not dissociate at higher 
temperatures or upon subsequent reheatings. Hydrogen is sorbed by Ti from 
room temperature up to 400°C. Above 500°C, H 2 is released by the Ti and at 
800°C it becomes practically free of H 2 . Water vapour a n d C H 4 may be gettered 
by a two-step process: the Ti is heated first at 1000-1200°C where H 2 0 and 
methane are dissociated, the 0 2 and C diffuse into the Ti, leaving the H 2 in the 
gaseous phase. The Ti temperature is then lowered below 400°C, and the H 2 is 
gettered. 

Zirconium absorbs H 2 when heated to 400°C and re-evolves it again at 880°C 
or more. Water vapour is cleaned up between 200 and 250°C; 0 2 , N 2 , CO and 
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C 0 2 are sorbed at 1400°C. An efficient getter can therefore be arranged by means 
of two Zr wires or strips; one at 400°C and the other at 1400°C. Another usual 
procedure is to spray or paint the zirconium powder in a binder (nitrocellulose in 
amyl acetate) onto the electrodes. Zirconium hydride (ZrH 4) may also be applied 
as a paste, and at 800°C in vacuum the H 2 is released leaving the Zr coating. 

The properties of Zrl6Al getters and their applications are discussed by Barosi 
and Rabusin (1974), Benvenuti and Decroux (1977), Ferrario and Rosai (1977), 
Lange (1977), Borghi and Ferrario (1977), Rosai et al (1978), Borghi and Rosai 
(1979), Cecchi et ai (1985), Emerson et ai (1986, 1987), Shen (1987), Benvenuti 
and Francia (1988), Ichimura et al. (1988). The use of Zr as a getter on a porous 
graphite (Barosi and Giorgi, 1973), or of preparing the Zr in situ by electrolysis 
of Z r 0 2 (Fouletier and Kleitz, 1975) were also proposed. 

Zirconium is also used as Z r - N i alloy getter (Kuus and Martens, 1980) and as 
Z r - V - F e getter alloy (Audi et ai, 1987; Boffito et αϊ, 1987; Ichimura et ai, 
1988). 

The Ν EG (nonevaporable getter) is used as the linear pump of the LEP (Large 
Electron-Positron) collider (storage ring at CERN-Geneva) , described by Rein-
hard (1983), Benvenuti and Francia (1988). Here the Z r - A l (16%) alloy is bonded 
as a powder (by cold pressing) on both sides of a Constantan ribbon 30 X 0.2 
mm, producing an active geometrical surface (see §4.3.5) of 540 cm 2 per meter 
length of ribbon. The getter is used /kep t at ambient temperature and heated 
only intermittently for activation. It has a pumping speed of about 1000 
l i ter/second per meter length of ribbon for CO and H 2 (at 1 0 ~ 2 Torr · l i t e r /m) 
and drops at 0.1 Torr · l i t e r /m to a level where heating for conditioning (activa
tion) is required (Benvenuti and Francia, 1988). 

Tantalum behaves like Ti at elevated temperatures. After flashing at 2000°C, 
it getters H 2 at 800°C and 0 2 and N 2 at 1500°C. 

Thorium sorbs 0 2 and H 2 in the temperature range of 400-500°C. It is also 
used in a getter called Ceto which is an alloy of 80% Th with 20% misch metal 
(an alloy of 50-60% cerium, 25-30% lanthanum and other rare earth metals). 
Thorium powder and Ceto powder are also used as coating getters. 

Tungsten filaments getter 0 2 at temperatures above 1500°C. A fraction of the 
0 2 molecules striking the hot filament are converted to W 0 3 and then imme
diately evaporated off leaving a clean surface for further gettering action. Nitro
gen and CO cannot be gettered in this way, but they can be gettered by evaporat
ing W onto a cool surface. When W is heated above 2300°C, a fraction of the H 2 

molecules striking the filament will dissociate into atoms. The atomic hydrogen 
produced is very active chemically and may reduce glass or ceramic in the vicinity 
of the filament to form metal oxides and water vapour. On striking a cool metal 
wall the atomic hydrogen may recombine to H 2 . Water vapour is dissociated on 
coming in contact with a W filament above 2300°C. The 0 2 combines with the 
W and is distilled to the surrounding walls as W 0 3 (white deposit). Atomic hydro
gen evolved from the filament reduces the W 0 3 on the wall to metallic W (black 
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deposit) with the formation of water vapour. The "water cycle" can then be 
repeated indefinitely until the filament is etched to the point where it burns 
out. 

An interesting inverse cycle occurs when a W filament is heated above 2800°C 
in the presence of iodine vapour. Tungsten which evaporates from the filament 
and condenses on a hot surrounding wall at about 500°C will combine with the 
iodine to form W I 4 vapour. This vapour is then dissociated on coming in contact 
with the hot filament and iodine vapour is released to react with the W deposit 
on the wall again. The phenomenon is used to increase the life time of incandescent 
lamps. 

5.7.4. Gettering capacity 

The sorption capacity of getters can be evaluated in terms of pumping speed 
per unit area of getter deposit, and in terms of total sorption per unit weight 
of getter. For the same getter both figures differ for various gases, and depend in 
some limits on the history of the getter (degassing, flashing, etc). 

It is obvious that the pumping speed 5 g of a getter film of area A, can be cal
culated by a formula of the type of eq. (3.72) or eq. (4.12) (for P u = 0 ) , thus 

SG/A=3.64 / ( T I M ) 1 12 liter/sec-cm2 (5.48) 

where / i s the sticking coefficient, Γ and M the absolute temperature and mole
cular weight of the gas. By comparing the maximum theoretical pumping speed 
(f=\) with the gettering rates measured it was found that for freshly deposited 
barium films at room temperature, the value of the sticking coefficient is 0.4 for 
CO, 0 .6 for C 0 2 , 0.02 for 0 2 , 0.001 for H 2 and 0.003 for N 2 . 

Although these values can be changed if a mixture of gases is present, it results 

Tab le 5.6. 
Sorpt ion capaci ty of several getters a t r o o m tempera tu re ( T o r r l i t e r / g ) . 

Ba r ium 15-50 45 -88 3-36 5 -60 
Magnes ium 20-200 — — — 
Misch meta l 20-50 46 -64 3-16 2 -45 
T h o r i u m 7-33 19-54 — — 
A l u m i n u m 8-36 — — — 
U r a n i u m 9-10 8-22 — — 



270 PRODUCTION O F LOW P R E S S U R E S (CH. 5) 

that the maximum initial gettering speed for CO is 4.75 liter/seccm2, and for 
0 2 is 0 .2 lit/sec-cm2. All measurements show that this speed will fall off with 
time. The gettering capacity of Ba for various gases was measured by Malev 
(1973a). 

The total sorption capacity of several getters is shown in table 5.6. 
The pumping speed and sorption capacity of some getters is discussed by 

Kuus and Martens (1980), Rohring et al. (1980), Parkash and Vijendran (1983), 
Mehrhoff and Barnes (1984), Ichimura et al. (1988). 

5.7.5. Sublimation pumps 

Sublimation pumping is based on the gettering action of (continuously) evaporat
ed titanium layers. The simplest form of a sublimation pump consists of a tita
nium evaporator wire from which titanium is sublimed onto a glass or metal 
envelope (Nazarov et al., 1965). 

It was found (Sweetman, 1961 ; Clausing, 1962) that evaporating the titanium 
onto liquid nitrogen-cooled substrates, the pumping speed is considerably in
creased. It appears that the effect is due to the microscopic crystalline form of 
the titanium film formed at low temperatures, which presents a greater sorption 
area and capacity. The pumps constructed based on this effect are known as 
cryogetter- or cryosublimation pumps; they are described and discussed by Rivire 
and Thompson (1965), Biguenet et al. (1968), Beaufils and Geller (1968), Prevot 
and Sledziewski (1964, 1968, 1971, 1972). 

A simple titanium evaporator can be made (Redhead et al., 1968) by simultane
ously winding a 0.25 mm diameter titanium wire and a 0.1 mm diameter tungsten 
wire onto a tungsten rod. An alternative construction consists of 0 .8 mm titanium 
wire and a 0 .6 mm molybdenum wire wound simultaneously on a 2 mm tantalum 
rod (Prevot and Sledziewski, 1972). The tungsten or molybdenum wire (or niobium 
wire, Clausing, 1962) keeps by surface tension the drops of titanium on the evapora
tor. McCracken and Pashley (1966), and Lawson and Woodward (1967) found 
that the performance of the evaporator is more reliable when an alloy of 8 5 % 
t i tanium-15% molybdenum* is used instead of pure titanium wire. For pumping 
in the range of 1 0 _ 1 1- 1 0 ~ 1 2 Torr Biguenet et al. (1968) recommend the use of 
tungsten wire coated with very pure titanium by vapour plating (e.g. from an 
iodine reaction). 

Titanium sublimators (evaporators) are usually cylindrical. Harra and Snouse 
(1972) propose an improved sublimator which employs a spherical shell of 
titanium enclosing a tungsten filament heater. This sublimator can dispense 37 g 
of titanium at rates of 0.5 g/h. 

For large sublimation pumps electron beam heating is used, evaporating from 
titanium bars. These sublimators can dispense about 8 g/h (Robertson, 1968). 

* The outgassing of the 85 T i - 1 5 Mo wire was studied by Hu (1987). 
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Sublimation pumping and pumps have been discussed by Gupta and Leek 
(1975), Harra (1974b, 1975), Cyransky and Leek (1976), Haque (1976), Aggus et 
al. (1977), Halama (1977, 1979), Okano et ai (1977), Malinowski (1978), Edwards 
(1980), Strubin (1980), Grigorov and Tzatzov (1983). 

Distributed getter and sublimation pumping as required in storage rings is 
discussed by Autin et al. (1977), Benvenuti and Decroux (1977), Blechschmidt 
and Unterlerchner (1977), Fischer (1977), Blechschmidt (1978). 

Cryosublimation pumps attain specific pumping speeds for 0 2 , N 2 , CO of 
about 10 / /secern2 of active surface, and about 40 / /secern 2 for H 2 . However, 
noble gases are practically not pumped by these pumps. Pumps having pumping 
speeds up to 106 //sec were constructed (Prevot and Zledziewski, 1972) which 
attain ultimate pressures in the range of 1 0 - 10 Torr (except noble gases), and 
which are able to work about 2000 hours in continuous operation at pressures 
not higher than I O - 6 Torr. 

Murakami (1973) proposed a "catalytic p u m p " in which hydrogen is pumped 
by dissociation into atomic state (using an incandescent filament), adsorption 
and reaction on C u 2 0 layers, and trapping the resulting water vapour on a liquid 
nitrogen trap. A 5000 lit/sec pump is described by Murakami et al. (1974). 

5.8. Pumping by dilution 

The partial pressure of residual active gases can be lowered very effectively 
by alternatively diluting the active gas with an inert one and repeating the pump
ing process. This procedure is known in the lamp industry as "flushing". 

Suppose that the atmosphere (760 Torr) existing in a vacuum device is cons
tituted of 20% (152 Torr) oxygen (active gas) and 80% nitrogen (inert gas). By 
mumping the device to 0.76 Torr, the residual gas is still 20% (0.152 Torr) oxygen 
md 80% nitrogen. If we fill up the device with nitrogen to a total pressure of 
76 Torr, and pump it again to 0.76 Torr, the residual gas contains 1 .52x l0~ 3 

Torr oxygen, thus only 1.52 χ Ι Ο - 3 χ 1 0 0 / 0 . 7 6 = 0 . 2 % oxygen. Repeating the 
illing up and pumping once more, the partial pressure of oxygen is lowered to 
.52 χ I O - 5 Torr, and so on. 
The partial pressure PU which can be obtained by flushing is 

PLL=P0(PP/PRT (5.49) 

where PQ is the partial pressure at the first evacuation to P p , P f is the filling pres
sure with inert gas, PP is the pressure to which the device is repeatedly evacuated, 
while η is the number of flushing cycles. For the previous example, after 3 cycles 
the partial pressure of 0 2 will be 

PU = 0.152(0.76/76)3 = 1.52 χ 10~7 Torr 
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5.9. Measurement of pumping speed 

5.9.1. Methods of measurement 

The pumping speed can be defined either by the steady state condition (eq. 
3.27) 

S=Q/P (5.50) 

or by the transient pumpdown condition (eq. 3.269) 

S = 23(Vlt) log ( / \ / /> 2) (5.51) 

Equation (5.50) is the basis of the constant pressure measuring methods, in which 
the pumping speed S is determined by measuring the throughput Q at a constant 
pressure P. 

Equation (5.51) is used in the constant volume method in which the pumping 
speed 5 is determined by measuring the change in pressure (from PY to P2) during 
the pumpdown of a constant volume V. 

5.9.2. Constant pressure methods 

The throughput is defined (eq. 3.24) as the product of the displaced volume 
of gas by its pressure, thus by measuring these two values, eq. (5.50) permits 
to establish the pumping speed. 

Two constant pressure methods of measuring the pumping speed are based on 
this concept: the method of the moving mercury pellet, and the inverted buret. 

In the moving mercury pellet test, a large vessel A (fig. 5.65) is being evacuated 
by the pump under test and air is admitted through the calibrated capillary tube 
via the needle valve. An appropriate gauge is connected to the vessel at T, and the 
needle valve is adjusted until the pressure indicated by the gauge is constant. The 

π r 
Fig . 5 .65 T h e moving mercury pellet m e t h o d for measur ing p u m p i n g speed : 1. Needle valve; 

I . M e r c u r y pellet; 3 . Ca l ib ra ted glass capi l la ry ; 4 . Connec t ion to p u m p . 



( § 9 ) MEASUREMENT OF PUMPING SPEED 273 

volume of air F pumped out of the capillary tube in time t is given by the move
ment of a mercury pellet in the capillary tube. In this measurement the pumping 
speed can be determined at various pressures Ρ (in the vessel A) and is given by 

ΡΆ na2l _ Q PaV 
S * Ρ" Pt 

where P a is the atmospheric pressure, a is the radius of the capillary and / the dis
tance by which the mercury pellet was displaced during the time t. 

It must be mentioned that S is the pumping speed in the vessel A, and includes 
the conductance (eq. 3.28) of the parts between the pump and the vessel. 

The inverted buret measures both the displaced volume of gas and its pressure. 
The outlet at the top of the buret is connected to a Τ leading to the needle valve 
(fig. 5.66) on the vessel which is pumped. The other side of the Τ connects to 
atmosphere through a valve so that when this valve is closed the gas evacuated 
by the pump, sucks oil up into the tube from the beaker at the bottom. 

If V0 is the volume of gas at atmospheric pressure initially existing above the 
oil level at the instant the valve to atmosphere is closed, then when the oil level 
has risen h (cm), the volume is 

V = Vn-hA (5.53) 

where A is the cross sectional area of the buret. 
The pressure Ρ at this moment is given by 

p = P - h ^ 
(5.54) 

6 

R '—5 LD,_ 
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2U 

Fig. 5.66 Fig. 5.67 

Fig . 5 . 6 6 The inverted buret method for measuring pumping speed: 1. Valve for gas inlet; 
2 . Connection toneed le valve on vacuum system; 3. Buret; 4 . Beaker with light oil. 
F ig . 5 . 6 7 Arrangement for determining throughput by measuring the pressure drop across a 
known conductance; (1) 4- inch diffusion pump; (2) 2-inch diffusion pump; (3) Controlled leak; 
(4) Metering tube; (5) Liquid nitrogen trap; (6) Gauge head; Z ) = 1 . 2 7 c m ; £ = 30 .5 c m ; Dk = 
10 .5 c m ; Z>2 = 5 .3 cm. After Landfors and Hablanian (1959). 
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where Pa is the atmospheric pressure, p o il and p H g the densities of the oil and 
mercury respectively. The quantity of gas present is 

PV=PaV0-PJiA -£«L{V0h-h*A) (5.55) 
PHg 

If the oil is raised to the height h, during the time /, then the throughput is 
expressed by 

PaV0-PV h 

^ t t 
P.dA + -^(V0-hA) 

PHg 
(5.56) 

If h (cm), A(cm2), i(sec), and P a (Torr), then Q results from eq. (5.56) in T o r r c m 3/ 
sec. 

When the diameter of the buret is large (A large), the oil level is raised essentially 
to the top, and the volume of the connecting tubing over to the needle valve is 
small, eq. (5.56) can be simplified to 

Q^(h\t)P,A (5.57) 

In usual cases hA^VQ, thus eq. (5.56) can be written 

Q « 4 (ΡΛΑ + ^ Vo) (5.58) 
* PHg 

in which the correction term may be quite large, so that the use of a simple expression 
(eq. 5.57) will lead to a considerable error. 

In order to shorten the waiting time low viscosity liquids should be used. 
Water is for some purpose a better choice than oil. The error due to humidity is 
in this case about 2.4% of the atmospheric presssure. With a 0 .2 cm 3 buret tube 
calibrated in units of I O - 3 cm 3 a throughput as small as 10~4 Torr lit/sec can be 
measured with acceptable accuracy. Room temperature variations can produce 
errors ; a change of 3°C results in 1 % change in volume. 

An alternative constant pressure measurement method consists of measuring the 
pressure difference across a known conductance* and using eq. (3.26). The con
ductance can be an aperture (eq. 3.72) or a tube (eq. 3.108). Fig. 5.67 shows the 
arrangement for the use of this method, which was investigated by Landfors and 
Hablanian (1959), Noller et al. (1960), Fischer and Mommsen (1967), Denison and 
McKee (1974), Denison (1974, 1975), Landfors and Hablanian (1983), McCulloh 
et al. (1986). 

* Using a variable conductance and plotting Ρ against 1/C a straight line is obtained, with inter
cept equal to 1/5 (Oatley, 1954). 



( § 9 ) MEASUREMENT OF PUMPING SPEED 275 

The gas entering the test dome of a vacuum pump (fig. 5.67) flows through a 
metering tube or aperture of known dimensions from an auxiliary chamber (Z)j). 
A controlled leak (needle valve) for admitting the test gas and a separate diffusion 
pump are connected to the auxiliary chamber, so that the pressure Px can be ad
justed to any desired value. The conductance C of the metering tube can be 
calculated from its dimensions (eq. 3.108), the pressures P1 and P2 are measured, 
and the throughput is given by 

Q = C(P1-P2) (5.59) 

In order to avoid errors the appropriate gauges for Ργ and P2 are to be used, 
they must be calibrated compared to each other, and the flow must be kept in a 
range where the same flow regime is in the whole metering tube (see §3.6.3). 

5.9.3. Constant volume method 

This method is based on eq. (5.51), and consists of recording the pressures P1 

and P2 at the beginning and end of given time intervals. The method is usually 
less accurate than the constant pressure ones, because all pump speeds vary in fact 
with pressure. 

The pumping speed determined by eq. (5.51) for the pressure drop from Ργ 

to P2 is in fact related to the average pressure P = (Pr\~P2)
,2. Since eq. (5.51) is 

based on the assumption that S is constant (see §3.7.3), the time intervals used in 
this measurement have to be as short as possible. 

The constant volume method has the disadvantage of requiring quite large 
vessels (see eq. 5.51) and of excluding the use of McLeod gauges because of their 
time-lag. 

5.9.4. Measurement of the pumping speed of mechanical and diffusion pumps 

Typical arrangements for measuring the pumping speed of mechanical pumps 
are shown in fig. 5.68. 

Some of the conditions of the test dome are : (a) it should be of same diameter 
D as the pump inlet; (b) the height of the test dome, and the place of the inlets 
and their direction should be as shown in fig. 5.68; (c) the gas inlet should not be 
oriented directly toward the gauge inlet; (d) McLeod gauges should be preferred; 
(e) the ranges of the gauges should overlap. 

It was found that consistent results are more readily obtained by first pumping 
down the test system and then increasing the throughput from zero upward and 
taking pumping speed readings at successively higher values of the pressure. This 
method is able to check if the leaks in the system are not excessive and to drop the 
outgassing rate to a low enough value. 

The pressure range of interest for diffusion pumps is generally less than I O - 4 
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Fig. 5 .68 Test domes for measuring the pumping speed of oil sealed mechanical p u m p s ; (a) 
for inlet larger than 2 inch inside diameter; (b) for inlet smaller than 7. Inch inside diameter; 
D- diameter of pump inlet; 1. Vacuum gauge; 2. Leak valve; 3. Connection to flow meter. After 

Van Atta (1965). 

Torr (molecular flow). In this range the geometry and dimensions of the connec
tions to the pump inlet affect critically the measured values of the pumping speed. 
For example, adding a tubular extension (dome) of the same diameter as the pump 
barrel and of length equal to 3 times its diameter to the inlet of a diffusion pump 
will reduce the net pumping speed to about half that measured directly at the 
pump inlet. The configuration of the test dome, the location and orientation 
of the gas inlet and gauge connections, all influence critically the measured value 
of the pumping speed. 

The influences of the methods used for pumping speed measurements and the 
recommended practices regarding the measuring domes are discussed by The 
American Vacuum Society (1956), Dayton (1968), Steckelmacher (1968, 1974), 
Yarwood (1977), ISO (1978b, c), Sharma and Sharma (1982a, b, 1988b), Boeck-
mann (1986), Hablanian (1987). The Recommended Practice of AVS for measur
ing pumping speed of high vacuum pumps producing ultimate pressures less than 
1 X 1 0 " 2 Pa gives the standard conditions for the measurements (Hablanian, 
1987) as follows: 

(a) The pumping speed is measured in m 3 / s at 2 2 ° C or l i te r / s at 2 2 ° C , and 
the throughput is expressed in Pa · m 3 / s or Torr · l i t e r / s at 22° C. 

(b) The pumping speed is determined either by the flowmeter method or by the 
orifice method, by using the test domes as shown in fig. 5.69a and 5.69b, 
respectively. 

(c) In the flowmeter method, the throughput Q of the test gas (admitted 
through the variable leak valve) is measured by the flowmeter, and plotted as a 
function of the pressure Ρ measured by the vacuum gauge (fig. 5.69a). The 
pumping speed Sp is derived from 

Sp = Q/{P-P0) (5.60) 

where P0 is the pressure indicated by the gauge when the leak valve is in "closed" 
position. 
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Fig. 5.69 Test domes for measuring the pumping speed of high vacuum pumps, a. for the flowmeter 
method; b. for the orifice method; 1. Test dome; 2. Vacuum gauges; 3. Gas inlet; 4. Variable leak 

valve; 5. Flowmeter; 6. Gas supply line; 7. Orifice plate. 

The test dome (fig. 5.69a) is of circular cross section of diameter D equal to 
that of the inlet of the pump to within ± 2 % , but not less than 50 + 1 mm. The 
top of the dome is flat, or slightly dished outward or inclined to an angle of 5 ° . 
The total mean height of the test dome is 1.5 D. The test dome has two 
cylindrical outlets projecting perpendicularly outwards from the dome wall, at a 
height of 0.5 D above the bottom flange connecting to the pump (fig. 5.69a). One 
outlet is fitted with the vacuum gauge; a metal seal is used to reduce outgassing 
in the vicinity of the gauge. The other outlet is fitted with a gas inlet tube having 
a right-angle bend upwards, and extending (inside the test dome) up to a distance 
of 0.5 D to the top of the dome. The gas flows from an outside supply through 
the flowmeter and variable leak valve, into the tube bent upwards. 

(d) In the orifice method the continuous flow of the test gas via the variable 
leak valve (fig. 5.69b) produces an equilibrium pressure Ρλ above the orifice and 
P2 below the orifice. The conductance C (molecular flow) is calculated (eq. 3.74, 
3.83 or 3.108 and 3.109) and the pumping speed is derived from 

(5.61) 
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where P0] and P02 are the pressures indicated by the gauges when the leak valve 
is in "closed" position. The pressure Px must always be low enough so that C 
represents true molecular conductance, i.e. the mean free path (eq. 2.57) be 
greater than the diameter of the orifice (7, fig. 5.69b). 

The test dome is of circular cross section of diameter D equal to that of the 
inlet of the pump to within ± 2 % , but not less than 50 mm. The top of the dome 
(fig. 5.69.b) is flat, slightly dished outward or inclined to 5 ° . The total height of 
the dome (on the axis) is 3 D. A flat plate with a central circular orifice of 
diameter d and a thickness / < 0.02 d is mounted at a height of 1.5 D above the 
bottom flange. The diameter of the orifice should be such that during the 
measurement of the pumping speed Ρλ/Ρ2 be between 50 and 100. 

The section of the dome above the orifice plate has two cylindrical outlets (fig. 
5.69b) projecting perpendicularly outward from the dome wall at a height of 
0.5 D above the orifice plate. One outlet is fitted with the vacuum gauge (2; Ρλ, 
fig. 5.69b), the other outlet is fitted with the gas inlet tube (3; fig. 5.69b) having a 
right-angle bend, and extending up to 0.5 D from the top of the dome. The gas 
flows from the inlet (6) through the leak valve (4). 

The section of the dome below the orifice plate (7) has only one cylindrical 
outlet, projecting outward at a height of 0.5 D from the bottom flange. This 
outlet holds the second vacuum gauge (2; P2, fig. 5.69b) of the same type and 
model as the upper vacuum gauge (2; P , ) . 

(e) It is recommended to measure the pumping speed by increasing the inlet 
pressure in steps (e.g. 3 steps per decade). The pressure should then be decreased 
in steps to check hysteresis. Equilibrium conditions are established when the 
speed or pressure does not vary more than ± 5 % during 5 min at 1 0 ~ 5 Pa (about 
10 - 7 Torr). 

5.9.5. Measurement of pumping speed of sputter-ion pumps 

The pumping speed of sputter-ion pumps is specific to each kind of gas 
pumped (e.g. fig. 5.41). Steckelmacher (1968) recommends to use dry air which 
also shows the pumping capabilities for argon in air. 

For measurement purposes two pumping speeds are defined: the regenerated 
pumping speed and the saturated pumping speed. In order to reach the regenerated 
pumping speed, the pump is conditioned by : 

(a) Pre-evacuation to below the starting pressure, using a suitable clean roughing 
pump. 

(b) Baking the sputter-ion-pump without applying any voltages (and with 
roughing pump in operation) up to 300°C (maximum), for 4 hours. 

(c) Applying the normal operating voltages, closing the roughing pump, and 
continuing to bake for a further 10 hours. 

(d) Measurements are made after 48 hours of continuous pumping. 



( § 9 ) M E A S U R E M E N T O F PUMPING SPEED 279 

TV ! 
L _j 

Λ - Λ » 

H 

Q ) ->— D — Η 

D / 2 

D / 2 

D / 2 

D /2 

F i g . 5 .70 Test d o m e s for m e a s u r i n g the pe r fo rmance of s p u t t e r - i o n - p u m p s ; (a) for low pressure 
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î / = 0 . 0 5 D to 0 . 1 D. After Steckelmacher (1968). 

After operation of the pump for a sufficiently long time at a high pressure, the 
pumping speed deteriorates to what is called the saturated value. 

The recommended test dome is shown in fig. 5.70. The measurement is based 
on the pressure difference across a known conductance. Assuming linear cali
bration over the range of the measurement, the pumping speed is given by 

S = C[ß(P]/P2)-\] (5.62) 

where Px and P2 are the gauge indications (fig. 5.70b), C is the conductance of the 
orifice, corrected for its finite thickness and for the injected gas (eq. 3.108), and 
β is the ratio of gauge sensitivities which is determined in a separate experi
ment. 

The regenerated pumping speed is first determined. Then the gauge sensitivity 
ratio is checked. The saturated pumping speed is determined after pumping a total 
quantity of air in excess of 5/50 Torr l i te r for a pump of S liter/sec nominal 
pumping speed. 

The recommended methods of measurement of sputter-ion pumps are indi
cated by ISO (1974a); Hablanian (1987). 



CHAPTER 6 

Measurement of low pressures 

6.1. Classification and selection of vacuum gauges 

The range of vacuum technology extends nowadays about 19 orders of mag
nitude of pressure below atmospheric. Consequently vacuum measuring tech
niques have had to be developed to measure low pressures of widely differing 
magnitudes, from a few Torr to about I O - 16 Torr (Lafferty, 1972). There is no 
single gauge which is able to cope with such a range, although the ideal of vacuum 
scientists and engineers is to develop such a gauge. 

The measuring techniques are made all the more difficult because pressures 
can only be measured in the range from 760 Torr - 1 Torr by using the force result
ing from the pressure to set some form of mechanism in motion. In the range 
below about 1 Torr it is necessary to use some other physical properties of the 
gas (compression, viscosity, thermal conductivity, ionization). Table 6.1 shows a 
classification of the gauges according to the property of the gas used to measure 
the pressure. 

Each type and kind of gauge is sensitive to variations of pressure in a specific 
range (fig. 6.1). Most of the gauges measure total pressure (table 6.1), but some 
of them (McLeod gauges) indicate only the partial pressure of noncondensible 
gases. The reading of mechanical and liquid column gauges is independent of the 
kind of the gas, while in most of the other gauges the reading is a function of the 
kind of gas. 

According to their over-all shape, gauges are usually of the enclosed (tubulated) 
type, which are characterized by a sensing zone located in an enclosing envelope 
which in turn is connected to the vacuum space to be measured. These gauges 
can be regarded as a means of measuring the incident flux density of molecules 
entering the gauge mouth. The gas entering the gauge may be modified by the 
envelope (adsorb, desorb, heat, cool). For the lower ranges of pressures, nude 

280 
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Table 6.1. 
Classification of vacuum gauges. 

Physical property 
involved 

Kind of gauge Kind of pressure 
recorded 

Pressure exerted by the 
gas 

Mechanical Bourdon 
Diaphragm 

Liquid column U-tube 
Inclined 
Differential 

Total, independent of kind 
of gas 

Gas compression — McLeod Partial; only non-
condensibles 

Viscosity of the gas Decrement gauge 
Rotating molecular 
Resonance gauge 

Total; depends on kind 
of gas 

Rate of transfer of 
momentum 

Radiometer—Knudsen gauge Total; roughly indepen
dent of kind of gas 

Thermal conductivity Pirani gauge 
Thermistor gauge 
Thermocouple gauge 

Total; depends on kind 
of gas 

Ionization Discharge tube 

Normal hot cathode gauge 
Bayard —Alpert gauge 
Extractor, Suppressor, 
Deflector, Magnetron (fig. 6.31) 
Penning gauge (cold cathode) 
Inverted magnetron gauge 
Redhead gauge 
Alphatron 

Total; depends on kind 
of gas 

Partial pressure analyzers Partial 

gauges can be used; these gauges consist of the sensing element which is mounted 
inside the vacuum space to be measured without using any gauge envelope. 

When selecting a. suitable gauge for a definite purpose, consideration must be 
given to the following points: 

(a) The pressure range for which the gauge is desired. 
(b) If the total or the partial pressure is to be measured. 
(c) If the gauge reading can be dependent on the kind of gas. 
(d) The accuracy of measurement required. 
(e) Kind of mounting (panel, table). 
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Fig. 6.1 Pressure ranges of vacuum gauges. 

Most of the books mentioned in §1.4.1 have chapters dedicated to vacuum 
gauges. A detailed discussion of the subject is presented by Leek (1964), Berman 
(1985). General reviews on gauges are given by Schwarz (1960/61), Steckel
macher (1965), Sellenger (1968), Huber (1977), and general reviews on the 
measurement of pressures in the ultra-high vacuum range by Kornelsen (1967), 
Redhead et ai (1968), Leck (1970), Lafferty (1972), Weston (1979). Bibliogra
phies on low pressure measurement have been published by Brombacher (1961, 
1967). 

Gauging requirements in storage rings and accelerators in the 1 0 ~ 8 - 1 0 ~ 1 0 

Torr range are discussed by Benvenuti (1977), Halama and Foester (1987), 
Halama and Hseuh (1987). The history of low-pressure measurements is presented 
by Redhead (1984), while the future developments are predicted by Hobson 
(1984). A possible gauging method using electrostatic lévitation is discussed by 
Kendall et ai (1987a, b). 

6.2. Mechanical gauges 

6.2.1. Bourdov gauge 

The Bourdon gauge consists of a helical coil of hollow tubing of elliptical cross 
section sealed at one end and connected at the other to the vacuum system to be 
measured. A pointer is attached by a mechanical linkage to the free sealed end of 



( § 2 ) MECHANICAL GAUGES 283 

the helix and moves oyer a calibrated scale. If the pressure inside the tubing de
creases below atmospheric, the tube cross section tends to become more flat, which 
causes the radius of the helix to decrease, and moves the pointer. 

The readings of the Bourdon gauge are dependent on the pressure difference 
between the inside and outside of the tube thus on the external atmospheric pres
sure. Variations in atmospheric pressure can be up to 40 Torr. This limits the lower 
end of Bourdon gauges to about 20 Torr. 

6.2.2. Diaphragm gauges 

Diaphragm gauges measure pressure differences by the deflection of metal 
(or glass) diaphragms (aneroid capsules) or bellows. The reading is amplified 
mechanically, optically, or electrically (capacitance, strain gauge, inductance). 

For the measurement of pressure in vacuum technology, the reference pressure 
of interest is not the atmospheric pressure, but "ze ro" , compared to the sensi
tivity range of the gauge. In the gauge shown in fig. 6.2, an evacuated beryllium-
copper capsule (pressure sensitive element) is mounted in the gauge chamber, 

Fig . 6 . 2 Diaphragm gauge with mechanical indication. 1. Pressure sensitive element; 2 . Push 
rod; 3. Geared sector; 4 . Pinion; 5. Pointer; 6. Zero setting adjustment. Reprinted by permission 

of Wallace & Tiernan Ltd., Tonbridge, Kent , England. 
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which is connected to the system within which the pressure is to be measured. 
Distortion of the capsule due to the pressure is transmitted through a mechanical 
linkage (fig. 6.2) to a rotating pointer which indicates the pressure on a circular 
dial viewed through a sealed window in the front of the gauge chamber. These 
gauges operate over a pressure range 0-50 Torr and can be read to 0 .2 Torr. 

In order to measure smaller displacements of the diaphragm than is possible 
by using mechanical linkage, optical or electrical methods are used. With gauges 
using bellows (e.g. East and Kuhn, 1946) as sensing elements, and amplifying the 
deflection by a light beam reflected on a small mirror which is tilted by motion of 
the bellows, pressure changes of 5 χ 10" 4 Torr were detected. These gauges were 
not adopted for general vacuum use, probably because of their delicate nature. 

By using electrical methods of detecting changes in the position of the dia
phragm, gauges both sensitive and robust have been developed. One such method 
depends upon the capacitance between the diaphragm and a fixed flat electrode. 
Movements of the diaphragm, in response to the pressure, change the spacing 
between diaphragm and electrode, and therefore the capacitance, which can be 
measured with a capacitance bridge. Such gauges reach sensitivities of about 10~4 

Torr. 
Capacitance manometers have been described by Alpert et al. (1951), Pressey 

(1953), Drawin (1958), Loriot and Moran (1975), Van Zyl (1976), Norström et 
al. (1977), Dylla and Provost (1982), Buckman et al. (1984). The gauge constructed 
by Alpert (fig. 6.3) uses a null deflection technique, and is bakeable to 400-500 ° C. 
The instrument uses a liquid manometer for absolute calibration, but the pressure 
sensitive element is the metallic diaphragm. The Kovar cup is divided by the thin 
corrugated metallic diaphragm into region A (fig. 6.3) connected to the vacuum 
system, and the region Β in which the gas pressure is recorded by thé liquid 
manometer. If the pressure in A equals that in Β the diaphragm is undeflected. 

— C l e a n s y s t e m — < — M a n o m e t e r s y s t e m 

Fig. 6.3 Absolute manometer . 1. Kovar c u p ; 2 . Metall ic diaphragm: 3.0-ring seal; 4 . Probe; 5. 
Capacitance bridge; 6. Liquid manometer; 7. Connec t ion to p u m p ; 8. Manifo ld; 9. Pure gas : 

10. Connect ion to clean p u m p . After Alpert et al. (195)1. 
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This null position is recorded by measurement with an a.c. bridge of the 
capacitance of the diaphragm relative to an inserted metal probe. The pressure in 
A is compensated by that in B, the exact null point of the diaphragm being 
determined by the capacitance. The method facilitates the production of ultra-high 
vacuum, and subsequent introduction of pure gas samples up to 50 Torr, with an 
accuracy of about 0.1 Torr (by using an oil manometer). 

The maximum error introduced by the flexible diaphragm is I O - 2 Torr. The 
diaphragm undergoes a movement of 3 χ 10~4 in for a pressure difference of 
1 Torr , and the capacitance method is able to detect deflection of about 5 χ 10~6 

inches. 
The readings of the capacitance manometers may have to be corrected 

(Poulter et ai, 1983) for thermal transpiration (§2.7.1). 
Other electrical methods are capable of measuring diaphragm deflections down 

t o a few microinches.By using^/m/Vî^ow^pressurechangesof 1 0 _ 3T o r r can be de
tected. The mutual inductance is used in some gauges, in which two coils are arranged 
near the diaphragm, one coil is energized by high frequency a.c. and induces 
e.m.f. in the other. The magnitude of the induction depends on the movement 
of the diaphragm, and the electrically indicated readings are directly proportional 
to the pressure. Induction manometers can measure in the range 10_1—IO-3

 Torr 
with a sensitivity of about IO-4 Torr. Warshawsky (1972) describes a system for 
calibrating vacuum gauges, in which the total pressure is determined by measur
ing the very small force exerted by the gas on a circular disk that is freely suspend
ed inside an aperture. The force is measured by a microbalance. In this way pres
sures of the order of 5 χ IO-4 Torr were accurately measured. 

6.3. Gauges using liquids 

6.3.1. U-tube manometers 

The currently used pressure unit of vacuum technology (see §2.4.2), the Torr 
(millimeter of mercury) results from the concept that pressure is expressed by the 
height of a liquid column. Manometers using liquids consist of a U-tube partly 
filled with liquid, having one end connected to the system in which the pressure is 
to be measured. The other end is either open to some reference pressure (usually 
atmospheric) or is closed off. A closed-end manometer is first thoroughly evacuated 
and then filled to the proper level while still under vacuum so that the gas pressure 
over the liquid in the closed arm is negligible as compared with any pressure to 
be measured. The open end is connected to the system, so that the difference in 
level between the surfaces of the liquid in the two arms will be just proportional 
to the total pressure in the system. The difference in level h is related to the pressure 
according to 

P=gph (6.1) 
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where Ρ is the pressure (dyne/cm2), ρ the density of the liquid (g/cm3), h (cm), and 
# = 980.7 cm/sec2. When the liquid is mercury, /?, expressed in millimeters, is by 
définition equal to the pressure in Torr (§2.4.2). 

Differences of level of 0.1 mm can just be detected by eye, and a pressure of 
1 Torr can be read with unaided eye with a probable error of about 10%. For 
lower values of the pressure, various causes produce errors: liquid sticking to 
glass (variable capillarity), irregular light refraction in the glass, dissolution of 
gases in the liquid (especially in oil), and temperature differences. By using optical 
magnification (microscope, cathetometer) the position of the liquid can be esta
blished with an accuracy of about 10~2 mm. Delbart (1967) succeeded to read the 
position of the mercury level at an accuracy of 4 χ I O - 4 Torr by using the diffrac
tion fringes produced by the total reflection on the meniscus of the liquid. 

An oil manometer measuring 1 0 " 2T o r r is described by Sharma and Mohan ; 
Heydemann et al. (1977) achieve a resolution of 1 χ 10" 5 Torr by measuring the 
position of the liquid with ultrasonic interferometry. 

6.3.2. Inclined manometers 

The scale of manometers can be extended by constructing it on an inclined side 
of the U-tube (fig. 6.4). In this arrangement the pressure Ρ (Torr) is given by 

where η is number of millimetric divisions on the inclined scale, A{ and Ap are the 
cross sections of the inclined branch and of vertical (pressurized) branch respec
tively, and α the angle of the inclined branch to the horizontal. 

The ratio A-JAP has usually values of the order of 1/200, thus it can be neglected, 
and the magnification is given in fact by sin a. 

Ρ = n[l + (AJAP)] sin a (6.2) 

f ig . 6 . 4 Incl ined m a n o m e t e r . 
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6.3.3. Differential manometers 

If the tube diameter is sufficiently large (about 1 cm) and the tube and mercury 
are kept clean, a manometer can give accurate readings down to 10~3 Torr, by the 
use of optical means of magnifying small differences in level. Two arrangements 
of this sort are shown in fig. 6.5. The column height difference due to pressure 
difference between C and Β (fig. 6.5a) is measured by tilting the framework on 
which the bulbs are fastened and observing the deflection on a mirror 0 (Rayleigh 
gauge). Another system (fig. 6.5b) includes the mirror M in the vacuum system. 
Changes in the level of the mercury act on the floater b and rotate the mirror on 
a (Schräder and Ryder, 1919). The range of these gauges is 1—10~3 Torr. 

A differential interferometric manometer (accuracy less than 10" 7) is described 
by Truffier and Choumoff (1974). 

6.3.4. The Dubrovin gauge 

The gauge constructed by Dubrovin (1933) consists of a glass cylinder partly 
filled with mercury and a stainless steel tube closed at the upper end and open 
at the bottom, floating vertically in the mercury (fig. 6.6). The gauge is prepared 
for use by laying it on its side so that the open end of the steel tube is exposed and 
evacuating the gauge so that the residual pressure in the gauge and steel tube be 
very low. While still evacuated the gauge is returned to the vertical position. 
When low pressure gas is admitted through the connection at the top of the gauge, 
the steel tube is pushed down more deeply in the mercury. For a pressure Ρ in the 
gauge the balance is reached when the weight of the tube plus the force exerted on 
the closed end of the tube by the gas pressure is equal to the change in weight of 
the displaced mercury. If Dl and D2 are the inner and outer diameters of the steel 
tube, and p s is the steel density, then 

\nD*P+\n(D2*-D*) PsgL = \n{D2*-D*) Pmg(\-h) (6.3) 

where L is the length of the steel tube, and h its length protruding above the mer
cury, while p m is the density of mercury. 

From (6.3) it results that 

Ρ = [(D2̂ D^ID^]g[pm(L-h)-psL]^ 

= [(D2*-Di*)ID1*]gpm{[ (Pm -Ps)lPm]L-h} (6.4) which gives for the zero position, i.e. P = 0 
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Fig. 6.5 Fig. 6.6 
Fig. 6 . 5 Differential manometers with optical magnification; (a) tilting system; (b) lever system 
with mercury cut-off (c) for zero reading. 

F ig . 6 . 6 The Dubrovin gauge. 1 . Mercury; 2. Thin-wall steel tube; 3. Thin steel disc welded 
on top of tube; 4. Calibrated glass tube; 5. Connection to system. 

ho = [(Pm-Ps)lpm]L (6.5) 
thus eq. (6.4) may be written 

Ρ = {(D2

2-D2)ID2}gpm (A 0-A) (6.6) 

The sensitivity of the Dubrovin gauge from eq. (6.6) is 

dh/dP = [Dl

2l(D2

2-Dj2) ]l(gPm) (6.7) 
Since l/(gpm) is the sensitivity of an usual U-tube manometer (eq. 6.1), the 

sensitivity of the Dubrovin gauge is greater by a factor of D1

2/(D2

2 — Dx

2). For 
Di = \ cm, Z)2 = 1.05 (wall thickness of 0.025 cm), this gauge is ten times more 
sensitive than an U-tube. For such a gauge a change in pressure of 1 Torr shows 
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a position change of A of 1 cm, so that pressure changes of 0.1 Torr can be detected 
easily. The Dubrovin gauge is a convenient instrument for measuring in the pres
sure range below that of an U-manometer and above that in which normally a 
McLeod gauge is used. 

6.3.5. The McLeod gauge 

The principle of the gauge constructed by McLeod (1874) was explained in 
§2.2.1 as an example of the use of Boyle's law. The McLeod gauge, also known 
as compression gauge, is the instrument most frequently used for absolute pressure 
measurements in the range 1 T o r r - 1 0 - 6 Torr. Its merits were recently discussed by 
Thomas and Leyniers (1974). 

The sensitivity of the McLeod gauge may be denned as âh/dP, the change in 
height of mercury for unit change in pressure. As it was shown in §2.2.1 the 
McLeod gauge can be used either with a quadratic or with a linear scale. In the 
first case the pressure is given by eq. (2.5), thus the sensitivity will be 

therefore it is increased as the volume V of the bulb is increased and as the cross 
sectional area of the capillaries (A) is decreased. The sensitivity is also a function 
of (Ah)u thus it is different at different points of the pressure scale, the maximum 
sensitivity occurring at small values of {Ah)u i.e. at low pressures. 

For the case using a linear scale, the pressure is given by eq. (2.6), and the sensi
tivity is 

thus it is independent of (Ah)2, i.e. constant at all points over the range. The 
sensitivity may be increased by making h0 — As small. 

The ultimate limitation on sensitivity is determined by the practical limits 
to the values of V, A, (Ah)u and h0 — hs. If V is very large the quantity of mer
cury required to fill the gauge is excessive, and the weight of mercury tends to 
distort the glass and thus falsify the readings. The reasonable value of Κ is about 
500 cm 3. In capillaries of less than 1 mm diameter it is found that surface tension 
forces hold the mercury in the capillary tube even when the mercury in the bulb 
is lowered. The limit of (Ah), and hQ — hs is set by the difficulty in measuring these 
lengths accurately when they are less than 1 mm. Thus maximum sensitivities of 
McLeod gauges are in the range of 3-6 χ 105 mm/Torr. 

The range of pressures which can be measured by a McLeod gauge is also deter-

dh1/dP=V/[A (Ah),] (6.8) 

dh2 V 
(6.9) 

dP A(h0-hs) 
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mined by Λ, V, (Ah)i and the total length of the capillary tube. Since the mini
mum length is about (Ah){ = 1 mm, and the maximum is about = 1 0 0 mm, 
the pressure range which can be measured with a quadratic scale (eq. 2.5) is of 
four decades, and that of a linear scale (eq. 2.6) of only two decades. 

The McLeod gauge does not measure accurately the contribution of the vapours 
in the system. It is only accurate for gases obeying Boyle's law. If the vapour 
does not become saturated during the compression in the capillary, it can be 
considered that its behavior is well approximated by Boyle's law, thus that the 
gauge will read the total pressure due to both gas and vapour. On the other hand, 
if condensation does take place, the gauge will read the pressure due to the gas 
plus the saturation vapour pressure due to the condensed vapour. A method 
(Pirani and Yarwood, 1961) to determine if condensation has occurred is to com
press the gas-vapour mixture into a length L of the closed capillary, by a head of 
mercury of height // (fig. 6.7). If VL is the volume per unit length of the closed 
capillary, then LVL is the volume of the compressed gas. 

With a mixture of gas (Pg) and vapour (Pv) 

h=Pe + Py (6.10) 

thus 

Lh=LPs + LPv (6.11) 

L 
h 

Fig. 6 . 7 Estimating condensation by using a McLeod gauge. 
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and since 

LPg = k/VL = const. (6.12) 

eq. (6.11) is written 

Lh = k/VL + LPW = k\VL + aL 

With no vapour present ( P v = 0 ) the plot Lh vs L is a horizontal line. In the case 
of a gas-vapour mixture, the graph (fig. 6.7b) is a line with slope a. 

The most common vapour present in a vacuum system is water vapour. Assum
ing that water vapour obeys Boyle's law down to its condensation point, then 
condensation occurs if 

Py1 = Pv VI[A(Ah)l] > sat. vap. pres. at gauge temp. 

Similarly, the minimum value of the head (fig. 2.7) of mercury (Ah)l which can 
cause condensation is also numerically equal to the value of the saturation vapour 
pressure in Torr. This would be the case with only water vapour in the system, 
which is unlikely to arise in practice. Thus if P* and (ΔΑ)ι are set equal to the 
saturation vapour pressure (s.v.p.), the minimum partial pressure of water vapour 
which can condense on compression is equal to (s.v.p.)2A/V. For a gauge at 
20°C where Α=3Λ4 m m 2 and V=105 mm 3, this pressure is equal to about I O - 2 

Torr, since s.v.p. = 17 Torr. Thus any water vapour in the system exerting a 
partial pressure of less than I O - 2 Torr will be recorded more or less correctly. 
However, the initial concentration of water vapour is less than 100% and thus 
the critical value of P v for condensation to occur is greater than I O - 2 Torr. The 
calculation must be performed for each individual gauge, but it can be seen that 
the greater the value of V or the smaller the value of A, the lower is the water 
vapour pressure which may result in condensation. The maximum practical value 
of K=500 cm 3 and the minimum capillary diameter of 1 mm lead to a minimum 
critical value for Pv of 4 χ 10~4 Torr. 

Further limitations on the use of the McLeod gauge is set by the connecting tube 
and the outgassing of the gauge bulb. 

The conductance of usual connecting tubes is not more than 0.1 liter/sec, so 
that a small leak at the gauge end of the tubing can give rise to an unexpectedly 
large discrepancy between the pressure in the system and that measured by the 
gauge. Such an error can be estimated by closing the gauge connection next to the 
system, and measuring the pressure rise in the gauge due to leakage (for a time 
interval of about 5 min.). As an example assume that : 

PQ (the pressure reading before closing) = I O - 3 Torr ; 



292 M E A S U R E M E N T O F LOW P R E S S U R E S (CH. 6) 

Pt (the reading at time t after closing the gauge) = I O - 2 Torr ; 
t = 300 sec; 
Kg (volume of the gauge) = 300 cm 3; 
D (diameter of connecting line) = 0 .5 cm; 
L (length of connecting line) = 100 cm; 

The volume of the connecting line is Vc=(n D2J4) L cm 3 and the leak rate is 
given by 

Q = [(Pt-Po)lt] (Vg+Vc) 1 0 - 3 Torrl i ter/sec (6.13) 

and the conductance (eq. 3.94) by 

C = 12.1 (D3/L) liter/sec (6.14) 

If a leakage exists near the gauge the pressure in the system is Ps different from 
P0> and 

Q = C(P0--PS) = CAP (6.15) 

where AP is in fact the error of the gauge due to the leakage. Thus 

ΔΡ = QIC (6.16) 

For the numerical values of the above example 

π . 0.25 
Vc = 100 = 19.6 cm 3 

c 4 
1 0 - 2 - 1 0 - 3 

β = 3 1 9· 6 x 1 0" 3 = 9 6 x 1 ° " 6Tor r l i t e r / sec 

0.125 
C = 12.1 = 1.5 χ 10- 2 liter/sec 

and the error is 

9.6 χ 10- 6 

A P = Ι . 5 χ 1 0 - 2 = 6 · 4 Χ 1° - 4 Τ θ Γ Γ· 

If with this arrangement a pressure of 1 χ IO"3 Torr is read, 64% of the reading 
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is the gauge error. Errors of this magnitude or much greater frequently appear 
when the pressure rise test is carried out. Therefore leakage-free and large conduc
tance connections are very important for McLeod gauges. 

Outgassing of the gauge bulb and pipe connection may give errors of the same 
order of magnitude as leakage. Since a spherical bulb of Vg = 300 cm 3 has a sur
face S = 200 cm 2, in order to obtain Q = 9.6 χ 10~6 T o r r liter/sec from out
gassing an outgassing rate of 

Q 9.6 χ 10 - 6 

q = -~- = — = 4 . 8 x IO" 8 Tor rTi t / seccm 2 

ο ZW 

is necessary. According to fig. 3.44 this is quite possible for undegassed surfaces. 
ANOTHER source of error is due to the cold t rap which is normally interposed 

between the gauge head and the system to prevent mercury vapour entering the 
system. The trap acts as a mercury condenser causing a steady stream of mercury 
vapour to flow from the gauge to the trap. This streaming creates a pumping action 
similar to that in a diffusion pump, producing a lower pressure within the gauge 
than that in the system. 

These errors and the possibilities of their correction are discussed by Ishii and 
Nakayama (1962), Nakayama et al. (1968), Colgate and Genre (1968), Berman 
(1974), Thomas et al. (1977), Sharma et al. (1980). 

Various systems may be used to raise the mercury. These systems are based either 
on changing the level of the mercury in its container or on changing the volume 
of the container (Roth, 1966). The level of the mercury can be changed either by 
changing the position of the container relative to the McLeod gauge, or by exert
ing pressure onto the surface of the mercury in the container. The first mode may 
be done by raising or lowering a concentric container (fig. 6.8a), or a container 

( a ) ( b ) ( c ) 

Fig. 6 . 8 Systems for raising the mercury, based on the change in position of the container. 



Fig . 6 . 1 0 Systems for raising the mercury, by changing the volume of the container. 
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Fig. 6.9 Systems for raising the mercury, by the change of its level in the container. 
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i A i r 
Pump 

3 Fig. 6 .11 Bench type McLeod gauge. 

connected through an elastic pipe (fig. 6.8b), or by reversing the container connect
ed by a ground joint (fig. 6.8c). Figure 6.9 shows means of exerting pressure onto 
the free surface of the mercury. This may be done by pressing a piston on the 
surface (fig. 6.9a), immersing (magnetically) a plunger into the mercury, or by 
changing the air pressure above the mercury (fig. 6.9c-e). 

The volume of the mercury container may be changed by using a rubber ball 
(fig. 6.10a); a rubber pipe (fig. 6.10b); diaphragms (fig. 6.10c) or bellows 
(fig. 6.10d). 

Forms of McLeod gauges. McLeod gauges are commercially available in bench 
types or shortened models. 

In the bench type (fig. 6.11) the overall height of the gauge is reduced by using a 
subsidiary pump to raise and lower the mercury. To raise the mercury, air is 
admitted to the reservoir by suitable adjustment of the two-way stopcock. To 
lower the mercury the stopcock is turned to the pump position. 

Two shortened models of the McLeod gauge are extensively used: the Measuvac 
and Va eus tat. 

The Measuvac type (fig. 6.12) uses only a small quantity of mercury which is 
contained in a flexible reservoir. 

The level of the mercury is normally below the lower ends of the capillary and 
reference tubes. In order to raise the mercury, the lever is turned. The reference 
tube also acts as the tube connecting the gauge to the system and is of relatively 
large diameter to ensure reasonable high pumping speed. Allowance for the 
different capillary effects in the reference and capillary tubes is made by setting the 
reference mark at the appropriate distance above the closed ends of the capilla-
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S y s t e m 

0 

Fig. 6 . 1 2 Measuvac gauge. 

ries. The use of two capillaries, respectively associated with différent volumes, 
provides this gauge with a range 1 5 0 - 1 0 - 3 Torr. 

The Vacustat is a compact McLeod gauge in which the gauge head is mounted 
on a panel and can be rotated about its centre point (fig. 6.13). 

Fig . 6 .13 Vacustat; (a) before reading pressure, gauge in horizontal posit ion; (b) pressure 
recording (vertical) posit ion: 1 .Centreof rotation, connected to vacuum system by elastic tubing 
or ground joint; 2 . Mercury. 
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S y s t e m 

Fig . 6 . 1 4 Multirange McLeod gauge. 

Because the volume of gas (which is compressed) is small and the capillary 
tube is of fairly wide bore, the gauge is only suitable to measure pressures in 
the range 1-10~3 Torr. When placed in a horizontal position, the mercury flows 
into the reservoir and the rest of the gauge is evacuated. On rotating to the vertical 
position (fig. 6.13b) the mercury rises into the capillary tubes. The quantity of 
mercury used in the gauge is just sufficient to rise to the fixed mark on the refer
ence tube at the lowest measurable pressure; slight tilting may be necessary at 
higher pressures. The gauge uses the square law scale (eq. 2.5). 

Multirange McLeod gauges (e.g. Romann, 1948), which extend the range of 
measurement, are constructed (fig. 6.14). The single bulb of the usual McLeod 
gauge is replaced by a series of bulbs of volumes K4, K3, V2 ending in a bulb and 
a capillary tube Β of volume Vx. For very low pressures the gauge is operated 
on the square law principle (eq. 2.5), the mercury being brought to a fixed mark 
on the capillary tube Ε and the tube Β being calibrated to read the pressure. 

For higher pressures the gauge is operated on the linear scale principle (eq. 
2.6). Marks are provided separating each of the volumes Vu K 2,K 3 and VA at points 
K, L, M, and N. Thus for the next pressure range, the mercury is raised to fill 
the gauge to point K, and the height difference Ah between Κ and the mercury 
level in D is measured. The tube D has the same diameter as the connecting tubes 



298 MEASUREMENT OF LOW PRESSURES (CH. 6) 

at K, L, M, N. The pressure is given by 

Ρ = V^liYi + y3 + V*) (6.17) 

A further extension of the range is made by raising the mercury to level L, where 
the pressure is given by 

In a gauge for which Vx = 300 m m 3 ; V2 = 20 000 m m 3 ; V3 = 80000 m m 3, 
and F 4 = 120 000 mm 3, would cover the range of pressures 2 χ I O - 5 to 100 Torr. 

Moser and Poltz (1957) have described a modified McLeod gauge, which extends 
its lower limit of measurement to about I O - 8 Torr. In this gauge a very small 
(5 χ I O - 8 liter) cylindrical volume with accurately measured dimensions serves 
to define the compressed volume. The position of the mercury is accurately esta
blished by using optical reflection. The pressure of the compressed gas is read on 
a 20 mm diameter tube where the variation of capillary depression with meniscus 
height can be accurately determined. Some improvements to the Moser-Poltz 
gauge are discussed by Miller (1972), Cespiro (1973). 

Cleaning a McLeod gauge. Before filling the McLeod gauge with double dis
tilled mercury, the gauge must be thoroughly cleaned. A recommended procedure 
is to clean with nitric acid, followed by ammonium hydroxide, distilled water 
and then alcohol. The alcohol can then be removed by passing clean, dry air 
through the gauge. After filling the gauge with mercury and sealing to the vacuum 
system, the lowest possible pressure is obtained and the glass is heated to re
lease water vapour. 

6.4. Viscosity (molecular) gauges 

6.4.1. Principles 

Viscosity gauges (also called molecular gauges) were suggested by Sutherland 
(1897). The first such gauges were described by Hogg (1906) and Langmuir 
(1913). The development of viscosity gauges and their theory has been reviewed 
by Dushman (1949), Drawin (1965), Christian (1966), Steckelmacher (1973a) and 
Weston (1979). 

Viscosity gauges may be based on the decrement of a motion (§6.4.2), on 
motion induced by molecular drag (§6.4.3) or on vibration at resonant frequency 

6.4.2. The decrement gauge 

The principle of this method is to observe the rate of decay in the amplitude 

P = (Vi + V2) Ah/(V3+ V4) 

If the mercury is raised only to level M, the pressure is 

(6.18) 

(6.18a) 

(§6.4.4). 
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Fig , 6 .15 Decrement type gauges ; (a) vibrat ing quartz^fibre; (b) ro ta t ing suspended d i sc ; (c) 
tors ion system. 1. Fixed plates between which the disc ro t a t e s ; 2. F ib re fixed a t two e n d s ; 3i 

Osci l lat ing ( tors ion) suspension. 

of a small light pendulum swinging freely in the vacuum. Provided the friction 
at the pivot is low, the damping forces, and hence the rate of decay, are functions 
of the gas pressure. 

Decrement type gauges may use a vibrating quartz fibre (fig. 6.15a), a rotating 
suspended disc (fig. 6.15b) or an oscillating torsion system (fig. 6.15c). 

The vertical quartz-fibre (fig. 6.15a) is illuminated from one side and viewed 
through a telescope with an eye-piece scale. The fibre is set vibrating by drawing 
the small mass of iron at the lower end (0, fig. 6.15a) to the side wall of the gauge 
by means of an external magnet. To calibrate the gauge, the time taken for the 
amplitude of vibration to decrease to half of its initial value is plotted vs. the 
pressure on a log-log diagram (fig. 6.16). 

The theoretical study of the decrement gauge leads to the equation 

/ = A/[PM^ + B] (6.19) 

where t is the time taken for the amplitude of vibration to decrease by half; Ρ 
is the pressure of the gas; M the molecular weight of the gas; A and Β are cons
tants determined by the geometry of the fibre used. 

The useful range of the gauge is 1 to I O - 4 Torr. The low pressure limit is set by 
the large values of t involved. As M increases t is less for a given pressure 
(eq. 6.19), thus the operation of the gauge at low pressures improves with the 
heavier gases. 

Morimura et al. (1974) measure low pressures by using the Brownian motion 
and the damping ratio of a suspended mirror, while Butler et al. (1977) propose 
to use this principle on magnetically levitated graphite particles. 

6.4.3. The rotating molecular gauge 

In this gauge a horizontal disc (1. fig. 6.17) (3 cm diameter) rotates about its 
vertical axis at controlled speeds up to 1000 rpm, with a second disc suspended 

rxn 
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10' 10' 10 1 
Ρ (Torr) 

Fig. 6.16 Fig. 6.17 
F ig . 6.16 Calibration curves for a viscosity gauge. Time / for amplitude to decrease to half, as 
a function of pressure P. 
Fig. 6 .17 Rotating type molecular gauge. 

coaxially at a small distance above it (2. fig. 6.17). The molecular drag (§2.6.2) 
due to the rotation of the lower disc exerts a torque on the upper one. This torque 
is balanced by the restoring force of the suspension (4. fig. 6.17), the resulting 
torsion being measured by the displacement of the mirror 3. 

The equation describing the effect is 

β = KWP [M/(R0 T)] 1'* (6.20) 

where β is the angle of rotation shown by the displacement of the mirror 3 ; Κ is 
a constant of the construction for. a specific gas, W is the angular speed of the 
rotating disk (1), Ρ is the pressure, Af, RQ, Γ the data of the gas (eq. 2.91). These 
gauges can measure pressures from I O - 4 to I O - 9 Torr. 

Beams et al. (1962) and Fremerey (1972) describe viscosity gauges which are 
able to measure pressures as low as 10~ 10 Torr, by using the deceleration of a freely 
spinning magnetically suspended high speed rotor. 

The spinning rotor is usually a steel ball of 4 mm (or 4.5 mm) diameter 
floating and spinning magnetically in a (horizontal) tube whose internal diameter 
is about twice that of the ball (Reich 1982a, b ; Messer et al. 1987). The ball 
rotates with its set frequency (e.g. 400 Hz), and the gas molecules produce a 
drag-deceleration which is proportional to the pressure. The pressure Ρ results 
from: 

P = 
20σ„ t n ' t „ . (6.20.a) 
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where vay is the average molecular velocity (eq. 2.38), Db and p b are the 
diameter and the density of the ball, a a is a coefficient of impulse and energy 
accomodation (ideal smooth surface a a = 1; rough ball surface a a up to 1.17), tn 

and tn_x are the times required for completing η respectively η — I revolutions 
of the ball. 

Spinning rotor gauges can be used in the pressure range from 1 down to 1 0 " 7 

Pa (about 10 ~ 2 to 10 ~ 9 Torr). The construction, operation and calibration of 
these gauges were discussed by Comsa et ai (1980), Fremerey (1982), Reich 
(1982a, b), Berman and Fremerey (1987), Breakwell and Nash (1987), Messer et 
ai (1987), Setina et ai (1987), Winkler (1987), Miyake et ai (1988). 

6.4.4. The resonance type viscosity gauge 

Τη this gauge (Becker W., 1962) a light suspension is mounted vertically and 
allowed to vibrate at its resonant frequency (normally between 30 and 300 c/s), 
the damping forces obviously being a function of the gas pressure. By means of 
a photoelectric sensing device an electromagnetic driving signal is created which 
maintains the oscillation at a constant amplitude, the whole device forming a 
closed-loop servo-system. The driving signal is equal to the damping losses and 
hence a function of pressure. A commercial version (manufactured by Pfeiffer) 
operates over the pressure range IO-3—100 Torr. 

Austin (1969) and Austin and Leek (1972) describe gauges for the pressure 
range 10- 6-10~ 3Torr , where an oscillating aluminum foil is maintained electrically 
in vibration, and the power fed into the system measures the damping losses, thus 
the pressure. 

Hirata et ai (1987), and Kokubun et ai (1987) describe and discuss a "quartz 
friction" vacuum gauge, based on the variation of the resonance impedance of a 
quartz oscillator as a function of the frictional force of the ambient gas. The 
sensor head is a tuning fork shaped quartz oscillator (mass produced for wrist 
watches) with a resonance frequency of 33 kHz and a resonance intrinsic 
impedance of 22 ki?. The pressure range which can be measured is 1 0 " 1 to 1 0 5 

Pa ( 1 0 " 3 to 100 Torr). 

6.5. Radiometer (Knudsen) gauge 

The basic element of the radiometer gauge proposed by Knudsen (1910) consists 
of two parallel plates (fig. 6.18a) one of which is heated, separated by a distance. 
The unheated plate is supported on a sensitive suspension so that a small force 
acting upon it can be measured by its deflection. 

The plates A x and A 2 at temperatures 7 \ and T2 respectively are separated by a 
distance d (cm) which is small compared with their linear dimensions and with 
the molecular mean free path (fig. 6.18a). It is assumed that the molecules com
ing from Α·! (travelling toward A 2 ) have an average velocity v l av dependent upon 
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the temperature 7 \ (eq. 2.38), and those leaving A 2 , have v 2 av dependent upon 
T2; v l r, and v 2 r representing the corresponding root-mean-square velocities 
(eq. 2.40) at any instant there are nl and n2 molecules per cm 3 with v l av and 
v 2 av respectively. 

In the surrounding gas the average velocity is v a v, the root-mean-square velo
city is vr, and the molecular density is n. 

The pressure Px (dyne/cm2) in the space between A x and A 2 is given by (eq. 
2.34) 

Pi = } mriivu

2
 - f } mn2v2r

2 (6.21) 

and Πι and n2 can be related to «, by (eq. 2.46) 

i n\\s = \ niVUy + i n 2 v 2 av (6.22) 

As 

it follows from eq. (6.22) that 

Substituting for «i and n2 in eq. (6.21) 

Pl = l m [ i « v l r

2 v a v/ v l av + \ nv2

2 ν a v/ v 2 a v] (6.25) 

For a Maxwellian velocity distribution 

v r / r a v = V(3;r/8) (e cl- 2 · 3 8 ί 2· 3 9) > t h us making 

^av ^ lav ^ 2 a v 

= i Ρ (
 Vu ) =iP[ {TJTfi* + (T2IT)^] (6.26) 

(6.23) 

(6.24) 

by using eqs. (2.34) and (2.40). 

a) b) 

Fig. 6.18 Arrangements of the radiometer vanes. 
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Since the pressure on the outside of the plates is P, the resultant pressure AP 
on either plate tending to force them apart is 

Thus it is independent of the kind of gas. 
By introducing a third plate A 3 (fig. 6.18b), the pressure between A 2 and A 3 

that is the force on the central vane is independent of its temperature. 
These equations assume that the accommodation coefficients (eq. 2.104) on 

all the plates are unity. 
A more exact treatment of this theory, taking into account the accommodation 

coefficients for the vane surfaces and the inside surface of the gauge tube leads to 
results which differ for various gases, and are also a function of T2 (Wu and Dutt , 
1972; Eschbach and Werz, 1976; Kreisel, 1976; Weston, 1979). 

The Knudsen gauge consists of a light vane C (fig. 6.19) supported vertically at 
its centre point by a torsion wire, and of two plates A and Β heated to temperature 
7 \ . Surfaces Ε and F receive molecules of velocities corresponding to 7 \ while sur
faces G, H molecules from the walls of the vessel, at Γ. If ΤΊ > Γ there is a net 
couple on the vane, and the resultant torsional twist in the suspension wire is 
measured by the conventional mirror, lamp and scale. This case corresponds to 
T2 = T'm eq. (6.27). 

The useful range of the Knudsen gauge is ΙΟ - 3—IO - 5 Torr, but can be extended 

AP=P1-P = (P/2) [(TJT)1'2 + ( Γ 2 / Γ ) 1 / 2- 2 ] dyne/cm 2 (6.27) 

is P3 

p3 = (P/2)[(T3/T)^+ (T2/ryf2] 

thus the resulting force on A 2 per unit area is P, —P3 = 

AP = (pmuTjryi* - {TZJT)I/2] 

(6.28) 

(6.29) 

-3 

C Ο A 

F i g . 6 .19 K n u d s e n gauge ; 1. M i r r o r ; 2 . Suspens ion fibre: 3. Light v a n e ; 4 . P la tes . 
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down to 10 8 Torr. A gauge using magnetic suspension (e.g. Evrard and Boutry, 
1969) may measure pressures down to 10~ 1 0Tor r . 

6.6. Thermal conductivity gauges 

6.6.1. Thermal conductivity and heat losses 

Thermal conductivity gauges are based on a filament mounted in a glass or 
metal envelope attached to the vacuum system, the filament being heated by the 
passage of an electric current. The temperature the filaments attain depends on 
the rate of supply of electrical energy, the heat loss by conductivity through the 
surrounding gas, the heat loss due to radiation (and convection), and the heat 
loss through the support leads to the filament. 

If the rate of supply of electrical energy is maintained constant, and radiation 
plus support lead losses are minimized, the temperature of the wire depends pri
marily on the loss of energy due to thermal conductivity of the gas, which (in a 
specific range of pressures) is a direct function of the pressure (see eqs. 2.111, 
2.115). The temperature variations of the filament with pressure are measured 
in terms of the change of the resistance (Pirani gauge, Thermistor gauge), or the 
temperature of the filament is recorded by an attached thermocouple (thermocouple 
gauge). 

In §2.7.3 it is shown that in the viscous range of pressures, the thermal conduc
tivity of the gas is independent of its pressure, while in the molecular range the 
thermal conductivity is proportional to the pressure of the gas. 

In connection with eq. (2.113) it was calculated that the heat conduction per 
unit area from a surface at temperature 7~S = 100°C to a surface at 20°C by air at 
I O - 2 Torr (accommodation coefficient a = 0 . 8 ) is Eo = \0~2 Watt /cm 2. If the fila
ment of the gauge is 1 mil (0.025 mm) diameter and 4 in (10 cm) long, the surface 
area is about 8 χ 1 0 - 2 cm 2, and the gas heat conduction of the order of 10~2 χ 8 
χ 10- 2 = 8 χ 10- 4 Watt. 

For perfectly absorbing surfaces (black body), the energy loss by radiation* is 

£-r = 5 . 6 x l 0 - 1 2 ( 7 ; 4 - Γ ί 4 ) = 5 . 6 χ 1 0 - 1 2 ( 3 7 3 4- 2 9 3 4) 
= 6.8 χ 10 - 3 Wat t /cm 2; 

thus the total loss by radiation is 

(6.8 χ ΙΟ-3) χ ( 8 x l 0 - 2 ) = 5.4 χ 10" 4Wat t , 

which is comparable with the loss due to thermal conductivity of the gas at P = 
10~2 Torr. However, since the emissivities of surfaces of clean metals at tempe-

* F o r tungsten filaments the rad ia ted energy is WX — 7 . 5 X 1 0 "
1 5

 Γ
4
·

7
 W a t t / c m

2
. 
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ratures in the range 0-100°C are generally of the order of 0 . 1 , the true loss due to 
radiation would be of the order of 5 χ 10~5 Watt, so that radiation loss and gas -
conduction loss would become about equal at a pressure of 

5 χ 1 0 ~
5 

χ 10- 2 ~ 6 χ 1 0 - 4 T o r r 
8 χ 10- 4 

Since radiation increases faster with temperature than does gas conduction, 
an equality between them occurs at higher pressure if the filament temperature is 
higher. Therefore, for measurements down to lowest pressures, the filament should 
be operated at the lowest temperature for which heat loss due to gas conduction 
can be measured. 

The third loss, that by thermal conduction to the support leads to the filament, 
can be kept sufficiently small by using a filament of small cross section and low 
heat conductivity. 

The losses by end conduction are 

r = 2 x 0.239 kA 4? = c dL 

= 2 (0.239) (0.14) (4 .9 χ IO"6) - 3 ( 1 0° - 2 0 ) -
10 

= 7.9 χ IO"6 Watt 

where k is heat conductivity (for nickel & = 0.14 cal*cm/°C in the temperature 
range 0-200°C), A is the cross section area of the wire (diameter = 0.0025 mm), and 
the factor 0.239 converts from calories to Watts. For the temperature gradient 
dT, it is assumed that the central third of the filament is at the maximum tempe
rature (100°C) and the third at each end have a uniform temperature gradient 
3(7*s — J;)//,. For the example given here the loss by end conduction is much lower 
than that by radiation. 

6.6.2. Ρirani gauge 

The gauge constructed by Pirani (1906) is one of the most widely used vacuum 
instruments. It consists of a glass or metal envelope containing a heated (see 
§6.6.1) filament of a metal with a high temperature coefficient of resistance, such 
as platinum or tungsten. As the pressure in the gauge tube increases, the tempe
rature of the filament and therefore its electrical resistance tend to decrease. The 
usual control circuit for a Pirani gauge is the Wheatstone bridge, in which (fig. 
6.20) one leg of the bridge is the filament of the gauge tube R p and the other three 
legs have resistances nearly equal to that of the gauge tube. It is advantageous to 
use two identical gauge tubes in the circuit, one of which R 2 is evacuated to a low 
pressure and sealed off. If the sealed-off (dummy) tube is mounted adjacent to the 
gauge tube, fluctuations due to changes in ambient temperature and bridge voltage 
are to some degree compensated. The details of the temperature compensation 
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Fig. 6.20 Fig. 6.21 
Fig. 6 . 2 0 Circuit for a Pirani gauge. 

Fig. 6.21 Pirani gauge head; 1. Fi lament: 2. Filament support; 3 . Glass envelope. 

of these gauges are discussed by Gorski et al. (1977); Oguri (1977) analyzes the 
possibilities of reducing their "noise". 

In fig. 6.20, resistances R 2 and R 4 are fixed, while R 3 and R p are variable. With 
the milliamperemeter G connected in the VAC position, the balance condition of 
the bridge is 

Rp = R2R3/R4 (6.30) 

One method of measuring the pressure in the gauge head Rp is to balance the 
bridge by varying R3 and calculate the resistance Rp, a previous calibration per
mitting to convert the values of the resistance into pressure. 

Another method is to keep R2 and R^ constant and present R3 and to measure 
the out-of-balance current through G. In this case it is essential to keep the voltage 
across the bridge constant. The bridge may be balanced initially at atmospheric 
pressure, then an increase in the resistance Rp causes an increase in out-of-balance 
current so that the lowest pressures correspond to full-scale readings of G. Al
ternatively the bridge can be balanced at a fixed low pressure ( < I O - 3 Torr) and then 
as the pressure falls from atmospheric the out-of-balance current decreases. In 
both these cases the high pressure end of the scale is very compressed and the scale 
becomes more open toward the low pressure end. The usual useful scale extends 
from 5 χ I O - 3 Torr to 5 χ 1 0 _ 1 Torr. Steckelmacher (1973b) analyzes the methods 
used recently to extend the range of these gauges to 10-100 Torr. 

In commercial forms of the Pirani gauge the control unit (fig. 6.20) includes 
the appropriate power supply, which supplies the rectified a.c. By switching to the 
position SV (set voltage) the milliamperemeter G can be used as a voltmeter and the 
voltage can be set to the standard value marked on the scale. In some instruments 
the bridge voltage varies with the pressure in the gauge head and set voltage must 
be controlled before each pressure reading. 
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The Pirani gauge head includes a tungsten, nickel or platinum filament wire 
(0.005-0.1 mm diameter) wound in a helix of 0 .5 -2 mm outside diameter (fig. 
6.21), with a pitch of at least 10 wire diameters to prevent any one turn from 
shielding its neighbours. This filament is stretched between supports usually 6-8 
cm apart to which it is spot welded. 

It is not possible to calibrate the Pirani gauge from first principles, and the 
calibration is made against another gauge (e.g. McLeod). Typical calibration 
curves at constant temperature (A) and constant voltage (B), are shown in fig. 
6.22 (Hamilton, 1957; Povh and Lah, 1967). 

Pirani gauges and their calibration curves are also discussed by Poulter et ai 
(1980b), Morel (1983). 

6.6.3. The thermocouple gauge 

The thermocouple gauge was first described by Voege (1906), and refined by 
Haase et ai (1936), Dunlap and Trump (1937), Weber and Lane (1946). 

In this gauge a filament is heated electrically and its temperature is measured 
directly by means of a thermocouple. The heating current which is passed through 
the hot filament is kept constant at a standard value independent of the tempera
ture of the filament. As the pressure increases, the heat conduction through the 

0 20 40 60 80 100 

M e t e r r e a d i n g ( r e l a t i v e ) 

F ig . 6 . 2 2 Pirani gauge calibration curves. 
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Fig . 6 .23 Thermocouple gauge (General Electric type); (a) gauge head; (b) electrical circuit. 
Reproduced from Dushman and Lafferty (1962), by permission of J. Wiley & Sons, Inc. , 

N e w York. 

gas increases (eq. 2.113) and the temperature of the filament decreases. The ther
mocouple (usually spot welded to the midpoint of the filament) responds to the 
temperature of the filament and provides a direct reading of the pressure. 

From the many thermocouple gauges built, it is useful to show, the original 
gauge of General Electric (fig. 6.23), and the more refined type manufactured by 
Hastings-Raydist, described by Benson (1957), (fig. 6.24). In the G E type gauge 
the filament consisted of a platinum-iridium ribbon 0.0234 by 0.0078 cm in cross 
section and 3.66 cm in length with a Nichrome-Advance thermocouple welded to 
its midpoint. The heating current used was 30-50 mA. 

In the Hastings-Raydist gauge (fig. 6.24) the sensitive element consists of two 
thermocouples acting in parallel and a third thermocouple in series to compensate 
for variations in ambient temperature. The two thermocouples A and Β are heated 
in series by alternating current from a transformer. Thermocouple C (fig. 6.24) 
connected from the midpoint between A and Β to the center tap of the transformer 
provides temperature compensation. Since thermocouples A and Β are connected 
"back to back" in the a.c. circuit, they act as parallel sources of electromotive 
force for the d.c. circuit for which the lead from C, through the d.c. meter to the 
center tap , is the common return path (see equivalent circuit fig. 6.24). These 
gauges are available for ranges of 0 .1-20 Torr, 5 χ 10~3—1.0 Torr and 1 χ 1 0 - 3-
1 χ 1 0 _ 1 Torr, and have a speed of response shorter than other heat conductivity 
gauges. Figure 6.25 shows some calibration curves for different gases. Calibra
tion for various gases was carried out by Chapman and Hobson (1979), Bills 
(1979). 

Zettler and Sud (1988) extend the sensitivity of a thermocouple gauge up to 
atmospheric pressure by allowing the reference temperature to vary in steps: 
below 1 0 ~ 2 Torr the reference temperature tr is kept at / r = 5 0 0 ° C ; for 1 0 ~ 2 
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Fig. 6.24 Fig. 6.25 

Fig. 6 . 2 4 Hastings-Raydist thermocouple gauge and its equivalent circuit. 1. Current meter; 
2. Pressure reading; 3 . Gauge tube. After Benson (1957). 
Fig. 6 . 2 5 Calibration curves of Hast ings-Raydist gauge, for 1. A r g o n ; 2 . Air ; 3. Hydrogen; 
4 . Carbon dioxide. 

Torr to 4 Torr, tx is dropped to 220 ° C ; from 4 Torr to 200 Torr, tx is held nearly 
constant at 220 ° C ; above 400 Torr, tx is decreased and reaches 100 ° C at 
atmospheric pressure. 

Aldao and Löf fier (1984) describe a chromel-alumel thermocouple gauge, 
while Kuo et al (1988) discuss a miniature gauge using C u - C r thin films. 

6.6.4. The thermistor gauge 

The thermistor gauge was first described by Becker et al. (1947). This is a Pirani-
type gauge which employs a semiconductor element having a high negative tempe
rature coefficient of resistance. The principal advantage of this type of gauge is 
that the response curve of the bridge current as a function of the pressure may 
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be essentially linear over a wide pressure range (e.g. 1 0 - 3- l Torr) if plotted on a 
log-log scale. 

Bretschi (1978) describes a gauge for the range 760 to 10~5 Torr, using a silicon 
single crystal; Shioyama et ai (1978) utilized TaN thin film on glass. 

Thermal vacuum sensors using integrated silicon thermocouples were studied 
and discussed by Van Herwaarden (1987), Van Herwaarden and Sarro (1987). 

6.6.5. Combined McLeod-Pirani gauge 

It was suggested to seal a Pirani filament (or a thermistor) in the top of the 
McLeod capillary. Thus the gas compressed in a certain ratio by the McLeod gauge 
is measured on the thermal conductivity gauge, recording pressures as low as 10~7 

Torr. 

6.7. Ionization gauges 

6.7.1. The discharge tube 

The discharge tube (fig. 6.26) is an elementary form of ionization gauge in which 
a potential difference of several thousand volts is applied between two electrodes 
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Fig . 6 .26 T h e discharge tube and the appea rance of the d ischarge a t var ious pressures . 1. Glass 
t u b e ; 2 . Cur ren t lead-in; 3 . Elec t rode (Ni) , (a) Spark = 5 T o r r ; (b) Discharge of co lour specific 
to g a s = l T o r r ; (c) Str ia t ions = 5 X l O ^

1
 T o r r ; (d) Diminish ing s tr ia t ions = 1 χ 1 0 "
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(e) Fluorescence of glass wall = 1 0 ~
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in a narrow glass tube connected to the vacuum system. The ionization in the 
tube produces a glow discharge, whose form is characteristic for the pressure 
existing in the tube. The colour of the discharge is characteristic for the kind of 
gas existing in the tube. At pressures from 1 to 20 Torr, a spark (steamer) of dis
charge passes from one electrode to the other (fig. 6.26a). At about 1 Torr the 
spark widens to a glow discharge. As the pressure is still further decreased definite 
regions (striations) in the glow discharge can be observed. When the pressure 
reaches about 10~2 Torr the number of collisions is not sufficient to maintain an 
easily visible discharge. The electrons, however, bombard the walls of the tube 
fluorescence of the glass may be observed. The fluorescence disappears at about 
10~3 Torr, a condition which is known as "black-out". 

To improve the correlation between the observation of the nature of the glow 
discharge and the pressure, two main techniques have been adopted. The first 
technique is to measure the applied potential difference across the discharge tube 
in terms of the length of the spark between polished metals spheres of a given size. 
The second technique is to include a fluorescent screen in the discharge tube, and 
use the intensity of the luminescence of this screen as the indicator of the pressure. 

6.7.2. Hot-cathode ionization gauges 

In any ionization gauge, the residual gas existing in the gauge head is subjected 
to ionizing radiation and some of the gas molecules become ionized. Hot cathode 
ionization gauges use the thermionic emission of a cathode, the emitted electrons 
being accelerated by the electrostatic field through the grid of radius rg (fig. 6.27) 
set at a positive potential Vg ( ä 2 0 0 V) relative to the cathode. The anode of 
radius ra is set at a negative potential Va (c* —20 V) relative to the cathode. The 
grid is made of fine wire, thus most of the electrons coming from the cathode miss 
the grid wires and continue toward the anode until they reach a point at which 
the electrical potential is the same as that of the cathode. From this point (shaded 
area, fig. 6.27) the electrons are turned back to oscillate radially, through the grid 
until they finally strike a grid wire and are captured. The oscillating electrons will 
eventually collide with gas molecules, and ionization of the gas molecules may 
occur. The positive ions which are created in the annulus between grid and anode 
are driven to the anode, and produce an ion current. In order to produce ioniza
tion by impact with a molecule an electron must have a kinetic energy at least equal 
to the ionization potential of the gas (12.6 V for water vapour and oxygen; 15-15.6 
V for N 2 , H 2 , Ar ; and 24.6 V for He). The probability of ionization PT is defined 
as the fraction of electrons at a given energy producing an ionizing collision (the 
number of ions produced per electron) per centimeter of path and per Torr of gas 
pressure (fig. 6.28), at 0°C (Tate and Smith, 1932). 

Since at a pressure of 1 Torr and temperature of 273°K the molecular density is 
3.54 χ 1016 c m " 3 (eq. 2.18) the probability of ionization Pr is 

Pr = n, σ{ = 3.54 χ ΙΟ16 σχ (6.31) 
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Fig. 6.27 Fig. 6.28 

Fig. 6 .27 Typical electron trajectory in a hot-cathode ionization gauge. 1. Cathode; 2· Gr id; 
3 . Anode- After Leek (1964) . 
Fig- 6 . 2 8 Number of positive ions produced per electron, per cm o f path at 1 Torr, 0 ° C , as a 
function of the electron energy. 1. Mercury; 2. Acetylene; 3. Argon; 4. Oxygen, Nitrogen; 
5 N e o n ; 6. Hydrogen; 7. Helium. After Tate and Smith (1932); Lafferty (1972). 

where σί is the cross section for an ionizing collision by an electron. The number 
of ions produced by an electron per cm of path is according to eqs. (6.31) and 
(2.21) 

„+ = η σ{ = (2Ί3/Τ)Ρηί σ{ = (273/Γ)ΡΓΡ (6.32) 

where η is the molecular density at Ρ and T. For an electron stream of current / _ 
Amperes*, the positive ion current /+ (assuming all the ions are collected) is 

i+=(213/T)PrPi_ (6.33) 

According to this equation the ion current is a function of the pressure, the 
temperature, the electron current, and the probability of ionization (fig. 6.28) 
thus of the electron energy, the path length and the kind of gas. For all other 
factors specified, the pressure is measured in terms of the ion current (Close and 
Yarwood, 1970). 

* 1 A = 6 . 2 4 x l O
18

 electrons/sec. 
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The sensitivity s of an ionization gauge is defined by 
s = {i+IL)/P (6.34) 

thus the value of s could be calculated from eq. (6.33) as a function of P r , which 
is expressed per cm of path (fig. 6.28). Since the average length of path of the 
electrons is not easily estimated for practical tube geometries, and the energy of 
the electrons varies from the maximum value of the grid voltage Kg to zero, the 
practical way of sensitivity calibration of ionization gauges is against a McLeod 
gauge. Measurement of the sensitivity s as a function of the pressure in the range 
I O - 4 — 1 Torr shows that s increases with increasing pressure until a maximum is 
reached and then decreases. The maximum sensitivity for nitrogen is (10-20 T o r r - 1) 
at about 2 χ I O - 3 Torr, while that for helium at about 2 χ 10~2 T o r r - 1, due to the 
difference in the ionization probabilities (fig. 6.28). The rise in sensitivity in the 
vicinity of I O - 3 Torr for nitrogen is caused by multiple ion production by each 
electron when the mean free path becomes small compared with the average elec
tron path. The decrease in sensitivity at higher pressures beyond the maximum 
is attributed by Nottingham and Torney (1961) to ion-electron or positive-
negative ion recombinations. Operation of the ionization gauge at pressures 
above I O - 3 Torr greatly shortens the life of the cathode, thus the upper limit of 
operation is set at about this pressure. 777? lower limit of pressure which can be 
measured with a conventional ionization gauge is determined by the production 
of soft X-rays by the electrons (Nottingham, 1947). These X-rays possess sufficient 
energy to cause the photoemission of electrons from the anode. Electrically the 
emission of an electron by the anode is equivalent to the capture of a positive 
ion, leading to a total current in excess of that due to the positive ions. The photo-
current appears to be independent of pressure and is of the same order of magnitude 
as the ion current at about 10~8 Torr, thus at lower pressures this background will 
be always shown by the gauge (Lafferty, 1972). 

Fig. 6.29 Ionization gauge head and control circuit. 1. Filament; 2 Grid; 3. Collector; 4. Envelope. 

180 V 
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The common ionization gauge. Descriptions of ionization gauges have been first 
published by Buckley ( 1916), Hauser-Ganswindt and Rukop (1920), Simon (1924). 
Reviews were published by Huber (1977), Reid (1978), Weston (1979). 

An ionization gauge for the range I O - 3— I O - 8 Torr (fig. 6.29) is similar to a 
triode valve. In the centre is a tungsten filament (cathode) and surrounding it is 
a helix of nickel wire (grid). The anode (collector) is a cylinder of nickel concentric 
with the grid and filament. 

The voltages used in the gauge must be highly stabilized to prevent spurious 
variations in current, which would give apparent changes in pressure as is shown 
by the microammeter in the anode circuit (fig. 6.29). In this connection it is parti
cularly important to regulate the emission of electrons from the cathode, which is 
done by some form of feedback circuit. 

The gauge records the presence of all gases and vapours (total pressure), but 
the sensitivity is different for the various gases (fig. 6.30). Figure 6.30 shows a 
graph of calibration curves for a specific gauge. In fact the values measured by 
various authors (e.g. Wagener and Johnson, 1951 ; Riddiford, 1951; Moesta and 
Renn, 1957; Schulz, 1957; Close et al. 1979) differ from each other. Hollanda 
(1973) analyzed the data obtained by various authors, and found that the relative 
sensitivity of the ionization gauges for various gases has to be correlated to the 
value of the ionization cross section existing in the conditions in which the gauge 
operates. Further measurements of sensitivities were published by Bartness and 
Georgiadis (1983), Bills et ai (1984), Poulter (1984), Tilford (1985). Haefer 
(1980b) discusses the behaviour of ionization gauges in chambers with cryopump
ing surfaces; Stansfield et al. (1986) describe an ionization gauge for use in a 
magnetic field. 

7 0 

Ρ ( T o r r ) 

Fig. 6.30 Calibration curves of an ionization gauge for various gases (Grid current 5 mA) . 
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Initial operation of an ionization gauge results in the heating of the electrodes 
and the emission of large quantities of adsorbed gases from the surfaces. Unless 
the gauge elements are heated vigorously to outgas them, the reading will remain 
high as compared with the system pressure. The grids can usually be heated elec
trically, the anode can be heated by electron bombardment by connecting the 
anode and grid together at the same positive potential. Finally, it is necessary to 
heat the glass or metal envelope of the gauge tube. 

After the gauge head has been outgassed, gas entering the tube is readily adsorbed 
especially on the tube walls. Chemical reactions induced by the hot filament pro
duce further sorption. These processes are responsible for the pumping action of 
gauges, which causes the pressure at the gauge to be lower than that in the system 
(Langmuir, 1915; Riddiford, 1951; Close and Vaughan-Watkins, 1976; Gear, 
1976; Poulter and Sutton, 1981; Berman, 1982; Chapman and Hobson, 1985). 

If diffusion pump vapour is present in the system, these vapours react with the 
hot tungsten and change the electron emission, which produces an apparent change 
in pressure. It is therefore essential to employ a liquid nitrogen trap between the 
diffusion pump and the gauge. If diffusion pump vapour is present in a system 
operating at very low pressures, a normal tubulated ionization gauge indicates 
lower pressures than the nude gauge. This phenomenon is known as the Blears 
effect. Blears (1947) found that this phenomenon lies in the vastly different con
ductance of the small connecting tube for oil vapour and permanent gases in 
conjunction with cracking of the oil molecules by the gauge. Haefer and Hen
gevoss (1961) confirmed the original results of Blears. 

High pressure ionization gauges. Although the usual range of hot cathode 
ionization gauges extends up to I O - 3 Torr, their upper limit can be extended to 
about 1 Torr, by using very small electrode spacings and nonoxidizing cathodes 
(e.g. thoriated iridium). Such gauges are described by Schulz and Phelps (1957), 
Cleaver (1967), Blauth et al. (1970). The Schulz-Phelps gauge utilizes a straight 
iridium filament mounted parallel to and midway between two parallel molybdenum 
plane electrodes set only 2-3 mm apart . One of these two electrodes acts as the 
grid ( + 60 V) whilst the other acts as the ion collector ( — 60 V). The sensitivity of 
this gauge is only 0.6 T o r r - 1 for nitrogen. Beeck and Reich (1974) discuss the 
methods for linearizing the characteristics of such gauges up to about 1 Torr. A 
miniature ionization gauge for the range 10 _ 1— 1 0 - 5 Torr, using reverse biased SiC 
p - n junction " h o t electron" emitter, is described by Dobrot t and Oman (1970). 

The behaviour of ionization gauges at their high-pressure range (around 1 
Torr) is discussed by Kudzia and Stowko (1981), Kuo (1981), Tilford and 
McCulloh (1982), Wood and Tilford (1985). 

Low pressure (ultra-high vacuum) ionization gauges. The low pressure limit of 
about 10~8 Torr of conventional hot cathode ionization gauges is given by the 
equality of the ion current at the collector to the photoelectric current. In order 
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to extend the low pressure limit, the ratio of the ion current to the X-ray photo-
current has to be increased. This ratio is increased by various methods resulting 
in the various gauge constructions (listed below). A study of the principles of 
the X-ray limit was carried out by Schutze and Ehlberg (1962), and reviews of 
the methods used to achieve lower pressures were published by Redhead et al. 
(1968), Groskowski (1968), Leek (1970), Lafferty (1972), Redhead (1987). The 
methods used may be classified in the following groups: 

(a) Reducing the solid angle subtended by the ion collector at the X-ray source 
has been achieved by changing the position of the ion collector and/or by making 
its area smaller. The fundamental step in this direction was made by Bayard and 
Alpert (1950) by interchanging the positions of the filament and ion collector (fig. 
6.31a, b) and using a wire as the ion collector. This reduced the X-ray limit to about 
I Q - ί ο j o r r> Further reductions of the diameter of the ion collector (Venema and 
Bandriga, 1958; Scuetze and Stork, 1962; Van Oostrom, 1962; Redhead et al. 
1968) brought the X-ray limit of Bayard-Alpert gauges to the range 5 χ 1 0 - 1 1-
1 χ 1 0 - 1 2 Torr. 

The solid angle can be further reduced by withdrawing the ion collector from the 
interior of the grid. This method resulted in the group of external collector gauges. 
Gauges based on this principle are: the extractor gauge (fig. 6.31c) designed by 
Redhead (1966), the screened collector gauge of Groskowski (1969), and the 
buried collector gauge of Melfi (1969). External collector gauges were analyzed 
by Clay and Melfi (1966), Cleaver and Zakrzewski (1968), Barz and Kocian (1970), 
Bernardet and Choumoff (1970), Pittaway (1970), Fletcher (1970), Beeck and Reich 
(1972), Steckelmacher and Fletcher (1972), Blechschmidt (1973, 1974a), Pittaway 
(1974), Fujii et al. (1983), Tang et al. (1987). 

(b) Suppressing the photoelectrons emitted by the ion collector, by using appro
priate retarding electric fields. This is done by placing a negative suppressor elec
trode (fig. 6.3Id) near the ion collector to force the return of photoelectrons eject
ed by the ion collector. Schuemann (1962) achieved with his suppressor gauge an 
X-ray limit of about 1 0 " 1 3 Torr. Suppressor gauges are described and discussed 
by Hua et al. (1982), Chen et al. (1987a), Hua (1987). 

(c) Modulating the ion current improves the signal to noise ratio of the Bayard-
Alpert gauge. Redhead (1960) introduced this principle by adding an extra elec
trode (fig. 6.3le), a small wire parallel to the ion collector, inside the grid space, 
and applying to it a potential (relative to the cathode) which is switched (modulat
ed) from the grid voltage to the ion collector potential. The X-ray limit of the 
modulated Redhead gauge was about 1 0 - 11 Torr. 

By adding a modulator to the suppressor gauge Redhead and Hobson (1965) 
brought the lowest measurable pressure in the 1 0 ~ 1 4T o r r range. Modulation 
methods and gauge geometries were discussed by Blazek and Hulek (1977), Gros-
zowsky et al. (1977), Horikoshi and Mizuno (1977), Hulek (1977), Kanaji et al. 
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(1977), Mizuno and Horikoshi (1977), Weston (1979), Zhongyi et al. (1980), 
Watanabe et al (1983), Kanaji et al (1987). 

(d) Increasing the sensitivity of the gauge by enhancing the probability of ioni
zation can be achieved by increasing the path of the electrons. This was done by 
Meyer and Herb (1967) using the orbitron principle (fig. 6.31 f), by LafTerty (1961, 
1962a) using the magnetron principle (figs. 6.3lg, 6.33), and by Schwarz and 
Tourtellotte (1969) using the quadrupole principle (see §6.9.6). The X-ray limits 
achieved were 9 χ I O - 12 Torr for the orbitron gauge, 4 χ 10~14 Torr for the mag
netron gauge and 1 χ 10~10 Torr for the quadrupole gauge. 

(e) Collimating the electron beam or deflecting the ion beam also results in a 
lower X-ray limit. Klopfer (1962) used a magnetically collimated electron beam 
(fig. 6.34), Helmer and Hay ward (1966) deflected* the ion beam to a remote col
lector (fig. 6.31h) by using an electrostatic field, while Culton and Peacock (1970) 
used the omegatron principle (§6.9.4) for total pressure measurements. The X-ray 
limits achieved were about 1 0 ~ n Torr for the Klopfer gauge, 2 χ 10~ 1 4 for the 
deflector gauge, and about 1 0 _ u Torr for the omegatron. 

(f) Using electron multipliers in combination with external collectors or magne
trons. The channeltron described by Blechschmidt (1973) achieves I O - 16 Torr, 
while the Lafferty gauge with electron multiplier should achieve 10~ 18 Torr. 

The Bayard-Alpert gauge. This gauge was described by Bayard and Alpert (1950), 
and Alpert (1953). The gauge (fig. 6.32) consists of a cylindrical grid structure 
with a fine wire ion collector along its axis and a cathode (filament) located just 
outside the grid structure to one side. With this arrangement the X-ray falling 
on the ion collector is greatly reduced because of the reduced area of the ion 
collector. The original Bayard-Alpert gauge used a 0.2 mm diam. ion collector 
and achieved about 1 0 - 10 Torr. Venema and Bandriga (1958) decreased the ion 
collector diameter to 25 micron, Schuetze and Stork (1962) to 10 microns and 
Van Oostrom (1962) to 4 microns, decreasing the lowest pressure to the range 
of I O - 12 Torr. The sensitivity for nitrogen of these gauges is in the range 12-25 
T o r r " 1 . 

Watanabe (1987a) describes a gauge having a "poin t collector" formed by a 
needle tip placed into a spherical grid. This gauge measures pressures down to 
1 0 _ n Pa ( ~ 1 0 ~ 1 3 Torr) and has a sensitivity for nitrogen of 53 T o r r - 1. 

Bayard-Alpert gauges were thoroughly studied, and there are many publications 
on the subject. Groskowski (1967) analyzed the influence of the electrode geometry 
and dimensions on the sensitivity of these gauges, Segovia and Martin (1967) 
evaluated the effects of surface ionization, Lawson (1967) and Redhead (1970) 
that of ion desorption, while Gopalaraman et al. (1970) discussed the effects of 
Auger emission of adsorbed layers (§4.5.4) on the sensitivity of Bayard-Alpert 

* A (new) deflector gauge is described by Blechschmidt (1975). A deflector gauge using an electron 
multiplier is presented by Li and Zhang (1987). 
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Fig. 6.31 Hot cathode ionization gauges (schematic); (a) Conventional gauge; (b) Bayard-Alpert gauge; (c) Extractor gauge; 
(d) Suppressor gauge; (e) Modulated Bayard-Alpert gauge; (f) Orbitron gauge; (g) Magnetron gauge; (h) Deflector gauge. F-filament; 
G -grid; A -anode; I C - ion collector; S-shield; IR - ion reflector; SP -suppressor; AM-amplifier; M -modulator; E C - electron 

collector; B-magnetic field; D - deflector. 
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gauges. Bayard-Alpert gauges are analyzed and discussed by Angerth and Hulek 
(1974), Moraw (1974), Nakayama and Hojo (1974), Suchannek and Sheridan 
(1974), Nakao (1975), Benvenuti (1977), Huber (1977), Laurent et al. (1977), 
Szwemin and Pitkowski (1977), Weston (1979), Chen and Suen (1982), Edelmann 
and Engelmann (1982), Hseuh (1982), Ohsako (1982), Arnold and Bills (1984), 
Chou and Tang (1986), Filippelli (1987a, b), Hseuh and Lanni (1987), Hua 
(1987), Watanabe (1987b). 

The pumping speed of Bayard-Alpert gauges is quite high. Redhead (1961) 
mentions 2 liter/sec (for nitrogen) when the gauge was first put into operation. 
From this value, about 0.25 liter/sec is due to ion pumping, the balance being a 
result of gettering (chemisorption) on electrodes and glass envelope. 

Variations in sensitivity, pumping action and other conditions leading to non-
consistent response of Bayard-Alpert gauges can be alleviated by reducing the 
filament temperature and the electron emission current (Winters et ai., 1962) or 
by using "cold" emitters (Windsor, 1970). 

Orbitron gauges. The orbitron gauge injects the electrons from a hot filament 
(cathode) into the electrostatic field between the ion collector and the electron 
collector (fig. 6.3If) in such a way that they travel in complex orbits a path of 
about 90 m. around the small electron collector at the center. The nature of these 
orbits has been analyzed by Hooverman (1963), Deichelbohrer (1973). Orbitron 
gauges were described by Herb et al. (1963), Mourad et al. (1964), while Meyer 
and Herb (1967) analyzed and improved the performance of these gauges. Fitch 
et al. (1969) attached an external electron gun, while Gosselin et al. (1970) added 
a suppressor coil as well. 

The sensitivity of these gauges is high (about 105 T o r r - 1) , but their low pressure 
limit is only 1 0 " n T o r r (Blechschmidt, 1974b). 

The Lafferty gauge. The low pressure limit of the hot cathode ionization gauge 
has been extended to 10~ 14 Torr with the arrangement designed by Lafferty (1961, 
1962a, b) in his hot cathode magnetron gauge (fig. 6.33). This gauge consists of a 
cylindrical magnetron operated with a high magnetic field. The ion collector and 
shield are maintained at a negative potential relative to the cathode to prevent 
the escape of electrons. Electrons emitted by the lanthanum boride coated fila
ment, spiral around the axial magnetic field in the region between the ion collec
tor and shield. If the magnetic field is high enough, most of the electrons fail to 
reach the anode, and some of the electrons make many orbits around the cathode 
before being collected. Because of this increased path length, the probability of 
the electrons to collide with and ionize gas molecules is greatly enhanced, and the 
sensitivity of the gauge is improved with no increase in X-ray photoemission. At 
a magnetic field of 250 Oersted, the ion current is enhanced 25 000 times over 
what it would be without the field, and the electron emission current to the anode 
drops to 0.02 of its zero magnetic field value. The ratio in ion current to X-ray 
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photocurrent is thn ; increased 1.25 χ 106 times by the application of the magnetic 
field, making it possible to detect ion current at pressures as low as I O - 14 Torr. 
For an emission current of I O - 6 A, the ion current output of the gauge is about 
0.1 A/Torr and is linear down to 1 0 - 13 Torr. This low emission current makes 
it possible to operate the cathode below 700°C, which avoids the difficulty in 
which the outgassing limits the low pressure obtained. The sensitivity of the 
Lafferty gauge is about 108 T o r r - 1. The sensitivity of this gauge may be increased 
and the X-ray photocurrent reduced even further by the use of a shielded elect
ron multiplier ion detector (Lafferty, 1963). In this way a pressure of I O - 18 Ton-
should be detectable by counting individual ions entering the electron multiplier. 

The Klopfer gauge. This is an ionization gauge constructed by Klopfer (1962) 

Fig. 6.32 Fig. 6.33 
Fig. 6.32 The Bayard-Alpert gauge. Reprinted from Dushman and Laflferty (1962), by 
permission of J. Wiley & Sons, Inc., New York. 
Fig. 6.33 The Lafferty magnetron gauge. Reprinted by permission from LafTerty (1964). 
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A m p l i f i e r 

Fig. 6 . 3 4 The Klopfer gauge (schematic). After Klopfer (1962). 

in which the ions are produced by a magnetically collimated electron beam. 
Electrons are emitted from a thermionic cathode Κ (fig. 6.34), collimated through 
a series of apertures at various electrical potentials, traverse an isolated chamber 
in which the ions are produced, and finally collected by an electron-trapping 
electrode T. Ions produced within the chamber between G 3 and G 4 are attracted 
to the ion-collector J at ground potential, which is negative relative to the electron 
beam and the chamber walls. The magnetic field of about 1000 Oersteds is careful
ly aligned relative to the series of apertures through the electrodes Gj to G 4 so 
that all the electrons pass through the aperture and are caught on the electrode T. 
The geometry of the gauge is such that X-ray photons emitted by Τ cannot irra
diate J directly, so that electron emission from J is minimized. The presence of 
the magnetic field further reduces the X-ray effect by causing any electrons emitted 
to move in circular orbits. 

The response of this gauge is linear from about 10~2 Torr to 1 0 - 11 Torr, and has 
a sensitivity (for nitrogen) of 15 T o r r . - 1. 

6.7.3. Cold-cathode ionization gauges 

The Penning gauge. The useful life of a hot-cathode ionization gauge is 
determined by that of the incandescent cathode, which is very sensitive to chemical 
attack and bombardment of positive ions. The cold cathode gauge (known as 
Penning gauge, Philips gauge or PIG) eliminates this sensitivity. This type of 
gauge was designed by Penning (1937) and described by Penning and Nienhuis 
(1949). Calibrations were carried out by Leek and Riddock (1956). 

Two parallel connected cathodes (fig. 6.35) are used and midway between them 
is placed the anode. The cathodes are metal plates while the anode is a loop of 
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Fig. 6 .35 Penning gauge and its simplified control circuit. 1. Cathodes: 2. Anode: 3. Magnet: 
4 . Envelope. 

metal wire whose plane is parallel to that of the cathodes. A potential difference 
of about 2 kV is maintained between the anode and the cathodes. In addition a 
magnetic field of the order of 500 Oersteds is applied at right angles to the plane 
of the electrodes by a permanent magnet. 

An electron emitted by the cathode is accelerated towards the anode by the 
electric field, but the action of the magnetic field causes its path to be in the form 
of a helix (fig. 6.35). The electron generally passes through the plane of the anode 
loop until its path is reversed by the electric field due to the second cathode. The 
electron continues to oscillate in this manner about the plane of the anode loop. 
Due to the very long path of the electron the ionization probability is high even 
at low pressures. The positive ions created are captured by the cathodes, producing 
an ion current in the external circuit. The gauge is operated from a control unit 
consisting of a rectified a.c. power supply. The voltage across the gauge head may 
be standardized by using the milliammeter as a voltmeter (switch at SV). 

The range of the Penning gauge is about I O - 2 — I O - 6 Torr. The upper limit is set 
by the glow discharge which appears, and the lower limit by the smallness of the 
ion current. At low pressures the initiation of the ionization may be difficult, and 
in order to start the ionization process it is necessary to produce a few electrons 
near one of the cathodes (gamma or beta source, auxiliary filament). Young 
and Hession (1963) described a trigger-discharge gauge, having an additional 
small filament which can be flashed to start the discharge at low pressures. This 
gauge has been calibrated down to the 1 0 - 11 Torr range (Lange et al., 1966; 
Young J.R., 1966; Bryantand Gosselin, 1966). Hayashi (1966) used a beta-emitting 
radioisotope (Ni 6 3) to trigger the Penning gauge. 

A cold cathode gauge specially constructed for measurements on the moon is 
described by Johnson et al. (1972). 
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5-10 kV 

Fig. 6.36 Fig. 6.37 
Fig. 6 . 3 6 The inverted magnetron gauge. 1. A n o d e ; 2. Auxiliary cathode; 3. Ion collector; 
4. i on current amplifier. After Hobson and Redhead (1958). 

Fig. 6 .37 The Redhead magnetron gauge. 1. A n o d e ; 2. Auxiliary cathode; 3. Cathode; 4. Ion 
current amplifier. After Redhead (1959). 

The inverted magnetron gauge. This type of gauge was studied by Haefer 
(1953/54), and the design suitable for ultra-high vacuum was reported by Redhead 
(1958), Hobson and Redhead (1958), Peacock and Peacock (1988). 

In this gauge - known also as the Hobson-Redhead gauge - the cathode is 
surrounded by an auxiliary cathode (fig. 6.36) outer shell. The auxiliary cathode 
acts as an electrostatic shield and protects the edge of the openings through the 
cathode from field concentrations, thus preventing field emission. The cathode and 
auxiliary cathode are both grounded, but the current to the cathode alone is taken 
as the measure of the true positive ion current. The anode rod is typically main
tained at about 6 kV, and the magnetic field intensity at 2000 Oersteds. 

The inverted magnetron gauge is effective in the range 1 0 ~ 4 - 10~ 13 Torr (Red
head et al., 1968). 

The Redhead magnetron gauge. In this cold cathode gauge, described by Red
head (1959), the anode consists of a cylinder, perforated to improve gas flow (fig. 
6.37). The cathode is shaped like a spool consisting of an axial cylinder welded 
on to circular end disks. The gauge is normally operated with a magnetic field of 
1000 Oe and an anode-cathode potential difference of about 6 kV. 

The magnetron gauge is linear in the range 1 0 ~ 4 - 10~ 10 Torr and extends accord
ing to /+ = cP11 down to 1 0 " 1 2 Torr. This gauge has a pumping speed* of about 

* Kageyama et al. (1974) suggested to reduce the pumping effect by using the gauge with a step 
voltage (pulses at low duty cycle). 
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0.15 liter/sec. Measurements and calibrations on this type of gauge were carried 
out by Rhodin and Rovner (1961), Feakes and Torney (1963), Bryant et al. (1966). 
A calculation of the characteristics is proposed by Wutz (1969). 

Woods (1973) describes a miniature cold cathode magnetron gauge (18.5 mm 
height; 25 g weight) for the range 1 0 ~ 4 - 1 0 ~ 7 Torr. Chapman and Hobson (1983) 
describe a solar powered magnetron gauge. 

6.7.4. Gauges with radioactive sources 

Any process which causes ionization can, in principle, be used as a basis for 
an ionization gauge. X-rays, alpha particles, beta particles, and gamma rays are 
all ionizing agents. 

The Alphatron gauge utilizes a small source of alpha particles (e.g. a gold-
radium alloy). This type of gauge was developed by Downing and Mellen (1946), 
and an improved version is described by Vacca (1957). 

The Alphatron (fig. 6.38) consists of a source holder and two grid structures. 
The ionization current is found to be substantially a linear function of the pres
sure from 10~3 to 40 Torr. The lowest limit of these gauges is about I O - 5 Torr ; 
but their disadvantage is the necessity of shielding. 

The alpha source can be replaced by a beta source. Gauges using tritium chemi-

Fig. 6 .38 The Alphatron gauge (schematic) and its calibration curves for various gases (arbit
rary units). 1. Source and holder; 2. Grid; 3. Grid collector plate; 4. Housing (shielding); 

5. Insulators; 6. Power supply and control circuit. After Downing and Mellen (1946). 
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cally bound to titanium (yttrium or scandium) are also reported. These are opera
ting in the range 1 .0-10 - 5 Torr. Such gauges are described by Roehrig and Van-
derschmidt (1959), Blanc and Dagnac (1964), Rigby and Wright (1968), Berman 
(1975), Singleton and Yannopoulos (1975). 

6.8. Calibration of vacuum gauges 

6.8.1. General 

In the majority of cases vacuum gauges are used merely to determine the order 
of magnitude of the pressure within the system. There are occasions, however, 
when it is necessary to check the calibration provided by the manufacturer, or to 
have a more precise knowledge of the pressure. The most known methods of 
calibration are the McLeod gauge method, the expansion method, the flow method, 
and the pumpdown method. Calibration rules are defined in the International 
Standards, ISO (1974b, c, 1975, 1976). 

Calibration methods are reviewed by Leek (1964), Sellenger (1968), Steckel-
macher (1974), Peggs (1976) and Poulter (1977), Poulter et ai (1980a), Grosse 
and Messer (1981), Hirata (1982), Sutton and Poulter (1982), Warshawsky (1982), 
McCulloh (1983), Nash and Thompson (1983), Reich (1983), Tilford (1983), 
Berman (1985). Calibration in the ultra-high vacuum range is treated by Lange 
and Eriksen (1966), Davis (1968), Redhead et al. (1968), Fowler and Brock 
(1970), Weston (1979), Hua (1987). Uncertainties and accuracy of the calibration 
methods are discussed by Simons (1963), Simons and King (1967), Ruthberg 
(1972). Procedures for calibration of the controls of ionization gauges are 
indicated by the American Vacuum Soc. (1972a). 

6.8.2. McLeod gauge method 

Calibration may be effected against a McLeod gauge in the pressure range 
1 0 - 1 0 - 5 Torr. The use of this method is limited to gases which obey Boyle's law 
up to the maximum pressure to which it is compressed in the operation of the 
McLeod gauge. The usual practice is to use a glass or metal chamber (fig. 6.39) 
evacuated by a liquid nitrogen-trapped diffusion pump to which the McLeod 
gauge and the gauges to be calibrated are connected, each through a liquid-nitrogen-
cooled trap. A needle valve is provided so that any chosen gas can be admitted 
to the system at a controlled rate to vary the pressure. 

For calibrating thermal conductivity gauges in the range 1 — 10~3 Torr, a rather 
insensitive McLeod gauge is sufficient. For calibrating ionization gauges, the great
est McLeod gauge is required, and even so the calibration is possible only in the 
range 1 0 _ 3 — 10~6 Torr. The Moser and Poltz (1957) version of McLeod gauge 
(§6.3.5) may be used down to I O - 8 Torr. 
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When McLeod gauges are used for calibration the errors listed in §6.3.5 have to 
be evaluated and corrected. 

6.8.3. Expansion method 

A small known volume of gas at atmospheric (or similar) pressure is allowed 
to expand into an evacuated vessel of large known volume, and by applying Boyle's 
law the new pressure can be calculated accurately. The expansion process may be 
repeated to produce accurately known pressures between 10" 4 to 10~9 Torr, against 
which gauges can be calibrated. The chief source of error in this method is the 
outgassing of the walls of the vessel, which has to be minimized by thoroughly 
baking the system before use. 

The expansion method is discussed by Schuhmann (1962), Edmonds and Hobson 
(1965), Meinke and Reich (1966), Smetana and Carley (1966), Elliot et al (1967), 
Sar-el and Pellach (1976), Messer (1977), Berman (1979), Kendall (1983a), 
Berman and Fremerey (1987), Huang et ai (1987), Winkler (1987). 

6.8.4. Flow method 

This method is based on calculating the pressure difference Px—P2 across a 
known conductance C at a known (measured) throughput Q, by using eq. (3.26) 

Fig. 6 . 3 9 System for calibrating vacuum gauges against a McLeod gauge. 1. Diffusion pump; 
2 . Liquid nitrogen and water-cooled baffles; 3 . Liquid nitrogen trap; 4 . McLeod gauge; 5. 
Gauge to be calibrated; 6. Dry gas inlet. 

Fig. 6 . 4 0 Gauge calibration system. 1. Diffusion pump; 2. Baffle; 3. Gauge to be calibrated; 
4 . Calibrated orifice; 5. Gas reservoir. After Normand (1961). 

ρ = C(PX - p2) 

Fig. 6.39 F ig . 6.4Ô 
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The system used for this measurement (Normand, 1961) is shown schematically 
in fig. 6.40. The conductance is in the form of an orifice or a short tube, and the 
value of C is calculated from the dimensions (§3.3). The gas inlet is via a narrow 
bore tube from a large reservoir where the pressure is in the range measurable by 
a simple manometer. The throughput Q is calculated by measuring the rate of 
decrease in pressure of the reservoir. The gauge to be calibrated is used to indicate 
Pi. Providing the rate of gas flow is small the pressure Pt changes only slowly 
with time, so that during the time required for a pressure observation, P j may be 
considered constant. If Pi > P2, then Px = Q/C. The gauge may be calibrated 
over a range of pressures by varying Q or C. Choumoff and Bernardet (1970) 
propose a method of calibration using an adjustable (variable) conductance. 
Warshawsky (1972) measures the pressure difference across the conductance by 
using a microbalance method. 

The flow method is discussed by Hayward and Jepsen (1962), Florescu (1962), 
Owens (1965), Christian and Leek (1966), Meinke and Reich (1967), Calcatelli 
et al (1974a, b), Choumoff and Japteff (1974), Buckingham 0976) . Hoio et al 
(1977), Messer (1977), Laurent et al (1977), Poulter (1977, 1978), Weston (1979), 
Berman (1985), Sharma and Mohan (1988a). At pressures less than 1 0 ~ 7 Torr the 
throughput Q cannot be measured by simple flowmeters. A method used for this 
range consists in measuring the pressure difference P0 - Ρλ across a second 
conductance (capillary, orifice) C , then using the equation 

Q = C(P0 ~ Λ) = C{PX - P2) = SP2 

If C is chosen to be small (e.g. porous plug) P0 can be easily measured. Roehring 
and Simons (1962) describe this method using a cascade of differentially pumped 
stages connected by calibrated orifices. Close et al (1977) use a system consisting 
of 3 chambers, the first two connected by a porous plug, the others by orifices. 

6.8.5. Pumpdown method 

This method enables calibration to be made against a McLeod gauge but at 
pressures beyond its normal range. The equipment is similar with that shown in 
fig. 6.40, but with the addition of a fast closing valve in the pipe between the gas 
reservoir and the chamber. The pressure Px in the chamber is indicated by the 
gauge to be calibrated and also by a McLeod gauge (fig. 6.39). A steady pressure 
Pl as measured by the McLeod gauge is established and then the valve is closed. 
The pressure in the chamber falls exponentially (fig. 3.37) as the gas is pumped 
away through the conductance C, and the pressure Pt after a time t is given by 

Pt = Λ exp [(-SIV)t) = Px exp l(-C/V)t] (6.35) 

where V is the volume of the chamber, and C is the conductance. 
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The pumping speed S in the chamber is practically equal to the conductance C 
(eq. 3.28) if the conductance is very small compared to the pumping speed (5 p) 
of the pump. 

Thus the pressure in the chamber after a time t can be calculated, and compared 
with the reading of the gauge under calibration. 

The main precaution to be taken in this method is to ensure that the amount 
of gas from outgassing of the walls is small compared with that pumped from the 
closed vessel (see §3.7.3). 

A combination of the expansion and the pumpdown methods was also used 
for calibrating Bayard-Alpert gauges as presented by Huang et ai (1987). 

6.9. Partial pressure measurement 

6.9.1. General 

Besides the measurements of total low pressures, the importance of analyzing 
the residual gases in vacuum systems is increasing as the attainable lowest pressure 
decreases. The instruments measuring the partial pressure of the residual gases 
are basically ionization gauges in which the ions formed are resolved into a mass 
spectrum, the intensity of each component being measured separately. 

The mass spectrometer has proved a most useful instrument in the measurement 
of partial pressures below about 10~4 Torr, down to about I O - 15 Torr. There are 
several forms of the instrument but the general principle of operation is common: 
the gas molecules are firstly ionized, then accelerated and finally separated into 
groups according to their masses. 

The means of ionization are fairly standard, the gas molecules being bombarded 
by thermionically produced electrons. The acceleration is done by electric fields, 
while the separation is done by using magnetic deflection, resonance or time of 
flight techniques. 

The methods used for partial pressure measurement have been reviewed by 
Huber (1963), Van Atta (1965), Redhead et al. (1968), Blauth (1968a, b), Greaves 
(1970), Van Oostrom (1972), Ramananda (1975), Huber (1977), Hoffman et al. 
(1980), Weston (1980), Lichtman (1984), Leckey and Boeckmann (1988). The 
calibration of mass spectrometers in the ultra-high vacuum range is discussed by 
Poulter (1973). A standard procedure for calibrating mass spectrometer gas 
analyzers was published by the American Vacuum Soc. (1972b). Details on the 
interpretation of mass spectra are given by Souchet (1972). 

6.9.2. Magnetic deflection mass spectrometers 

The 180° deflection instrument was first described by Dempster (1918), the 
sector instruments begun from that designed by Nier (1940). 
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Fig . 6.41 Magnetic deflection mass spectrometers (schematic), (a) sector instrument; (b) 180° 
deflection instrument. 1. Fi lament; 2. Electron collector; 3. Focusing electrodes; 4 . Ion beam; 
5. Magnetic field (normal to plane of figure); 6. Ion collector; 7. Ionization chamber; 8. Ion 

collector; 9. Magnetic field. 

In the magnetic deflection mass spectrometer the process starts from the ioniza
tion chamber which is a small box in which positive ions are formed by electron 
impact as in the conventional ionization gauge. The positive ions formed are 
drawn out of the ionization chamber through a narrow slit by means of an electric 
field. The ions are deflected through 60— 180° (fig. 6.41) by a magnetic field normal 
to the direction of motion of the ions. For appropriate values of the applied 
voltage and magnetic field all ions of a given charge-to-mass ratio ze/m are re-
focussed at the point of the collector slit (fig. 6.41), through which they pass to 
impinge on the ion collector and be recorded. The kinetic energy of the ions issu
ing from the ion source is 

\mxL = \03zeV/c (6.36) 

where m - m a s s of the ion; ν -ve loc i ty of the ion (cm/see); e - electron charge 
(esu); ζ - n u m b e r of electronic charges carried by the ion; Κ-applied voltage 
(Volts); c - velocity of light (cm/sec). 
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The radius of curvature R (cm) of the orbit for an ion in a magnetic field is 

R = cmvjzeB (6.37) 

where Β is the magnetic flux density (Gauss). From eqs. (6.36) and (6.37), it results 

/ 2c \ 1 / 2 / mV \ 1 / 2 1 / 2 χ 3 χ 1010 \ 1 / 2 / mV \ 1 / 2 1 

* ' ( — 1 0 8 ) (—) ^=1Τ^ΠΟ^Γ,0Κ) (—) B = 
l mV V'2 1 

= 1.12 χ 10» ^—J • - (6.38) 
Since the mass of an atom of unit atomic weight is 1.66 χ 10~24 g, the mass of an 
atom of atomic weight M is m = 1.66 χ Ι Ο - 24 M, thus eq. (6.38) can be written 

R = (144/5) (MV/z)1^ (6.39) 

As an example, for a singly charged atomic oxygen ion (z = 1, M= 16), and V = 
1560 Volts, Z? = 3600 Gauss, R (M = 16) = 6.35 cm, so that if the instrument has a 
180° deflection (fig. 6.41b) the collector slit should be located 2R = 12.7 cm from 
the slit of the ion source. The radius of curvature of the orbit of an atomic hydro
gen ion ( z = l ; Λ/=1.008) will be RH=6.35 ( l / l 6 ) 1 / 2 = 1.59 cm, thus the collector 
slit for hydrogen should be located at 2/?H = 3.18 cm from the slit of the ion 
source. The accelerating voltage required to record the hydrogen ion at 2R = 6.35 

100 

Fig. 6 . 4 2 Mass spectrum. Mass numbers of main constituents: 2 - H 2, 1 7 - 1 8 - H 20 ; 2 8 - N 2 or CO; 
4 0 - A ; 4 4 - C 0 2 . 
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cm is KH = 1560 (16/1.008) = 24 700 V, which would be somewhat impractical. 
By providing one or two collector slits, and varying the voltage in a reasonable 

range the various parts of the mass ranges can be scanned. For each arrangement 
of collector slit, by imposing the accelerating voltage horizontally (on an oscillos
cope) and the ion current received through the collector slit vertically, a trace as 
shown in fig. 6.42 is obtained. Such a trace shows current peaks which are roughly 
proportional to the partial pressures of the gases of the various mass numbers. 
For details see e.g. Souchet (1972). 

It is obvious that the greatest resolution of ions is obtained by using a deflection 
of 180°. However this requires a relatively large system and a magnet of large-
pole-piece area since the field must be uniform over the whole ion path. More com
pact and lighter mass spectrometers with deflections of 120°, 90°, and 60° were 
built, but the resolution of these instruments is not so high. Mass spectrometers 
with 180° deflection were described by Craig and Harden (1966), McKraken 
(1969), with 90° by Davis and Vanderslice (1961), with 60° by Reynolds (1956), 
Davis W.D. (1962). 

The sensitivity of these instruments, when using a photomultiplier as the ion 
detector permits to measure partial pressures as low as I O - 13 Torr at room tempe
rature, and I O - 15 Torr by taking the multiplier down to liquid nitrogen tempera
tures. 

6.9.3. The trochoidal (or cycloidal) mass spectrometer 

In these instruments (fig. 6.43) the positive ions are acted upon by crossed static 
electric and magnetic fields. In this situation the path of the ions are trochoidal, the 

Fig . 6.43 Fig. 6.44 

Fig . 6 .43 Trochoidal mass spectrometer (schematic). 1. Ion source; 2. Collector; 3. Plates 
producing the electric field; 4 . Magnetic field (normal to figure). 
Fig . 6 . 44 Omegatron (principle). 1 Fi lament; 2. Electron collector; 3. R . F . plates; 4 . Ion 
col lector; Β - Magnetic field; Ε - Electric field. After Alpert and Buritz (1954). 
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distance b between entry and collector slit being given by 

b = .t 
InEM 

eB2 (metres) (6.40) 

where Ε is the electric field (V/m), Β the magnetic field (Wb/m2), e the ionic charge 
(C) and M the ion mass (kg). 

The instrument (fig. 6.43) has two fixed slits, and by adjusting the electric field, 
ions of a given value of M je which originate behind one slit can be caused to pass 
through the other and fall on a collector. The mass spectrum can be scanned by 
varying the electric field over wide limits, keeping Β constant. 

The trochoidal mass spectrometer was originally described by Bleakney and 
Hippie (1938). Trochoidal (cycloidal) mass spectrometers are discussed by 
Robinson and Hall (1956), Huber and Trendelenburg (1962), Lange (1965), Andrew 
(1967). 

6.9.4. The omegatron 

The omegatron, originally developed by Sommer, Thomas and Hippie (1951), 
and adapted for residual gas analysis by Alpert and Buritz (1954), is a mass spec
trometer using the principle of cyclotron resonance. The positive ions move 
perpendicular to a magnetic field and are accelerated along helical paths of ever 
increasing radii (Archimedes spiral) by a sinusoidally alternative electric field. 
This is somewhat similar to the cyclotron, where ions move in circular paths being 
accelerated with a sudden increase of radius twice per revolution. In the omega
tron (fig. 6.44) a narrow beam of electrons passes from the filament to the electron 
collector parallel to a magnetic field B. Above and below the beam are the two 
plates which provide the r.f. field. Ions formed along the central axis by electron 
impact are accelerated by this field. If the resonant frequency of the ions in the mag
netic field is the same as the field alternating frequency they will gain energy con
tinuously and so move with ever increasing radius, until they strike the collector. 
All ions not in resonance have no continuous build-up of energy and hence remain 
in the vicinity of the central axis. 

A singly charged ion moving in a direction perpendicular to a uniform magnetic 
field moves in a circular orbit of radius R according to eq. (6.37) with z = l. Thus 
the period of rotation is 

ξ = InRjv = InmclBe (sec) (6.41) 

so that the rotational frequency is 

eB 
2ncm = 1.53 χ 103 — (cycles/sec) (6.42) 
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since e = 4.8 χ Ι Ο - 10 esu, c = 3 χ ΙΟ10 cm/sec; and m = 1.66 χ Ι Ο - 24 Μ. 
It can be seen that the frequency of the motion remains constant (eq. 6.42) even 

if the kinetic energy, thus the radius increases (eq. 6.37). If in the plane of the 
motion there is superimposed an alternating electric field of strength Ε = 
Ε0 sin wt then provided | \ν — 2πφ | <^ 2πφ the particles follow approximately 
spiral paths with a radius given by 

The radius of the path thus passes through successive maxima and minima, 
except in the special case of "resonance" when w = 2πφ, when the radius increases 
indefinitely. Therefore the ions having an M so that the frequency given by eq. 
(6.42) is in resonance, with that of frequency w of the applied field, will reach the 
collector. Ions which are not in resonance, oscillate in radius (eq. 6.43) but 
never get to the ion collector. 

Commercial omegatrons are able to show a total pressure of max. 1 χ 10~5 

Torr, and detect partial pressures of the order of 1 0 ~ n Torr. Omegatrons are des
cribed and discussed by Klopfer and Schmidt (1960), Zdanuk et al. (1960), Com-
bley and Milner (1960), Lawson (1962), Petley and Morris (1968), Culton and 
Peacock (1970), Bijma and Drijfholt (1972), Gentsch et al. (1974), Winkel and 
Hemmerich (1987). 

6.9.5. The Far vi iron 

Linear high frequency spectrometers were described by Bennett (1950), Moddy 
(1957), Tretner (1960). The compact version, known as Farvitron, was described 
by Reich (1961). 

The Farvitron is a linear resonance mass spectrometer, with a cylindrical sym
metrical electrode system with a cathode Κ (fig. 6.45), an electron collector A and 
an ion collector S. Because of the geometry of the electrodes and the d.c. voltages 
applied, the axial potential distribution is approximately a parabola, that is 
φ — V—kx1, in which Κ is the voltage applied between the two end electrodes and 
the central ring electrode. An ion of charge-to-mass ratio e/m injected into such 
a field experiences an axial oscillation of frequency 

where L is the distance between the end electrodes at which the electrical potential 
φ=0. If an alternating potential of frequency φ is superimposed upon the d.c. 
potential, an ion of e/m satisfying the above frequency relation will resonate and 
gain sufficient energy to escape from the potential pocket. 

(6.43) 

φ = [4/(πΙ)] [(e/m)V]V* (6.44) 
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Fig. 6.45 Fig. 6.46 

Fig. 6 .45 Schematic diagram of the electrodes and potential distribution in the Farvitron. After 
Reich (1961). 
Fig. 6 . 4 6 Circuit of the Farvitron. 1. D-c supply; 2. R .F . generator; 3 . Wobbler; 4. Oscil
loscope; 5. Demodulator; 6. R . F . amplifier. After Reich (1961). 

In the Farvitron the ions are produced by accelerating a regulated current of 
electrons from a tungsten filament Κ (figs. 6.45, 6.46) axially into the electrode 
the end of which is a wire mesh. The electrons start from a cathode potential of 
—100 V (fig. 6.46), and will therefore penetrate the parabolic field to a depth of 
— 100 V, producing positive ions by collisions with any molecules present. These 
ions oscillate in the parabolic field, most of them not having sufficient energy to 
reach the cup-shaped electrode S. However, when an r.f. voltage is applied to the 
electrode on the left, ions of the ejm corresponding to the frequency (eq. 6.44) 
escape to the collector S. 

The Farvitron is a bakeable instrument; the sensitivity is apparently limited to 
partial pressures not less than about I O - 8 Torr. 

6.9.6. Quadrupole and monopole mass spectrometers 

The quadrupole mass spectrometer does not require a magnetic field, and in 
consequence is much less bulky than magnetic types. The instrument (fig. 6.47) 
consists of four cylindrical rods to which are applied a combination of d.c. and 
a.c. potentials. For a given applied frequency only ions of a particular value of 
ejm pass through the spectrometer to the collector (Paul et al, 1958). Ions of 
different ejm are collected by altering the a.c. frequency. The quadrupole is able 
to detect partial pressure of the order of I O - 12 Torr. 

The quadrupole mass filter was first described by Paul and Steinwendel (1953). 
Its quite sophisticated theory was analyzed by Paul et al. (1958), and summarized 
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by Greaves (1970). Quadrupole mass spectrometers have been discussed by Bul-
temann and Delgmann (1965), Swingler (1968), Schwarz and Tourtellotte (1969), 
Arnold (1970), Kluge (1974), Fultz and Carver (1975), Dawson (1976), Buckingham 
and Holme (1977), Huber (1976, 1977), Reid (1978), Huber and Rettinghaus 
(1979), Komiya et al. (1979), Rosenthal et al. (1987). 

A modification of this instrument is the monopole spectrometer. This consists 
of a single cylindrical rod and two plane electrodes, which act as reflectors giving 
three electrostatic images of the rod, thus completing the quadrupole arrangement 
as before. 

The monopole mass spectrometer was originally described by Von Zahn (1963), 
and it was discussed by Hudson and Waiters (1966), Dawson and Whetten (1969). 

6.9.7. Time-of-flight mass spectrometers 

The most straight forward time-of-flight spectrometer consists of a pulsed ion 
source and an ion collector at the opposite end of an evacuated tube. The ions 
are formed by electron bombardment and accelerated out of source towards 
the collector by either one, or a series of, electric fields. 

The short pulse of ions traverses the tube of length L\ the transit time / of ions 
of a particular mje value, with velocity ν is decided by 

t=L/v (6.45) 

H g . 6 .47 Quadrupole mass spectrometer (principle). 1. Filament: 2. Electron collector; 
3. Entrance aperture; 4. Quadrupole rods; 5. Ion collector. 
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If the potential difference through which the ions are accelerated initially is V, 
then 

v = (2Ve/m)1/2 (6.46) 

and 

t = [L/(2 V)1/2](m/e)l/2 (6.47) 

At the ion collector at the far end of the tube, ions will therefore arrive at times 
decided by m/e, the heavier ions requiring the longer times of travel. Thus each 
source pulse results in a mass spectrum which can be displayed on an oscilloscope. 

Time-of-flight instruments are usually able to detect partial pressures of the 
order of I O - 9 Torr. These instruments were described by Cameron and Eggers 
(1948), Kendall (1962), Wilson (1969). Calibration (under pulsed sensing) is discus
sed by Winterbottom (1973). 



CHAPTER 7 

High vacuum technology 

7 . 1 . Criteria for selection of materials 

7 . 1 . 1 . General 

For the construction of vacuum systems or vacuum devices it is conventional 
to use metals, glasses, ceramics and some rubbers and plastics. The materials 
that become part of the vacuum system, forming the enclosure (vessels, pipes) 
must have sufficient mechanical strength to withstand the pressure difference, 
must be impermeable enough to gases, must have low vapour pressures, and good 
resistance to special working conditions (e.g. temperature). 

Materials for vacuum technology are discussed in detail by Knoll (1959), Monch 
(1959), Kohl (1960, 1967), Rosebury (1965), Espe (1966/68), Weston (1975). 
Reviews of relevant properties of these materials are included in many of the 
books listed in §1.4.1. 

7.1.2. Mechanical strength 

Vacuum enclosures are made up from cylindrical, plane and hemispherical 
parts . All these parts tend to deform inward as a result of the difference between 
external (atmospheric) and internal (zero) pressures. 

Cylindrical parts tend to collapse easier if their length is greater than the criti
cal length Lc defined by 

Lc = LUD(D/h)1/2 

where D is the mean diameter and h the wall thickness (fig. 7.1). Table 7.1 lists 
the permissible values of D/h calculated for cylinders longer than the mentioned 

337 
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D 

Fig. 7 .1 Dimensions o f cylindrical, plane and hemispherical parts of vacuum enclosures. 

critical length Lc. These values are satisfactory also for shorter cylinders, but for 
such cases even larger values of D/t are satisfactory. Table 7.1 also lists the values 
of DJh, (fig. 7.1) for clamped circular plates, where a deflection δ at the center 
is permitted. For undamped circular end plates ϋ,ΙΗ, values are greater by a 
factor of approximately 1.2. The thickness h2 of hemispherical ends have to be 
at least that resulting from the ratios R/h2 (fig. 7.1) mentioned in Table 7.1. For 

Table 7 .1 . 
Permissible dimension ratios* for parts of vacuum systems (Roth, 1966). 

Material Cylinders End plates Hemisphe-
rical 

D/h Lq/D Djhi hj$ R/h2 

Copper at 20°C 84 10 52 15 600 
Copper at 500°C 58 8 . 5 — — . 
Nickel at 20°C 100 11 73 8 780 
Nickel at 500°C 90 10 .5 — , 
Aluminum 20°C 70 9 37 57 470 
Aluminum 500°C 62 8 . 7 — -

Stainless steel 20°C 105 11 .6 89 3 830 
Stainless steel 5Q0°C 89 10 .5 — 
Glass (hard) 20<>C 70 9 16 117 470 
Neoprene 20°C 2 . 5 1.7 10 0 . 2 30 
Teflon 20°C 12 3 . 8 14 9 
PVC (Tygon) 3 . 7 2 .1 — — . 
Perspex — — 30 — —. 
Mica — 58 15 

•Notat ions , see fig. 7 .1 . 
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more detailed information refer to Timoshenko (1936), Morrison (1952), Brownell 
and Young (1959), Steinherz (1963), Roth (1966), Vollbrecht (1974), Envelopes 
(1983). 

7.1.3. Permeability to gases 

The metallic, glass or rubber walls of vacuum vessels or pipes are more or less 
permeable (§ 4.2) to gases. The quantity of gas which permeates the walls can be 
really large as in the case of porous ceramics or castings or low as for the case 
of gas diffusion through "non po rous" walls. Porous, rough-textured, and loosely 
laminated materials are to be avoided. In the case of "non po rous" materials, 
their permeability to gases (figs. 3.45; 4.10-4.15) must be taken into account 
in the evaluation of the gas load. 

7.1.4. Vapour pressure and gas evolution 

The materials used in vacuum systems should have a low vapour pressure at 
the maximum working temperature. Vapour pressure data are summarized in 
§4.1.3. Some metals (Zn, Cd, Pb) have at 400-500°C vapour pressures exceeding 
the pressures required in high vacuum systems and therefore these metals (or 
their alloys) cannot be used. For ultra-high vacuum work (fig. 1.1) the choice 
of metals is only stainless steels, high nickel alloys and oxygen-free high con
ductivity (OFHC) copper. The gas evolution from the metal surface should be 
low. To meet this requirement previously degassed materials are recommended, 
and the outgassing rate should be decreased (fig. 3.44) by cleaning (§7.2) and 
baking. 

7.1.5. Working conditions 

The main influence of the working conditions on high vacuum systems is the 
temperature, in some vacuum systems such influences as chemical corrosion, 
radiation damage, magnetic field, and others may be very important in selecting 
the appropriate materials. 

The outgassing for high and ultra-high vacuum (figs. 3.44; 4.29-4.31) re
quires baking of the system to temperatures in the range of 400-500°C. Small 
bakeable vacuum systems can be constructed of glass, but any greased joint should 
be excluded. The metal bakeable systems are constructed using the various stain
less steels. 

7.1.6. Metal vessels and pipes 

Metals are extensively used as building materials for vacuum plants (pumps, 
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connexion pipes, valves or vacuum chambers). The metals and alloys used vary 
from brass and aluminum to stainless steel (table 7.2). The dimensions of the 
vessels vary from centimeters to kilometers, e.g. Karlsson and Siegbahn (1960), 
Neal (1965), Halliday and Trickett (1972), Fischer (1972), Lewin and Tenney 
(1974), Prevot (1974), Pustovoit (1974), Sledziewski et al. (1974), Bostic et al. 
(1975), Clausing et al. (1976), Cohen (1976), Aggus et al. (1977), Hartwig and 
Kouptsidis (1977c), Heiland (1977), Rees (1977), Trickett (1977, 1978), Ishimaru 
(1978), Bennet et al. (1978), Gomay (1979), Ishimaru and Horikoshi (1979), 
Clausing et al. (1980), Miller (1982), Reddan (1982), Ishimaru (1984). 

Table 7.2. 
Useful range of mater ials for vacuum vessels and pipes. 

Pressure (Torr) 
Mater ia l 

760-1 1 — io—3 1 0 ~ 3 - 1 0 - 5 10~5 —10~7 1 0 " 7 - 1 0 - 1 6 

I ron , steels good 

Cas t i ron, copper o r 
a luminum 

good 

Rolled copper or alloys good 

Nickel and alloys 

A l u m i n u m 

Glass , qua r t z 

Ceramics 

Mica 

Rubber s 

Plastics 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

good 

bad 

good 

only after 
degassing 

bad 

only after 
degassing 

good good 

only after degassing 

good good 
with degassing 

only with vi treous 
coat ing 

only after s t rong 
degassing 

only degassed bad 

only stain
less steels 

bad 

only O F H C 
copper 

good 

not recom
mended 

only thick-
walled 

only special 
types 

no t recom
mended 

bad 

only special types only Teflon, not recom-
Arald i te mended 
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As the chamber size increases, the weight of the chamber and the thickness of 
the wall increase rapidly (table 7.1). Above some critical size the baking of such 
a chamber becomes very difficult. A solution in such cases can be the double 
chamber. Here the outer chamber may remain cool and can be built from common 
metals (e.g. mild steel) with a wall thickness to withstand atmospheric pressure. 
The inner chamber (e.g. stainless steel) can be made quite thin since it supports 
practically no pressure difference, the space between the two chambers being 
evacuated by a separate pump to a "guard vacuum" level (see eq. 7.22). Double 
chambers have been described by Rivera and Le Riche (1960), Ehlers and Moll 
(1960), Kienel and Lorenz (1960b), Metcalfe and Trabert (1962). 

7.1.7. Glass vessels and pipes 

Glass is used as the envelope of many vacuum devices (lamps, electron tubes), 
as bell jars in small evaporation plants, as reaction vessels and connection pipes, 
and in the construction of some diffusion pumps and gauges. The vacuum range 
covered by glass is quite large (table 7.2). 

Glass is a noncrystalline material that has no regular internal structure. It is 
rigid at ordinary temperatures and almost fluid at higher temperatures. It has 
no definite freezing point but becomes solid because its viscosity increases prog
ressively to very large values. 

Glass is a fragile material, and for this reason its main mechanical characteris
tics have to be listed according to the factors generally leading to its breaking: 
mechanical stresses (tension, bending, impact), thermal stresses and composition 
changes (weathering, devitrification). 

Glass fractures only as a result of tensile stresses and not due to shear or comp
ression. The useful strength of glass is but a small fraction of its intrinsic strength 
because of imperfections (small cracks) usually existing on its surface. The useful 
tensile stress of glass is about 0.7 Kg/mm 2. 

When glass is suddenly cooled, tensile stresses are introduced in the cooled sur
faces, and a compensating compression stress in the mass of the glass. Sudden 
heating leads to surface compression and internal tension. Since glass fails only 
in tension of the surface, sudden cooling is much more dangerous than sudden 
heating. 

If the glass is exposed to steady temperature differences between the two faces, 
thermal gradients are developed through the glass. These are even more dangerous 
to the integrity of the glass than sudden cooling. 

The weathering and devitrification are discussed in §7.2.2; for the thermal pro
perties of glasses see §7.3.2. Glass, its properties and technology are treated by 
Springer (1950), Stanworth (1950), Morey ( 1954), Jones (1956), Marx (1957), Shand 
(1958), Monch (1959), Colnot and Gallet (1962), Kohl (1960, 1967), Espe (1966/68), 
Roth (1966), Jones (1972). 
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Machinable glass-ceramics are discussed by Mog (1976), Grossman (1978), 
Altemose and Kacyon (1979). 

7.1.8. Elastomer and plastic pipes 

Elastomers and plastics are used in vacuum technology as pipes and gaskets. 
The elastomers used are classified in table 7.3. 

The field where elastomer and plastic pipes can be used is limited (table 7.2) 
to backing lines (fig. 3.35) because of the gas evolution of these materials (figs. 
4.30; 3.44). The use of rubbers is also limited by their narrow temperature range, 

Table 7.3. 
Classification of elastomers. 

Properties* 

Group N a m e Chemical comp. Electr F lame Imper Heat Cold 
meabi

resistance lity resistance 

Non-o i l Natural rubber Isoprene G P F F G 
resistant S.B.R. Buna S Styrene/butadiene G P F F G 

Butyl I.I.R. Isoprene/isobutylene G P E G F 
Polybutadyene Butadiene G P F F G 

Oil and Thiokol Organic polysulfide F P E G F 
Petroleum Nitrile, Phil- Acrylonitrile/buta-
resistant prene, Hycar, diene 

B u n a N , 
Perbunan P P E G F 
Polyurethane Diisocyanate/polyes-

ter of polyether F F G G G 
Neoprene Chloroprene F G G G F 
Hypalon Chlorosulfonated 

polyethylene G G — G P 

Heat Silicone, Silastic Polysiloxane E F F E E 
resistant Fluocarbon Vinylidene fluoride/ 

Viton hexafluoropropylene E G — E F 
Kalrez** Perfluoroelastomer E G — E F 

*In comparison with the other elastomers: E=exce l l ent , G = g o o d , F = f a i r , P=-poor. 
** du Pont - ECD/006 . 
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which extends to + 8 0 ° C and - 4 0 ° C . At higher temperatures, or after long 
time rubbers present "ageing" effects in the form of hardening. At low tempe
ratures rubbers become brittle. Silicone rubbers have a wider temperature range 
extending up to 180°C and for shorter heating periods even up to 250°C. 

Because of their mechanical properties the wall thickness of elastomer pipes 
must be relatively large (table 7.1) to prevent collapsing. Thinner walled elastomer 
pipes can be prevented from collapsing by a helical wire spring inserted in the 
pipe, which reduces the unsupported length of the pipe to the spacing between 
turns. 

The plastics used in vacuum technology are listed in table 7.4. Acrylics have a 
relatively high outgassing rate and are not recommended for high vacuum, except 
for low temperatures or windows of small surface areas. Fluocarbons are suitable 
for use at operating temperatures ranging from — 100°C to +300°C. and have a 

Table 7.4. 
Plastics used in vacuum technique. 

Group Chemical 
composit ion 

C o m m o n trade 
names 

Remarks 

Acrylics Polymethyl 
metacrilate 

Lucite, Perspex, 
Plexiglas 

Transparent, but high vapour 
pressure. 

Fluocarbons Polytetra-
fluorethylene 
Polytrifluor-
chlorethylene 

P .T.F.E. , 
Teflon, Fluon 
P .T.F .C.E. , 
Ke l -F , 
Hostaflon 

Inert, heat and cold resistant, 
low vapour pressure. 

Polyethylene — Polythene, 
Alkathene, 
Hostalen 

Chemical resistant 

Polystyrene — Styron, Lustrex, 
Polystyrol, 
Styrofoam 

Radiation and cold resistant 

P.V.C. Polyvinyl chloride 
and acetate-chloride 
vinyl copolymer 

Tygon, 
Vinylite, 
Astralon 

Vinylidene 
chloride 

Sa ran 
Velon 
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relatively low outgassing rate, thus they can be used in high vacuum systems. 
Polyethylene has outgassing rates near to that of fluocarbons, but can be heated 
just up to 80-100°C. Polystyrene has a low outgassing rate but is tough and 
brittle, and is not suitable for construction of large parts. Polyvinyl chloride is used 
as transparent tubing in the backing line of high vacuum systems, where its 
outgassing rate is tolerable. Vinylidene chlorine is satisfactory for vacuum of the 
range 1 0 - 4 Torr. 

For details on elastomers and plastics see e.g. Payne and Scott (1960), Simonds 
(1959/61), Espe (1966/68), Young J. F. (1966), Kraus and Zollinger (1974), Za-
bielski and Blaszuk (1976), Chernatony (1977a, b), Edwards et al. (1977). 

Vacuum chambers of composite materials reinforced by carbon fibers are 
described by Engelmann et al. (1987). 

7.2. Cleaning techniques 

7.2.1. Cleaning of metals 

Cleaning generally means the removal of undesirable materials lying on the 
surface. In vacuum technology, the cleaning must be regarded not only as the re
moval of the visible dirt from the surfaces, but including the subsequent removal 
of all the contaminants physically stuck on the surface (oil, grease, dust) or re
sulting from a chemical reaction (oxides, sulphides). The degree of cleanliness 
must be higher, for higher vacuum. 

The oxides and other similar surface layers can be removed by mechanical and/ 
or chemical methods, as abrasive blasting, wire brushing or pickling and etching. 

The cleaning of oils and greases depends on their nature, i.e. if they are soap-
forming or not. The soap-forming oils and greases are those of animal or vege
table origin; the mineral oils do not form soaps. The soap-forming oils and greases 
can be removed by transforming them by hydrolysis in fatty acids and by reacting 
these acids with alkaline solutions to obtain water soluble soaps. The mineral oils 
can be removed by dissolving them in organic solvents, (Sheflan and Jacobs, 
1953) and, in particular cases only, they can be washed with alkaline solutions 
containing detergents. Since the nature of the contaminants is usually unknown, 
a reliable cleaning must consist of two successive steps: (a) the degreasing with 
organic solvents, followed by (b) an alkaline degreasing (Doré, 1962). 

The sequence of the cleaning operations begins generally with mechanical 
cleaning, followed by pickling, detergent cleaning and degreasing (Janecke, 1958; 
Espe, 1966/68). As a supplementary stage, very advanced cleaning uses ion bom
bardment (§4.5.2). 

The mechanical cleaning methods are not specific for vacuum technology. For 
the purpose of cleaning from scale, rust, etc., abrasive blasting, or wire brushing 
is usually utilized. 
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Table 7.5. 
Pickling solutions. 

Metal 
(Alloy) 

Pickling solution Remarks 

Aluminum N a O H (10 % sol.) saturated with N a C l (if black
ening appears, A l has C u ; in this case subsequent 
pickling in H N 0 3 (20-30%) required; good washing) 

N i C l 2 ( 2 5 % sol.) diluted 5 : 1 with H C l (1.16) 
Electrolytic etching in sol. of 100 g H 3 B 0 3 in 1000 ml 
dist. water plus 0.5 g N a 2 B 4 0 7 

Electrolytic etching in 5 - 1 0 % sol. of chromic acid 

Beryllium 

Constantan 
(CuNi55/45) 

Copper 

N a O H (or K O H ) 50-100 g/1000 ml. dist. water at 20<>C, 
electrolytic etching 

H 2 S 0 4 ( 1 0 % sol.) 50 -60°C 

250 ml. HN03 (1.40) with 600 ml. H 2 S 0 4 (1.83) and 
20 ml. HCl (1.16) in 130 ml. dist. water 
500 ml. HNO3 (65%) with 500 ml. H 2 S 0 4 (cone.) and 
10 ml. HCl (37%) and 5 g carbon black 

1000 ml. HNO3 w i th 1 0 00 m l
-

 H
2

S
° 4

 a nd 15
 S

 N a Cl 

and 20 g carbon black. T o be diluted 1 : 1 with dist. 
water 24 hr before use 
10% F e 2 ( S 0 4 ) 3 in citric acid ( 0 . 1 - 1 . 0 % ) or in acetic 
acid ( 0 . 3 - 0 . 5 % ) 
HCl dil. immersion for 5 min followed by immersion 
in sol. of 100 g C r 2 0 3 , 7 ml. H 2 S 0 4 (cone.) in 1000 ml. 
dist. water 
Sol. (1) : 40 ml. H 3 P 0 4 , 15 ml. H N 0 3 , 1.5 ml. HCl , 
20 g Ν Η 4 Ν 0 3 , 45 ml. dist. water. Immersion for 3 - 4 
min. After rinsing immersion in Sol (2); 65 ml. gla
cial acetic acid, 30 ml. H 3P 0 4( 1 . 7 5 ) , 5 ml. H N 0 3 (1 .42) . 
Immersion about 1 min until gas evolves evenly all 
over 

Invar Cathodic etching in 1 vol. HCl (37 %) with 1 vol. H 2 S 0 4 

( F e N i 64/36) (96%) and 1 vol . H N 0 3 (70%) in 1 vol. dist. water. 
26 m A / c m

2
. Carbon anode 

At 80°C, 15-50 
sec. Subsequent 
immersion in H C l 
(10%) for shining 
surface. 

50 -100 V , u p t o 
600 V 
3-15 m A / c m

2
, 

2 0 - 4 0 V about 
30 min. 

2 .5-7 A / d m
2 

Bright dip 

Immersion (2-3 
sec) immediate 
rinsing 
Immersion (1-5 
sec) 

Bright dip 

1 Sol 
Sol. 2 
temp. 
Bright dip 

at 350C 
at room 

(contd.) 
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Table 7.5. (contd.) 
Pickling solut ions . 

Metal 
(Al loy) 

Pickling solution Remarks 

Iron 5 0 % sol. of HCl or 5 - 1 5 % sol. of H 2 S 0 4 . Recommen
ded to add hydrogen evolution inhibitor (e.g. Ferro-
cleanol. 

Iron- 500 g C r 2 0 3 with 5 ml. H 2 S 0 4 filled up with dist. water 
Chromium to 1000 ml. 

Anodic etching in 335 ml. acetic acid with 240 ml. 
perchloric acid ( H C 1 0 4) in 100 ml. dist. water. 6 V, 
Cathode of graphite 

Stainless steel 1-3 % H N 0 3 (cone) with 25 % HCl (1 .16) in dist. water. 
(FeNiCr) Temp. 65<> C 

7 % H 2 S 0 2 (1 .83 ) with 3 % HCl (1 .16) in dist. water. 
Temp. 65°C 
30 pbw F e 2 ( S 0 4 ) 3 with 16 pbw H F (48-52%) in 380 
pbw dist. water. Temp. 70°C 
27 pbw HCl (1 .16) with 23 pbw H 2 S 0 4 (1 .83) in 50 pbw 
dist. water. Immersion 60 min at 45°C, followed by 
immersion for 20 min in a sol. of 11 pbw H 2 S 0 4 (1 .83) , 
13 pbw HCl (1 .16) , 1 pbw N 0 3 H (1 .40) in 75 pbw dist. 
water, at 60°C. 

8 -10 min 

Bright dip 

Kovar 1 pbw H N 0 3 (65%) with 1 pbw acetic acid (50%) About 50 sec 
(FeNiCo) 75 g ( N H 4 ) 2 S 0 4 in 100 ml. H 2 S 0 4 (20%) at 50 -100°C 3-5 min 

1 vol . HCl (10%) with 1 vol. H N 0 3 (10%) at 70°C. 2 -5 min 
Stirring required 
Electrolytic etching: 1 % NaCl in HCl (10-15%) a.c. 
10-12 V, 1 .6 A / c m

2
. Electrode graphite or Kovar 

Molybdenum H F (40%) or HCl (5 -8%) 
2000 ml. H 2 S 0 4 with 37.5 g C r 0 3 , 100 ml. H F , 10 ml. 10 sec 
H N 0 3 (cone) at 90°C 
10 g N a O H in 750 ml. dist. water with 250 ml. H 2 0 2 

(30-35%) a t 4 0 o c 2 -5 min 
Electrolytic etching in 2 0 % K O H sol. d.c. 7.5 V. Car
bon electrode 

(contd.) 
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Table 7 . 5 (contd.) 
Pickling so lu t ions . 

347 

Metal 
(Al loy) 

Pickling so lut ion Remarks 

Nickel HN03 sol . 1 0 % , at 7 0 ° C 
150 ml . H 2 S 0 4 ( 1 . 8 3 ) , 225 ml . HN03 ( 1 . 3 ) , 3 g N a C l 
in 100 ml. dist. water, at 20-40<>C 
Electrolytic etching in sol . of 130 ml. H 2 S 0 4 , 2 5 g N i S 0 4 

in 200 ml. dist. water 6 -12 V , nickel electrode 
Acetic acid sol. 1 0 % 

1-2 min 
5 -20 sec 

Tantalum H o t H F 
Anodic etching in 7 5 - 9 8 % H 2 S 0 4 (or HCl) with 2 - 7 % 
H F , in dist. water. 4 0 - 1 6 0 m A / c m

2 

1-2 sec 

Tungsten 50 ml. HNO3 with 30 ml. H 2 S 0 4 in 20 ml. dist. water 
Boiling H 2 0 2 ( 3 % sol.) 
Anodic etching in 250 g K O H and 0 . 2 5 g C u S 0 4 in 
1000 ml. dist. water 

Pickling is the chemical removal of oxides and other surface layers, leaving the 
cleaned part with a metallic appearance with a smooth or rough finish, depending 
on the concentration of the solution and the pickling time. Pickling solutions to 
be used for various metals are listed in table 7.5. After pickling the part should 
be always thoroughly rinsed and subsequently neutralized in an alkaline bath, 
and dried with hot (oil-free) air (Bolz, 1958; Turnbull et ai, 1962; Roth, 1966; 
Espe, 1966/68; Sowell et ai, 1974; Mathewson et ai, 1977; Brand and Kaan, 
1980). 

Electrolytic etching and polishing is the anodic (or cathodic) treatment of metal 
surfaces (table 7.6) in appropriate etching solutions (Steyskal, 1955; Angerer and 
Ebert 1959; Young J.F., 1966; Roth, 1966; Espe 1966/68). 

Alkaline detergent cleaning is performed either by immersion or as an electro-
cleaning process. The immersion cleaning is used usually with hot (60-85°C) 
solutions. For ferrous metals and difficult cleaning operations stronger cleaners, 
containing sodium hydroxide (silicates or phosphates), soaps and wetting agents 
are used, in concentrations of 10-40 g of each component per liter of solution. 
Nonferrous metals, and especially aluminum, are cleaned with inhibited alkaline 
cleaning solutions, i.e. sodium silicates, phosphates, carbonates with soap or 
synthetic organic detergents, at a concentration of 15-45 g//. Electrocleaning 
in alkaline solutions can be used with the metal to be cleaned as the cathode or 
as the anode, the tank being the second electrode. With anodic cleaning, oxygen 
is liberated on the surface of the metal being cleaned, and the process requires 
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Table 7.6. 
Electrolytic polishing. 

Metal 
(Alloy) 

Bath composit ion 
(ml.) 

Voltage 
(V) 

Current 
density 

( m A / c m
2
) 

T e m p 
( ° Q 

T i m e 
(min) 

Aluminum 4 0 ml. H 2 S 0 4 , 40 ml. phos
phoric acid 20 ml. dist. water 
165 ml. perchloric acid, 785 ml. 
acetic acid. 50 ml. dist. water 
45 ml. perchloric acid, 800 ml. 
ethanol, 155 ml . dist. water 

10-18 

50-100 

100-200 

720 

30-50 
2 0 0 0 -
4000 

95 

< 5 0 

< 3 5 

5 

15 

30 

Beryllium 100 ml. orthophosphoric acid, 
30 ml. H 2 S 0 4 , 30 ml. glyceryne, 
30 ml. ethanol 

— 
2000 
4000 — — 

Copper 670 orthophosphoric acid, 
100 ml. H 2 S 0 4 , 270 ml. dist. 
water 
7 g C r 0 3 , 22 g sodium dichro-
mate, 7 ml. acetic acid, 6 ml. 
H 2 S 0 4 , 58 ml. dist. water 

2 - 2 . 2 

20 -60 

100 22 — 

Iron 530 ml. orthophosphoric acid, 
470 ml. dist. water 0 . 5 - 0 . 2 6 20 10 

Molybdenum 35 ml. H 2 S 0 4 , 140 ml. dist. 
water 12 50 

M o n e l 200 ml. H N 0 3 , 400 ml . me
thanol 2 . 4 - 2 . 6 125-150 20 -30 10 

Nickel 60 ml . orthophosphoric acid, 
20 H 2 S 0 4 2 dist. water 
210 ml. perchloric acid, 790 ml. 
acetic acid 

10-18 

22 

900 

180 

60 

20 

5 

Carbon steel 50 ml . H 2 S 0 4 , 40 ml. glycerol, 
2 ml. HCl 8 ml. dist. water 
185 ml. perchloric acid, 765 ml. 
acetic acid, 50 ml. dist. water 

10-18 

50 

50 

40 -70 

10 

< 3 0 

60 

5-10 

Stainless steel 50 ml. H 2 S 0 4 , 40 ml. glycerol, 
10 ml. dist. water 
133 ml. glacial acetic acid, 25 g 
C r O v 7 ml. dist. water 

10-18 

20 

300-1000 

900-2500 

30-90 

18 

3 - 9 

4 - 6 

Tantalum 90 ml . H 2 S 0 4 (cone), 10 ml. H F — 100 34-45 9 

Tungsten 100 g N a O H , 900 ml. dist. water — 30-60 20 20 -30 
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6-12 V d.c. at 50-100 mA/cm 2. With cathodic cleaning hydrogen is liberated 
on the cleaned surface, and the process requires 6-12 V d.c. for a maximum of 
50 mA/cm 2. For steels the anodic cleaning is recommended but, for nonferrous 
alloys the cathodic should be used. A recommended solution for electrocleaning 
consists of : 1 parts by weight caustic soda, 1 pbw trisodium phosphate and 1 pbw 
soda ash, in water. 

Solvent cleaning is done by using the solvent in a liquid or in a vapour state. 
Liquid cleaning can use benzene, xylene (if the necessary safety precautions 
are provided) or inflammable solvents (dichlorethylene C 2 C 1 2 H 2 , carbon tetra
chloride CCI4 , trichlorethylene C 2C 1 3H , perchlorethylene C 2C I 4) . 

Vapour degreasing is much more effective than liquid solvent cleaning. The 
solvent is heated to boiling, the parts to be cleaned are hung in the chamber in 
the hot vapour, which condenses on the metal surfaces, dissolves the oil and 
grease, and flows back to the solvent container. 

Stowers (1978) describes an advanced cleaning method using high-pressure 
liquid (solvent) spraying. 

Grunze et al. (1988) discuss cleaning methods for metals (Fe, Ni, Cu, Ag, 
stainless steel) in vacuum by exposure to reactive gases ( 0 2 , NO, H 2 , N H 3 ) . 

7.2.2. Cleaning of glass 

In order to obtain inside surfaces sufficiently clean for vacuum purposes, the 
glass or quartz vessels, pipes or other parts should be thoroughly cleaned, even 
if the glass is perfectly transparent. More careful cleaning is necessary if the glass 
has a rough appearance. 

The glass may have this rough appearance due to weathering or to devitrifica
tion. Weathering is a result of the influence of the atmospheric vapours, and 
consists of the hydrolysis of the alkali silicates, forming alkali hydroxides and 
colloidal silicic acid. The alkali hydroxides react with the carbon dioxide from 
the air, forming a film of alkali carbonates, with separation of silica. To cause 
minimum weathering the glass is best stored unwrapped or packed in plastics. 
When the weathering is not too advanced the matt surface can be cleaned by acid 
washing. The devitrification is a result of recrystallization. Due to this process the 
glass loses its transparency and becomes brittle. To avoid devitrification glasses 
must not be cooled too slowly. The appearance of the devitrified glass cannot be 
changed by cleaning its surface. 

Glass vessels and pipes (new or weathered) can be washed by immersing them 
in hydrochloric acid solution (1-5%) for 3-10 sec, followed by a subsequent 
rinsing in water (40-50°C) and drying. Tap water if quickly dried leaves salts 
on the surfaces. To remove these salts a second rinsing in distilled (or demineralized) 
water is recommended before drying. For the washing of soda-lime glasses 
an acetic acid solution (3-5%) is recommended instead of hydrochloric 
acid. 
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Chromic acid is satisfactory for cleaning glass (subsequent to a washing in water) 
provided that care is taken to make sure that the glass is free of mercury. If mercury 
is present a residue is precipitated which is difficult to remove. The usual cleaning 
solution known as chromic acid contains about 50 ml of saturated aqueous sodium 
dichromate in a litre of concentrated sulphuric acid. The chromic acid solution 
should be used only if it has its brown colour. If the colour is changed the solution 
is decomposed. 

A solution which is much more effective than the chromic acid solution consists 
of 5 % H F with 3 3 % H N 0 3 in 60% water. The solution should be used cold. 

Weathered glass can be washed with H F solution (40% in volumes) by an 
immersion of 1-5 min. The glass is superficially attacked by this solution, but it 
remains smooth. A subsequent washing with (distilled) water, and neutralizing 
in NaOH solution is absolutely necessary. The final washing is made in distilled 
water (40°C) and alcohol. 

Organic solvents are adequate to remove greases from the inner surfaces of glass 
parts. Silicone grease can be washed from glass surfaces by using dichlorethlene 
or kerosene with subsequent washing with a solution of 10 g NaOH and 5 g borax 
in 100 ml distilled water or a solution of 10-Γ5 ml K O H (50%) in 100 ml ethyl 
alcohol (maximum immersion 10 min). 

The drying of washed glass parts can be done by hot air (free of oil). Acetone 
or alcohol may also be useful for drying glass parts. In order to obtain extremely 
clean surfaces for vacuum coating ion bombardment (discharge) cleaning (§4.5.2) 
is used. 

Cleaning techniques are discussed by Strong (1938), Angerer and Ebert (1959), 
Roth (1966), Espe (1966/68), Stowers (1978). 

Quartz parts have to be cleaned (before heating) with alcohol. Any material 
(alkaline, sweat) left on the surface of quartz causes at high temperatures its re
version to the crystalline state, which show up as permanent marks on the surface. 

7.2.3. Cleaning of ceramics 

Suitable cleaning of ceramic parts is obtained by firing the ceramic parts in 
air at 800-1000°C. Alternatively an alkaline cleaning solution can be used, 
followed by immersion in dilute nitric acid (2-5 min.). Chromic acid or other 
glass cleaning solutions are also satisfactory. 

7.2.4. Cleaning of rubber 

Rubbers evolve a great amount of gases (figs. 4.30; 3.44), especially when they 
are new and untreated. In order to obtain lower outgassing rates the rubber must 
be cleaned with a solution of KOH (20%) at 70°C with subsequent washing with 
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distilled water and drying with clean air, and/or degassing in vacuum at 70°C 
for 4-5 hours (Angerer and Ebert, 1959). 

Rubbers that are to be used in contact with mercury must be treated for at 
least one hour with N a O H (20%) solution at 70°C. After this treatment, the 
mercury will remain uncontaminated in contact with rubber. 

7.2.5. Baking 

The most efficient method of reducing the outgassing rates of the parts of vacuum 
systems is their baking. The useful range of baking temperatures is 400-500°C 
(for metal or glass systems), and the efficiency is much reduced if only 15O-20O°C 
is used (see fig. 3.44). 

Baking techniques are discussed by Espe (1966/68), Beijerinck and Verster (1973), 
Fischer (1974, 1977), Calder et al. (1977), Rees (1977), Blechschmidt (1978), Dean 
et al. (1978), Kubiak et al. (1983). 

7.3. Sealing techniques 

7.3.1. General, classifications 

A vacuum system or even a vacuum chamber cannot be constructed as a single 
unit. One must use various components of various shapes and different materials 
and provide for the possibility to change the parts or to open and close the cham
bers. These various parts are joined together using various seals, which afford 
joining the parts but prevent leakage through the joint. A detailed treatment of 
sealing methods was published by Roth (1966). 

A common requirement and permanent problem of all the vacuum seals is their 
leak tightness. Any vacuum seal must be leak tight but must not necessarily be 
hermetic. A hermetic seal is designed to permit no detectable leak through it (on 
a sensitive leak detector such as a helium mass spectrometer), (see §7.4.5), while 
a leak tight seal is just free of leaks according to a given specification. 

Besides their function to prevent gas penetration, some vacuum seals must 
be capable of allowing the transmission of an electric current or of motion, the trans
fer of material or the passage of radiation into or from the system. 

The classification of seal used in vacuum technology can be based on the purpose 
of the seal, the requirements, the materials or the construction techniques used 
(Roth, 1966). The selection of the appropriate seal is discussed by Peacock (1980). 

For the present short description we divide the seals in: permanent seals (welded 
and brazed metal joints, glass-to-glass, glass-to-metal, and ceramic-to-metal 
seals); demountable seals (wax and resins, ground, liquid and gasket seals); electri-
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cal lead-throughs; seals for motion transmission', seals for transfer of materials 
(cut-offs, valves, vacuum locks). 

7.3.2. Permanent seals 

Metal parts are joined permanently by welding or by brazing. Glass-to-glass 
is joined permanently by fusion; glass-to-metal, and ceramic-to-metal seals are 
constructed by using specific techniques. 

Welded seals. Welding is the generic term to describe metal joining processes 
based on localized melting of the metal produced as a result of temperature and/or 
pressure (fig. 7.2). For detailed discussions of welding methods we refer to Jefferson 
(1955), Laughner and Hargan (1956), Espe (1966/68), Roth (1966), Young J .F. 
(1966), Sullivan (1966), Hartwig and Kouptsidis (1977b). 

The non-pressure welding processes include the the techniques of metal joining 
the application of heat without the use of pressure. In these processes a mixture 
of molten metal is formed as a result of the local melting of the surfaces or edges. 
This liquid metal mixture (to which eventually a filler metal is also added) bridges 
the gap between the components to be welded to each other. After the source 
of welding heat has been removed, this liquid solidifies, thus "welding" the parts 
together. The sources of heat used are: the flame (gas welding), the electric arc 
or the electron beam. 

W e I d ι η g 

N o n - p r e s s u r e 
p r o c e s s 

P r e s s u r e p r o c e s s 

1 G • s 

A r c E l e c t r o n b e a m 

S p o t 

R e s i s t a n c e ! C o l d 

F l a s h U p s e t F r i c t i o n 
A r g o n a r c 

( h e h a r c ) 

Fig. 7.2 Welding methods for vacuum sealing. 
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The pressure welding processes are techniques for joining metals using pressure 
with or without heating the components. The resistance welding heats the parts, 
but in some cases cold welding is possible. 

In gas (torch) welding using acetylene or hydrogen flames the torch can be 
adjusted to produce a reducing, neutral or oxidizing flame. Neutral (or slightly 
reducing) flames are preferred in vacuum sealing. The use of a reducing flame 
can be the cause of porous welds due to the occlusion of hydrogen in the weld, 
a fact especially evident when copper is welded. The use of oxidizing flames affects 
the strength of the weld introducing an oxide layer between the parts. The neces
sity to use fluxes (high outgassing rate) limits the use of torch welding for vacuum 
sealing only to joints in very heavy copper or iron vessels. 

Arc welding is based on the heat obtained from an electric arc formed between 
the work and an electrode or between two electrodes. From the many commercial 
arc welding systems those used for vacuum sealing are: the atomic hydrogen 
(arcatom) process, the carbon arc, the aircomatic and the argon arc (heliarc) 
process. 

In the arcatom process the heat is obtained from the a.c. arc (60-100 V; 20-62 
A) between two tungsten electrodes surrounded by hydrogen. The molecular hvdro-
gen supplied through the electrode holder is dissociated in the arc to atomic hydro
gen and recombines on contact with the cooler metal, producing temperatures 
up to 4000°C. The welds are homogeneous and clean. This method is suitable 
for iron, mild steels, aluminum and chromium, but is unsuitable for nickel and 
copper alloys. The hydrogen is soluble in molten nickel (stainless steels) and it 
escapes when the metal is setting, producing cracks and pores. Copper and copper 
alloys become brittle due to the hydrogen. 

The carbon arc welding process uses a d.c. straight polarity arc (1-10 A ; 100 V) 
between the carbon electrode and the work or between two carbon electrodes. 
The process may be used to weld iron, nickel, aluminum or copper. 

The aircomatic welding uses a d.c. current with consumable electrodes and a 
shielding of hydrogen or argon. The process can be used for aluminum and stain
less steel. 

In the inert gas arc welding (argonarc, heliarc) d.c. or a.c. is used between the 
work and a tungsten electrode. The arc works in a shielded atmosphere of argon 
or helium. Aluminum and its alloys are usually welded with a.c. (100 V; 250-
300 A), while d.c. (45-75 V; 15-200 A) is used for steels, stainless steels, nickel, 
copper, silver and titanium. Inert gas arc welding is the most commonly used welding 
procedure for vacuum sealing for high and ultra-high vacuum. 

The electron beam welding process is carried out in a vacuum chamber (5 χ 10" 5 

Torr) within which a stream of electrons is accelerated through a high potential 
and focused on the work piece. Very accurate and clean welds are obtained. Elec
tron beam welding can be used for stainless steel, aluminum alloys, tungsten, 
molybdenum, titanium and tantalum. 
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T a b l e 7.7-
Weldabi l i ty of meta l s and alloys ( R o t h , 1966). 
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Table 7.7. (contd. ) 

355 

Fe Cu CrNi CrFe Cr C o Brass Be Au AI Ag 

R* 

C 
E(3) 

T , P 

C,H 
A , C , H 
M.R^ 

R , — 

R2 
C,H 
T , R i 

C C 
R

2
 R

3 

H(2),T 
P(5) ,R 3 

A , H 0) 

T—torch weld. A—arcatom. C—carbonarc. H —heli (argon) arc. M—aircomatic . E—electron 
beam. P—cold weld. R—resistance weld. 1 very easy. 2 good . 3 difficult. 

(1) After cleaning with phosphoric acid 
(2) Only O F H C copper 
(3) Limitation for large parts 
(4) U s e electrodes of CrNi-steel (18 Cr, 8 Ni ) 
(5) Vacuum-tight for many cycles up to 4 8 0 ° C 
(6) N o t recommended for vacuum sealing 
(7) Danger of leakage (cracks) 
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α) b) 

Fig. 7 .3 Resistance welding, (a) spot weld; (b) 

c ) d) 

roll spot weld; (c) overlapping spotweld; (d) 
ι weld. 

In resistance welding the joining of the pieces is produced by the heat obtained 
from the resistance set up in the metal parts by the passage of high intensity cur
rents, the parts being pressed against each other. Resistance welding is used as 
spot welding or seam welding (fig. 7.3). 

Butt welding is the joining of two parts placed with their ends abutting each 
other. The fusion of the ends is accomplished by flash or upset. In flash welding 
the parts are placed slightly separated, the electric voltage applied produces an 
arc (flash) in the gap. At this moment the parts are pressed against each other. 
Upset welding is similar to flash welding, except that the areas to be joined are 
pressed into contact and then heated by an electric current which passes across 
the abutting surfaces. 

Friction welding is a process limited to welding the ends of objects (tubes, caps) 
one of which is rotated about its axis (1500-6000 rpm). The heat is obtained due 
to the friction between the parts. The pressure of the parts on each other has 
to be e.g. for Al to stainless steel friction welding, about 5 kg/mm 2 (Hartwig and 
Kouptsidis, 1977b). 

Cold welding. Certain metals can be welded together to give a vacuum tight 
seal, by applying sufficient pressure. The pressures required for cold welding are 
about 17-25 kg/mm 2 for aluminum, 50-75 kg/mm 2 for copper and about 
200 kg/mm 2 for stainless steel. The surfaces must be free of oxides and well de-
greased. The fact that the whole procedure is cold, and practically no gases are 
released during the sealing, makes this procedure adequate for the sealing-off 
of evacuated metal tubes. Cold welding for ultra-high vacuum is discussed by 
Murko-Jezovsek (1973). 

Weldability indicates the amount of precautions necessary for successful weld
ing. As a guide to the first choice of the welding method which can be used, table 
7.7 summarizes the recommended (or dangerous) solutions (Lander et ai., 1962; 
Von Ardenne; 1962; Roth, 1966). 
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In the design and construction of welded seals for vacuum technology the follow
ing points should be observed: 

(1) The joints must be designed and welded with full penetration avoiding trapp
ed volumes in which contaminants may collect. Some recommended arrangements 
of welded joints for vacuum seals are shown in fig. 7.4, together with the incorrect 
constructions which are to be avoided. 

(2) Whenever possible, single-pass welds should be used. Double-pass welds 
create trapped volumes, and make impossible the leak detection. 

(3) Welds should be made from the vacuum side of the vessel. 
(4) If for strength reasons double weld is necessary, the inside weld should be 

the leak-tight one. For leak detection, drilled and plugged holes have to be pro
vided on the outside weld. 

(5) If structural welds are necessary inside the vessel, they should be made 
discontinuous to allow easy flow of gases from any pocket. These structural welds 
should not cross the sealing ones. 

(6) The welded assembly should be designed so that a maximum number of 
welds could be tested separately in the construction stage and corrected prior 
to making the final assembly. 

The maximum leak rate (air) permitted in welded seals is about 10~8 T o r r lit/see-
cm length of weld (see fig. 3.43). If higher leak rates are found the weld should he 
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ground off to the base metal and a new weld must be made. The supposition that 
applying another layer of weld over the original (leaking) one will correct the 
situation, is wrong. Leaks are seldom corrected this way, since stresses are likely 
to be set up, which cause a new crack. 

Brazed seals. The joining process of two metal parts with a third one having a 
lower melting point is known generally as soldering. When the solder has a melt
ing point lower than 400°C the process is known as soft soldering', if the solder 
melts above 500°C the process is known as hard soldering. 

Brazing is defined as the metal joining process in which molten filier metal is 
drawn by capillary attraction into the space between the closely adjacent sur
faces of the parts to be joined. The temperatures required for brazing are above 
500°C and they should be 50-200°C lower than the melting point of the brazed 

Table 7.8. 
Brazing metals and alloys*. 

N o . Liquidus Solidus Type of Composit ion 
(°C) ( ° C ) a l loy** (parts by weight) 

1 3180 3180 Ρ Rhenium 
2 2996 2996 Ρ Tantalum 
3 2497 2497 Ρ Niobium 
4 2427 2427 Ρ Ruthenium 
5 2444 2444 Ρ Iridium 
6 1966 1966 Ρ Rhodium 
7 1950 1935 — Rhodium (40), Platinum (60) 
S 1852 1852 Ρ Zirconium 
9 1770 1770 Ρ Platinum 

10 1695 1645 — Au (5)-Pd(20)-Pt(75> 

II 1550 1550 Ρ Palladium 
12 1452 1452 Ρ Nickel 
13 1423 1423 L Ni(36)-Fe(64) 
14 1320 1320 Ε Mo(46.5)-Ni(53.5) 
15 1320 1290 — Pd(30)-Ni(70) 
16 1305 1260 — Pd(13)-Au(87) 
17 1300 — — Ni(51)-Mo(49) 
18 1300 1230 Η Ni(45)-Cu(55> 
19 1240 1190 — •Pd(8)-Au(92) 
20 1238 1238 Ε Ni(40)-Pd(60) 

21 1232 1149 — Mn(3)-Pd(33V-Ag(64) 
22 1205 1150 Η Ni(25)-Cu(75) 

(contd.) 
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Table 7.8. (contd.) 
Brazing metals and al loys .* 

N o . Liquidus Solidus Type o f Composit ion 
( °C) ( ° Q al loy** (parts by weight) 

23 1160 995 Pt(27)-Ag(73) 
24 1135 1080 — Fe(3)-Si(10)-Cr(19)-Ni(68) 
25 1084 1084 Ρ Copper ( O F H C ) 
26 1083 1083 — Ni(3) -Cu(35) -W(62) 
27 1065 1000 — Pd(10)-Ag(90) 
28 1063 1063 Ρ G o l d 
29 1060 1000 — Ag(5)-<:u(95) 
30 1050 1030 L Ni (30) -Mn(70) 

31 1035 1015 H Au(30}-Cu(70) 
32 1030 975 — Cu(62)-Au(35) -Ni(3) 
33 1025 970 — Cu(97)-Si(3) 

34 1025 960 H Cu(95)-Ag(5) 
35 1020 — — F e ( 3 3 ) - N i ( 5 6 ) - P ( l l ) 
36 1018 1018 E Ni (40) -Mn(60) 

37 1015 990 H Cu(63)-Au(37) 

38 1015 970 — Cu(77)-Au(20)-In(3) 
39 1010 985 H Cu(60>-Au(40) 
40 1005 996 — B(3.5) -Si (5) -Cr( l 6 ) -Ni (72 .5) -Fe(3) 

993 976 — B(2.9)-Si (4 .5)-Ni(91)-Fe( l .6) 

41 975 950 — Cu(50>-Au(50) 

42 971 960 — Ag(85) -Mn(15) 

43 962 — — Ni(3) -Ag(35) -W(62) 

44 960 960 P Silver 

45 950 950 L Au(82) -Ni (18) 

46 946 — Cu(85)-Sn(8)-Ag(7) 

47 920 904 — Au(58) -Cu(40) -Ag(2) 

48 910 779 — Cu(60) -Ag(40 ) 

49 900 860 — Au(60)-Cu(37)-In(3) 

50 900 900 E Cu(76)-Ti(24) 

51 900 — Cu(50) -Ni (10) -Mn(40) 

52 900 714 — Cu(95V-P(5) 

53 896 885 — Au(75) Cu(20)-Ag(5) 

54 889 889 L Au(80) Cu(20) 

55 885 779 — Ag(62) Cu(32)-Ni(6) 

56 — 800 — Cu(50) Ag(40) -Mn(10) 

57 880 — — N i ( 8 9 ) - P ( l l ) 

58 870 779 H Ag(90)-Cu(10) 

59 845 835 — Au(60) Cu(20)-Ag(20) 

60 830 779 — Ag(77) Cu(21)-Ni(2) 

61 821 794 — Au(50) Ag(30)-Cu(20) 

(contd.) 
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Table 7.8. (contd.) 
Brazing metals and al loys .* 

N o . Liquidus 
(°C) 

Solidus T y p e o f 
a l loy** 

Compos i t ion 
(parts by weight) ( ° C ) 

62 
63 
64 
65 
66 
67 
68 
69 

779 
770 
721 
630 
636 
625 
570 
550 

(565) 
(550) 

779 
714 
640 

Ε Ag(72)-Cu(28) 
Cu(93) P(7) 
Cu(87) P(7.5)-Ag(5.5) 
Ag(80)-In(20) 
Ag(50) Cu(15.5)-Cd(18)-Zn(16.5) 
Al(95)-Si(5) 
Al(85)-Cu(3)-Si(12) 
Ag(60) Cu(23)-Sn(17) 

•Brazing possibilities, see table 7.9. 
**P = pure metal, Ε = eutectic; L = lowest melting point al loy; Η = alloy having higher 

liquidus temperatures if more of the main metal component is added. 

parts. For detailed discussions of brazing methods we refer to Strong (1938), 
Knoll (1959), Monch (1959), Roth (1966), Kohl (1967), Sullivan (1966), Espe 
(1966/68). 

Brazing is carried out by torch, furnace or induction. 
Torch brazing uses flames of oxyacetylene, oxyhydrogen, oxygen-butane, e t c 

A neutral or reducing flame can be used, except for brazing of copper where an 
oxidizing flame is used to avoid embrittlement. Torch brazing needs fluxes which 
must be carefully cleaned from the joint, the flux remaining on the vacuum side 
of the seal has a high outgassing rate. 

Furnace brazing consists in heating an assembly of metal parts to be brazed in 
a furnace with a protective atmosphere (vacuum, neutral gas). 

Induction brazing utilizes a high frequency current (400-2000 kc) to heat the 
parts which are placed in a specially fitted coil of size and shape that match the 
assembly to be heated (Curtis, 1950; Kohl, 1967). 

Brazing can also be achieved below the melting point of the brazing metal, 
by using the diffusion process. In this process a thin layer of suitable metal (gold, 
silver, copper) is placed between the parts. The layer may be formed by electro-
deposition on one or both of the members, or may be interposed as a foil of about 
0.01 mm thickness. The parts are assembled, pressed against each other, and 
heated to 400-700°C (about 15 min.). 

The brazing materials for vacuum technology must have low vapour pressure, 
must be pure, have ability to wet and flow at brazing temperatures, and alloy 
with the joined metals. Based on these criteria the list of suitable elements to be 
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Fig. 7 . 5 Control of brazing by means of the gap. 
Fig. 7 . 6 Brazed joints. After Roth (1966). 

used in brazing alloys for high vacuum seals is limited. These brazing alloys are 
listed in table 7.8 and the possibilities for using them with various metals a re 
summarized in table 7.9 (Roth, 1966). 

In some cases of physical incompatibility, some brazing alloys are excluded 
from use with particular metals. So, Kovar, (Fe Ni Co) cannot be brazed with 
silver, because the silver penetrates in the Kovar and produces its splintering. 
Silver and gold (and copper) brazing materials cannot be used in plants where 
mercury vapour will be present, except if they are protected by nickel electroplat
ing. 

To obtain a leak-tight brazed joint the following points should be observed: 
(1) The smallest quantities of brazing alloy should be used. With small 
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Table 7.9. 

W Ti Ta Stainless Ni Monel M o 
steel 

A g - - - - 62(43) - -

Be _ _ _ _ _ 62 — — 
CrFe _ _ _ _ _ _ _ _ 
CrNi _ _ _ _ _ _ _ 
Cu 5 4 , 4 5 62,45 

4 4 *
8
, 50 — 62,40 32,39 32 45,28 

6 2 *
3
 49 64,32 

F e 22 — — — 37,39 26 22 

F e N i _ _ _ _ _ _ _ 

Inconel 45 — — 20,21 45 — 45 
24,42 

Kovar 45,32 — — 28 45,28, 26,28,32 45(44) 
5 4 *

10
 38,32,39 6 2 *

6 

M o 22,23 — — 19527 27,32 3 2 3-14,23 
32,45 45 32,45 

Monel 28,32 - - - 32 32 
Ni — 50 — 27 17,31,32 

32 28,40,41 
62 

Stainless steel 19,20 — — 15,19 
21,24 24,30,36 

40,45 

Ta — — 28* 
Ti — 4 4 * ' 
W 1-16 

23,45 

(contd.) 

clearances and clean surfaces better joints are obtained than when applying big 
quantities of brazing alloy. 

(2) Wide or irregular spaces between parts are to be avoided. 
(3) The overlap between the two parts brazed to each other must be minimum 

3 mm, in order to allow the capillary forces to suck in the brazing alloy. 
(4) If metals with different thermal expansions are to be brazed, the assembly 

must be arranged to compress the brazing alloy during the cooling, i.e. the 
outer part must have the bigger thermal expansion. 
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— — 62 — 62,64 62 — — — 54,62 
64 

— — — 2 5 *
5
 6 2 *

1
 — — — 

— — — 2 5 *
6
 — — 25 

44,28 — — — 6 6 *
9
 6 6 *

9 

29,33,39 
54,31,32 62,45 62,54 31,39,48 34,46,47 
•39,62 *

4
 54,62 *

2
 54,62 

28,31,34 — — 39,28,47 
37,39 44,54 
— — 28 

6 2 *
4 

45 21,24 
20,45 

28,39,54 
6 2 *

5
 * Numbers refer to alloy number from table 7.8. 

*
1
 Short h.f. heating; alternative technique: braze Be to Fe using Cu 

and Fe to Cu using A g alloy (830°C) 

*
2
 Cu plated Fe, sintered in H 2 

*
3
 W first etched ( H N 0 3 / H F 1 : 1 ) 

*
4
 Kovar first Cu plated 

*
5
 H.f. heating in H 2 (5 min) 

*
6
 H.f. heating in vacuum 

*
7
 In vacuum, or with acetylene flame and AgCe flux 

*
8
 W first Ni plated 

*
ô
 Cd and Zn evaporates on heating in vacuo 

*
10

 Heating in H 2 , for 5 min at 920°C 

(5) The flow of the brazing alloy can be controlled by the construction of the 
joint. The clearance at the corners determines how the brazing alloy will flow 
around these corners. Square corners (fig. 7.5a) will give a good flow of the 
brazing alloy through all the joint (fig. 7.5b), the resulting joint being strong 
and leak-tight. Round corners stop the flow. If the first corner, from the side 
where the brazing alloy is applied, is round (fig. 7.5c) the brazing alloy will 
not pass this corner (fig. 7.5d). When only the second corner is round (fig. 7.5e), 
the joint will be stronger and leak-tight (fig. 7.5f). A square edge pressed against 

Brazing possibilities of metals* (Roth, 1966). 

Kovar Inconel FeNi Fe Cu CrNi CrFe Be A u Ag 
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Type Consti

tuents 
°/ 
/o 

weight 

Examples 

Glass Expan- Strain 
sion point 

coeff. ° C 
( 1 0 -

7
/ ° C ) 

Annealing M a n u -
point facturer* * 

° C 

Soft glasses Si02 ; 
P b O = Minos 1 6 5 0

1 11 

Lead 4 0 - 5 0 ; 
glasses alkali 

< 1 0 Lead W 2 

Iron 153 
Lead Ν (915a) 
FeCr L 14 
Lead Κ 1 A 

S i 0 2 ; Lead 111 
Lead PbO = Soft lead L 1 
alkali 2 0 - 3 5 ; Copperclad C 12 
silicate alkali Soft glass 0010 
glasses < 1 0 Soft glass 0120 

123a M 
Lead G W B 
(GW2) 
Lead 3 0 7 9

1 11 

B 8 
X 4 

Soda S i 0 2 ; FeCr C 19 
lime C a O = X 8 
silicate 5 - 1 2 ; Bulb 0080 
glasses a l k a l i = Magnezia 105 

13-20 G W A ( G W 1 ) 

classes S i 0 2 ; Iron R L 114 
A 1 2 0 3 = Lime C 22 

Alumino 3 - 1 0 ; Apparate Glass 
lime CaO = 584d 

silicate 6 - 1 2 ; Thermometer 
glasses alkali = 1 6

1 11 

8-23 

88 — 4 1 5 * Jena 

82 — 415 M o o s b r . 

123 380 396 Sovirel 
100 — 4 2 5 * M o o s b r . 

98 360 430 G E C 
95 — 425* Philips 
92 — 4 2 5 * Philips 
91 340 430 G E C 
91 380 435 B T H 
91 397 428 Corning 
89 400 433 Corning 
88 — 425* Osram 

86 410 Chance 
81 — 480* Jena 

96 460 530 G E C 
96 465 500 G E C 
95 — 530 B T H 
95 465 500 G E C 
92 478 510 Corning 
89 — 508* Osram 
87 — 530 Chance 

114 500 G E C 
104 — 505 B T H 

88 — 530* Osram 

80 495 537 Jena 

(contd.) 

Table 7.10. 
Glasses used in vacuum technique. 
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Type Consti- Examples 

tuents 
% Glass Expan- Strain Annealing Manu-

weight sion point point facturer** 
coeff. ° C ° C 

( 1 0 -
7
/ ° C ) 

Hard glasses Si02 ; B 2 0 3 = 
A lumino 3 - 8 ; Amber M a 1 75 400 580 G E C 
boro- A 1 2 0 3 = 
lime 3 - 1 0 ; 
silicate C a O = 
glasses 6 -12 ; M o . B.B. 47 563 594 Russian 

a l k a l i = 
8-23 

A s be
Alumino fore but M o . 1 4 4 7

m 
50 483 529 Jena 

boro- C a O = 
lime 3 - 1 2 ; 
zinc Z n O = 3 - 7 
glass alkali = 

8 -14 

S i 0 2 ; Kovar C.40 48 455 505 B T H 

Boro- B 2 O 3 > 1 0 W seal, W 1 38 540 580 G E C 

silicate A l 2 0 3 < 3 Duran 3891 III 37 516 567 Jena 

Thermometer 
7520 61 530 566 Corning 

M o 637h 48 — 550* Osram 

S i 0 2 ; Neutrohm E ( M o ) 48 — 505* Baccarat 
F e N i C o 756 48 — 500* Osram 

Alkali- B 2 0 3 M o . H . H . 47 500 590 G E C 

boro- > 1 0 ; 3072(Gerätte 20) 46 — 558* Jena 

silicate A t 2 0 3 Clear seal 7050 46 461 496 Corning 

glasses < 6 ; M o . C l l 45 500 575 B T H glasses 
alkali Uran 3320 41 497 535 Corning 

= 6 - 8 W glass C 9 36 480 525 B T H 
H y s i l G H 1 33 513 556 Chance 
Pyrex 7740 33 515 555 Corning 

(contd. ) 

Table 7.10. (contd.) 
Glasses used in vacuum technique. 
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Type Consti- E x a m p l e s 

tuents 
% Glass Expan- Strain Annealing Manu-

weight sion point point facturer** 
coeff. ° C ° C 

( 1 0 -
7
/ ° C ) 

Hard glasses S i 0 2 ; Kovar G S 3 50 400 450 Chance 
Alumino B 2 0 3 = 
boro- 5 -20 ; M o . H 26 X 46 600 725 G E C 
silicate A 1 20 3 = 
glasses 3 -20 ; Supremax 

alkali < 6 3058
1
" 33 — 738* Jena 

Lead S i O 2; W seal 362a 39 — 522* Osram 
borosili- B 2 0 3 = -
cate 15-18; Nonex 7720 36 484 518 Corning 
glasses P b O - 4 - 7 

Corning 

•Transformation point, with viscosity 1 0
1 3

·
3
 poise. 

**BTH — The British T h o m s o n - H o u s t o n Co . Ltd., Rugby, England. 
Chance — Chance Brothers Ltd. Glass Works, Birmingham, England. 
Corning — Corning Glass Works, Corning, N . Y . , U .S .A. 
G E C — Osram-G.E.C Glass Works , East Lane, Wembley, Middlesex, England. 
Sovirel — Sovirel C o . , Bagneaux-sur-Loing, France. 
Osram — Osram, Berlin, West Germany. 
Moosbr. .— Moosbrunner Glasfabrik, Vienna 4, Austria. 
Jena — Jenauer Glaswerk Schott u. Gen. , Mainz, West Germany. 
Philips — Philips, Eindhoven, Holland. 
Baccarat — Cristallerie de Baccarat, France. 

a round corner (fig. 7.5g) would similarly stop the flow (fig. 7.5h). 
(6) If the flow of the brazing alloy is to be avoided on a surface, the area must 

be coated with carbon or chromium. 
(7) Lap joints, or step joints are to be preferred in vacuum sealing applications 

(fig. 7.6). 

Glass-to-glass (quartz) seals. Although silica ( S i 0 2) is the principal consti
tuent of most glasses, the addition of other melting agents and modifiers gives to 
glasses a wide range of properties. A general classification divides glasses into 
soft and hard ones (table 7.10) corresponding to the temperature range in which 
the glass is soft enough to be worked. 

Table 7 . 1 0 . ( contd . ) 
Glasses used in vacuum technique. 
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Among the points established to define the state of the glass the two most impor
tant are the strain point and the annealing point. A detailed list of the many charac
teristic points of glasses is given by Roth (1966). 

The strain point is defined as the temperature at which the internal stress in the 
glass is substantially relieved in 4 hours, and "absolutely" relieved in 15 hours. 
The annealing point is the temperature at which the internal stress is substantially 
relieved in 15 min. The strain point corresponds to a viscosity of 1014 5 poises, 
while the annealing point corresponds to 1013 poises. Sometimes an intermediate 
point, the transformation point (viscosity 10 13 3 poises), is given. 

Soft glasses have their annealing point between 350° and 450°C, while the an
nealing point of hard glasses is higher than 500°C. 

Glass-to-glass sealing techniques are performed by the glass blower using manual 
or mechanized tools. The description of the operation of glass blowing exceeds 
the scope of this section, and we refer for this subject to Sirong (1938), Barr and 
Anhorn (1949), Reimann (1952), Parr and Hendley (1956), Robertson (1957), 
Wheeler (1958), Friedrichs (1960), Barbour (1968). 

Nevertheless the following points are important enough to be mentioned: 

(1) Two glasses can be sealed together if their thermal expansions do not differ 

more than about 10%. 

(2) The contact of the hot glass with conducting materials (metals) produces 
stresses. 

(3) The free cooling of a glass assembly is generally too fast to form a stress-
free joint. The stresses may be released by a suitable annealing, i.e. heating some 
degrees above the annealing point, holding it at this temperature for 5-10 
min., and cooling slowly (at 1-3° C/min). 

Glasses of widely different expansion coefficients can be joined by graded seals. 

These seals consist of a number of segments of glass, having progressively slightly 
different expansions; together the segments form a zone of gradual transition 
between high and low expansion. 

Using graded seals, quartz can be sealed to hard or soft glasses. 

Glass-to-metal seals. To obtain a reliable, leak-tight glass-metal seal, the 
following requirements should be fulfilled: 

(1) To achieve a good bond between the metal surface and the adjacent glass. 
(2) To base the seal either on the matching of the expansion characteristics of 

the metal and glass, or on the plasticity of tne metal. 

(3) To control the cooling process in order to minimize the stresses in the seal. 
(4) To choose the geometry (shape) of the seal so as to obtain minimum and 

not dangerously oriented stresses. 
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Table 7.11 
Metals and alloys for glass-metal seals 

Metal or alloy Composition (%) Sped- Expansion coefficient Inflexion Electrical Thermal Manufac- Remarks 
fie aXl07(l/°C) point (°C) resistivity conductivity turer* 

era- (Ohnrcmx (cal/cm sec· 
Ni Cr Co Fe vity from (2QQQ to (°C) m o c ) 

100 200 300 400 500 600 

Tungsten _ _ _ _ _ 19.2 — — 45 — 46 46 — 5-5 0.5 — — 
Nilo40 40 — — 60 8.1 — 41 — — — — 330-250 62-70 0.025 W Curie Point 330 °C 
Vacon 12 28 — 18 54 8.3 58 53 48 47 59 76 430 45 V M.P. 1450 <>C 
Nilo42 ) (from0°C) W 
Driver42 [ 42 — — 58 8.2 52 48 49 56 76 — 340 60 0.025 D Curie Point 375 °C 
Carpenter 42 ) CS M.P. 1450 °C 
A L 4 2 42 — — 58 8.2 47 47 47 55 78 93 340 65 0.026 A 

(from 0 °C) 
DilverP 29 _ 17 54 8.5 56 52 48 47 60 — 45 0 042 I Curie Point 425 <C 
Nilo K ] (from 0 °C) W 
SealvacA f VM Curie Point 453 <>C 
Rodar I 29 — 17 54 8.3 58 51 47 46 60 430 44-50 WD M.P. 1450 «C 
Therlo ) D 
Vacon 10 ί 425 45 V 
Fernicol ( 2 8 — 18 54 8.3 60 56 51 50 61 78 430 50 G 
Sivar48 29 — 17.8 53.2 8.3 59 57 52 50 63 77 423 — M 

(28.7 17.3 52.9 (from 30 °C) 57- Curie Point 453 °C 
KovarA (29.2 — 17.8 53.4 43-53 44-52 45-51 62 79 435 49 0-044 St M.P. 1450°C 
Fernico 11 31 — 15 54 8.2 — 57 54 53 65 420 44 — 
Molybdenum — — — — 10.3 49 55 — 58 0-3 
Vacodil 42 42 — — 58 8.2 52 52 53 63 81 95 355 60-100 V 
Vacodil43 43 — — 57 8.3 64 61 60 65 81 95 370 60 V 
Vacon 20 28 — 21 51 8.3 71 68 65 63 63 76 480 45 V 
Vacodil 46 I V 
Driver 46 / 46 — — 54 8.2 74 74 73 75 88 99 400 60-100 D 
Vacon 70 28 — 23 49 8.3 85 80 77 74 71 81 515 45 V 
Nilo 48 48 — — 52 87 83 83 83 88 — 435 50 0.030 W Curie Point 450 °C 
Vacovit 426 \ V 
Driver 14 1 D 
SylvaniaHC-4 [ 4 2 6 — 52 8.2 69 72 83 101 114 124 265 95 0.033 S 
Carpenter 426 1 CS 
Sealmet 4 J A 

(contd.) 
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Table 7.11. (contd.) 
Metals and alloys for glass-metal seals. 

Metal or alloy Composition (%) Sped- Expansion coefficient Inflexion Electrical Thermal 
fie ax l0 7 ( l / °C) point (°C) resistivity conductivity Manufac- Remarks 

gra- : ττττν: r ~ Ohmcmx (cal/cm sec· turer* 
Ni Cr Co Fe vity from (23°C) to ( ° Q m oQ) 

100 200 300 400 500 600 

(from 0 O Q 
Platinite 49 — — 51 8.2 87 88 88 87 92 — — 50 0.038 1 Curie Point 480 °C 
Driver FeNi 48 — — 52 79 86 88 88 93 — D 
A L 4750 47 — — 53 84 88 89 91 98 108 425 50 0.037 A 
Vacovit 501 V 
Carpenter 49 49 1 — 50 8.2 91 91 91 89 97 107 445 58 CS 

(from 0 oc) 
Platinum _ _ _ _ _ _ 21.4 89 92 96 — 9.8 0.17 

Curie Point 489 °C 
Nilo50 50 — — 50 8.2 93 470 41-47 0.032 W M.P. 1450 °C 
Driver 52 52 — — 48 100 43 D 
Sealmet 1 — 28 — 72 7.6 84 93 98 102 105 108 0.059 A M.P. 1480 oc 
Chrom Iron <0.4 23.5 76 

27 73 99 104 108 0.04 Ph M.P. 1490 oc 
DilverO — 28-25 — 72-75 7.5 84 93 98 102 105 108 65 0.029 I Curie Point 570 oc 
FeNiCr 47 5 — 48 88 340 W 
Vacovit 511 51 1 — 48 8.2 101 101 101 101 10? 109 480 51 V 
Driver 74/26 — 2 6 — 74 86 97 102 106 112 — D 
Telemet — 16-23 — 84-77 — — 104 _ H 0 60 0.057 A 

(from 0 oc) 
DilverT — x — x 7.6 93 99 104 108 110 65 0.029 I Curie Point 640 oc 

80 
(Nb) 

NovarB 0.3 19 — 0.5-1 96 99 106 108 110 112 H 
Vacovit 540 54 — — 46 8.2 106 106 107 107 108 113 550 35 V 
Vacovit 025 — 25 — 75 103 105 107 109 111 112 70 V 
Fernicochrom 30 8 28 37 88 91 94 101 1 1 5 — 3 8 0 — — — 

*A - Allegheny Ludlum Steel Corp. Brackernridge, Pa., U.S.A.; Ph - Phillips, Eindhoven, Holland; D - Driver Harris Co. Harrison, N.J., U.S.A.; V - Vakuumschmelze AG., Hanau, Germany; 
CS - Carpenter Steel Comp. Reading, Pa., U.S.A.; I - Acieries d'Imphy, Nievre France; W - Henry Wiggin & Co. Ltd., Birmingham, England; S - Sylvania Electric Prod. Inc., Hayside, New York, 
U.S.A.; St - Stupakoff Ceramic Mfg. Co. Latrobe. Pal, U.S.A.; G - General Electric Co., U.S.A.; M - Metall werk. Plansee, Reute-Tirol, Austria; H-Stahlwerk Hagen. Germany; VM-Vacuum 
Metals Corp; WD - Wilbur W. Driver Co. 
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The bond in glass-metal seals is based either on direct glass to metal adhesion 
or on an oxide-metal bond. In the direct glass to metal bond the metal surface 
adheres to the glass without any intermediate layer. This kind of seal can be 
vacuum-tight but the bond is not strong. The seal is mechanically stronger if bet
ween the metal and the glass an oxide layer is formed, containing a graded series 
of oxide mixtures from the oxide of the metal to those forming the glass. The kind 
of oxides formed is determined by the composition of the metal and of the glass, 
the kind of the atmosphere of the flame and the temperature during the sealing. 
Platinum can be sealed in glass only without oxides, since it does not form them; 
thus the platinum glass seal has a metallic appearance and a limited strength. 
Copper can give very adherent seals; if the oxide is C u 2 0 and its thickness is the 
proper one. The correct colour of copper to glass seals is from gold-yellow to 
purple; grey or black colour seal is not recommended. Nickel can adhere to glass 
with a metal or oxide bond (grey-green colour). Tungsten and molybdenum 
can give metallic bonds, but the seals having an oxide layer have to be preferred. 
The colour of an adequate tungsten to glass seal is from golden yellow to brown 
if the glass contains sodium or potassium, blue if the glass contains lithium and 
grey-brown in lead glasses. The molybdenum seals are brown. Chromium forms 
an oxide bond and produces very strong seals which are dark green. The FeCr 
glass seals (table 7.11) are brown-green, those with FeNiCo grey or blue, and 
FeNiCr seals are brown. 

The metals and alloys used for glass-metal seals are listed in table 7.11 (Roth 
1966). 

The name matched seals refers to those seals where an attempt is made to have 
partners of equal thermal expansion. These seals can be carried out with pairs 
of metals and glasses as shown in tables 7.12 and 7.13 (Monch, 1959; Kohl, 1967; 
Espe 1966/68). Each such seal includes a specific technology of cleaning, oxidiz
ing, heating, cooling, etc. For details we refer to Partridge (1949), Reimann (1952), 
Zincke (1961), Roth (1966). From the various sealing techniques we summarize 
here only that concerning the Kovar-glass seals, which is one of the most exten
sively used techniques in vacuum technology. 

FeNiCo alloys (table 7.11) should be oxidized either before or during the sealing. 
To ensure freedom of gas bubbles in the seal it is useful to decarbonize the surface 
of these alloys by heating the parts in wet hydrogen (about 4 hr at 900°C or 1 hr 
at 1100°C), or better still in vacuum, since the remaining hydrogen can produce 
bubbles as well. The oxide layer is produced by heating the Kovar in air for about 
17 min. at 800°C, 3 min. at 900°C or 1 min. at 1000°C. 

Figure 7.7 shows the typical steps in completing a Kovar-glass seal. A sleeve 
of appropriate glass (table 7.13) is slipped over the oxidized Kovar part (1. fig. 
7.7) and the glass is fused to build up a ring on the outside of the tube (2). The 
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Table 7.12. 
Soft glasses for glass-metal seals. 

Metal* Glass** 

Platinum 

F e N i 
(50/50 or 46/54) 

D u m e t 

FeCr 
(74/26 or 80/20) 

FeNiCr 

FeNiCoCr 
(37/30/25/8) 

Nickel 

Iron 

Copper 

Titanium 

C ; 0280, 0041 , (7550), 7570, 7560, 0050, 0080, 0010 
Ch: G W 2 (GW1) , P W D , P W L 
B T H : C 12, C 19, C 94 
J: 1 6 , 2 9 6 2 
O: 301b 
G E C : X 4 , L 1(L 15) 
P : D I A L 444 

C . 0 0 1 0 , 0120, 0080 
B T H : C 12 
J: 16 III 
Ch: P W D , P W L 
G E C : L 1 

C : 0050 J : 2962 111 
Ch: G W 2 , P W D , P W L 
O: 352, 743g, 123a 
B T H : C 12, (C 19, C 94) 
G E C : L 1 

C: 0050, 0060 , 0080 (9019, 9010) 
Ch: G W 2 (GW1) , P W D 
B T H : C 31 , (C 12) 
G E C : L 14, X 8, ( L I ) 
O: 123a 

C : 8870, 0080, 0014 , 0120, 0 0 1 0 , 0 0 5 0 
Ch: P W D , P W L B T H : C 12 
G E C : L 1 

C : 0 0 5 0 , 0080 
Ch: G W 2 , P W D 

G E C : N S G 2 

C : 7290, 1990(1991) 
G E C : R 16, ISG 20, N S G 2 
B T H : C 76, ( C 4 l ) 
J: 4210 

C: 7295 
G E C : CSG 3 

B T H : C 77, C 78 

•See table 7.11. 
**See footnotes table 7.10. 
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Table 7.13. 
Hard glasses for glass-metal seals. 

Meta l* Glass* 

Tungsten 

Molybdenum 

F e N i C o 

FeNiCoCr 

Rhenium 

Zirconium 

Tantalum 

Silver 

C : 3320, 7720, 7780 (7070, 5420, 7741, 7252, 7750, 7331, 7050) 
Ch: G S 1 (Intasil), ( G H 1 Hysil) 
B T H : C 14, (C 9) 
J: 1646, 8212 (3891, 8330, 2955, 8409) 
O: 712b, 712h, 742c (362a) 
G E C : W 1 
P: Bluesil, Dial 36 

C : 7040, 7052, 7050, 7042, 7510, 8830 (7750, 1720, 7731, 7055, 7720) 
Ch: G S 4 , G S B 
B T H : C 14 (C 11, C 37, C 46) 
J: 1639, 2877, 2954 (8401, 1447) 
O: 637h ,637n , 637x, 906c, 632a 
G E C : H H ( H 2 6 ) 
P : (Kod ia l ) 

C : 7052, 7040, 8800, 7520, 7055, 7050, 7750, 7340, 7060, 1720 
C h : G S 3 B T H C 40 
J: 1447, 8243, 8401, 8482 
O: 756b, 911b 
G E C : F C N , S B N 124 
P: Kodial 

C : 0080, 0050 
Ch: P W D 

G E C : H H , H 26 X 

C : 7052 
B T H : C 40 

C: 7052, 7720 
J: 1447 Ch : G S 4 

O: 424dd 

•See table 7.11. 
**See footnotes table 7.10. 

end of a glass tube is shaped as required and it is sealed to the glass ring (3). An 
alternative technique consists in sealing the ring so as to extend to the end of the 
Kovar tube (4. fig. 7.7) or even to cover the rounded edge of the Kovar tube (5. 
fig. 7.7). It is recommended to anneal the Kovar-glass seal by heating it to about 
490°C for 20 min and decreasing the temperature at a rate of l°C/min down to 
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Fig. 7 . 7 Stages in completing a Kovar-glass seal. 

450°C, followed by a cooling at 7-10°C/min to room temperature. 
During the glass-metal sealing process, the Kovar parts near the seal are 

always oxidized. They can be cleaned by immersion (10-60 min) in a hot solu
tion (60-80°C) of 50 g ferric ammonium sulphate, 125 cm 3 sulphuric acid (1.84), 
150 c m 3 hydrochloric acid (1.16) made up with water to 1000 cm 3. 

The glass-metals known as "unmatched seals" are based either on the fact that 
the stresses developed in the glass are minimized by the elastic or plastic deforma
tion of the metal or on the fact that the developed stresses are only compression. 
The first kind of seals are represented by those known as Housekeeper seals, 
(Housekeeper, 1923), and the second kind by the compression seals (Hull, 1946). 

Housekeeper seals can be made with copper, platinum, stainless steel and moly
bdenum. Using one or the other of these metals, the seal can be made in various 
shapes (fig. 7.8): (1) wire seal; (2) ribbon seal; (3) feather-edge seal, or (4) disc seal. 
In principle these seals can be made with any glass having an expansion smaller 
than that of the metal part . Copper wire up to d=0.05 mm (fig. 7.8) and platinum 
wires up to d=0.2 mm can be sealed in glass by this technique. For copper ribbons 
(2. fig. 7.8) a = 4 m m ; b=0A mm is appropriate. 

Molybdenum ribbons of a = 1-3 mm, b = 0 . 0 1 - 0 . 0 5 mm can be sealed even into 
quartz. Feather-edge seals (3. fig. 7.8) can be made with copper tubing of ί / = 
10-100 mm, / = 0 . 0 7 - 0 . 1 mm (measured at a distance of 1 mm from the edge), 
s = 3-4 .5 mm and α = 2-3° . For platinum tubing α = 1-1.5°, while for stainless steel 
a = l ° is necessary. Copper discs up to / = 0 .4 mm (4. fig. 7.8) can be sealed at the 
end of glass tubes. 

A compression seal consists of a metal ring (1. fig. 7.9) surrounding a glass 
window (2), which may have metal rods (3) or pipes (4) sealed through it. In the 
window seal (fig. 7.9a, c) the expansion coefficient of the outside metal ring should 
be always greater than that of the glass. In the rod seal (b, e) or pipe seal (d, f) 
the expansion of the metal ring (1), glass (2) and rod (or pipe) (3) must be in such 
a ratio as to develop only compression stresses in the glass part, thus a x = a 2 > a 3 
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(2) 

α 
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h——I 
(3) ( 4 ) 

Mechanical 

Thermal 

Chemical 

Fig . 7 . 8 Housekeeper seals. 

Table 7.14. 
Faults in glass-glass or glass-metal seals. 

Cause 

Excessive pressure difference on the glass walls (collapsing, bursting) 
Excessive bending of the glass tube 
Knocking with hard materials 
Scratching with hard materials 
Inclusions of heterogenous grains or bubbles in the glass 
Lack of adhesion (bond) 

Excessive thermal gradients 
Excessive thermal shock 
Expansion differential (between two glasses, or between glass and metal) 
Inadequate annealing 
Incorrect shape (of the seal) 

Weathering 
Devitrification 
Electrolytic effects 
Chemical attack (flame, solutions, vapours) 
Radiation damage 

or α χ > α 2 = α 3 are possible solutions. In multiple rod seals (fig. 7.9e) the distance 
between rods or between the rods and the outer ring must be larger than the dia
meter of the rods. 
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(α) (b) (c) 

Y (f) 
Fig. 7 . 9 Compression seals. 

Unfortunately the faults occurring in glass-glass (or quartz) and glass-metal 
seals are numerous (table 7.14). The drastic result of these faults is obviously the 
breakdown (cracking) of the seal, but for vacuum seals any cause leading imme
diately or after some time to a leak rate higher than that specified (e.g. 8 χ 10~ 1 0 

T o r r lit/sec) must be considered as a fault. 

Ceramic-metal seals. Ceramic-metal seals can be made by using glass as an 
intermediate material, or by using the "sintered metal" technique*. These techni-

*Other techniques are: the hydride process, the carbide process, active metal process (see 
R o t h , 1966). 
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Ceramic Manu α Ten- C o m - Ben-
factu- ( 1 0 -

7
/ ° C ) sile press ding 

rer* 
strength 
(kg /mm

2
) 

Alsimag 243 A L (25 - 700 °C) 112 7 60 14 
Fréquenta M S M (20 - 800 °C) 106 4 85 11 

Forsterites Rosalt 7 RI ( 2 0 - 1 0 0 0 °C) 90 5 90 15 
Forsterite 352 H C from 1 2 5 - 8 5 7 60 13 
B N 3054 G C ( 2 0 - 400 °C) 105 7 60 14 
Frequentite S SPP ( 2 0 - 700 ° C ) 111 — 70 14 

Alsimag 196 A L ( 2 5 - 700 °C) 86 7 63 14 
Almanox 13889 F P ( 2 5 - 700 °C) 73 5 52 12 

Steatites Steatit SM ( 2 0 - 1 0 0 0 °C) 90 5 88 13 
Calit H ( 2 0 - 1 0 0 0 °C) 85 5 95 15 
Steatite SPP (20 - 700 °C) 85 5 85 13 

( A 1 2 0 3 

Alsimag 576 (85%) A L ( 2 5 - 700 OC) 75 14 98 28 
A D - 8 5 (85%) CP ( 2 5 - 1 0 0 0 °C) 79 12 140 — 
Stemag A 16 (90%) SM ( 2 0 - 800 ©C) 85 15 170 — 

Alumina Almanox 4462 (94%) F P ( 2 5 - 700 °C) 73 11 131 25 
Alsimag 614 (96%) A L ( 2 5 - 700 o c ) 79 18 280 54 
Alsimag 652 (98%) A L ( 2 5 - 700 °C) 80 18 294 44 
A D - 9 9 (99%) CP ( 2 5 - 1 0 0 0 o c ) 92 : 220 — 
Degussit Al 23 ( 9 9 . 5 % ) D ( 0 - 1 0 0 0 °C) 83 26 300 — 

Alsimag 475 AI . ( 2 5 - 700 °C) 41 8 70 13 
Almanox 3569 F P ( 2 5 - 700 O Q 45 5 44 12 

Zircon ZI-4 CP ( 2 5 - 1 0 0 0 °C) 57 — 55 
Zr Porcellan SM ( 2 0 - 1 0 0 0 o c ) 52 5 80 11 

Al-silicates Hartporcellan SP ( 2 0 - 700 o c ) 38 3 42 8 
Porcelain SPP ( 2 0 - 700 °C) 39 3 50 8 

(contd.) 

* A L - A m e r i c a n Lava Corp. , Chattanooga 5, Tenn. , U . S . A . ; F P - Frenchtown C o m p . 
Trenton, N.J . , U . S . A . ; C P - C o o r s Porcelain C o m p . , Golden, Colorado, U . S . A . ; D - D e g u s s a , 
Frankfurt a .M. , Germany; SM - Steatit-Magnesia A . G . , Lauf/Pegnitz, Germany; R I - Rosen-

Table 7.15. 
Ceramics used for seals with glass and metal. 
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Safe Sof
tening Specific Thermal Matching 

gravity conductivity 
temperature (cal /cm-sec °C) Glass** Metal 

(°C) 

1000 1440 2 . 8 
1100 — 2 . 8 
— 1460 2 . 7 

1000 — 2 . 9 
1000 — 3 . 0 
— — 2 . 9 

1000 1440 2 . 6 
— 1388 2 . 7 
— — 2 . 7 
— 1470 2 . 7 

— — 2 . 6 

1100 1440 3 . 4 
1400 — — 
1400 — 3 . 5 
1500 1920 3 . 5 
1550 1650 3 . 7 
1600 1700 3 . 8 
1725 — — 
1900 2030 3 . 8 

1100 1440 3 . 7 
— 1550 3 .1 

1300 — — 
— 1500 3 . 0 

1100 2 . 5 
— — 2 . 4 

0 .008 
0 . 0 0 6 
0 . 0 0 6 

0 . 0 0 8 

0 . 0 0 6 
0 . 0 0 6 
0 . 0 0 6 
0 . 0 0 6 

0 . 0 4 0 
0 . 0 3 4 
0 . 0 1 0 
0 .018 
0 . 0 4 5 
0 . 0 4 5 
0 . 0 7 0 
0 . 0 1 2 

0 . 0 1 2 
0 .007 
0 . 0 1 0 

0 . 0 0 4 

B T H C22, C 19, 
G E C R L 16, X 4, Β 8 

G E C L 1; Corning 0010, 
0080; Osram 562m, 
850, 584d; Jena 2954, 
16 III; B T H C 12; 

FeNi ( 4 6 - 5 0 % 
N i ) ; FeCr 
(16% Cr); Fe; 
FeNiCr 

FeNi ( 4 2 -
4 6 % Ni ) 
(FeNiCo) 

N i ; FeNi , 
(FeNiCo) 

M o seal glass; Corning 
3320, 7050; G E C H 2 6 X ; 
H H ; BTH C 11; 
Jena 3072 

Corning 7740, 7720; Jena 
2950, 8330; G E C W 1; 
B T H C40, C 9; Osram 
394b, 3891 ; 

Molybdenum, 
Kovar 

thal-Isolatoren G m b H , Selb/Oberfranken, Germany; H - Hescho, Hermsdorf, Thüringen, Ger
many; SP - Staatlichen Porzellanmanufaktur, Berlin, Germany; H C - H a c k n e y & Co. Ltd.. 
England; G C - General Ceramic Corp. , Keashey, N.J. , U . S . A . : SSP - Steatite & Porcelain 
Prod. Ltd., Stourport on Severn, Worcs. , England. 
**For the significance of abbreviations see table 7.10. 

Table 7 .15 . (contd.) 
Ceramics used for seals with glass and meta l . 
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Table 7.16. 
Sintered ceramic-metal seals (Roth, 1966). 

Technique Powder mixture Suspension liquid Mixing 

Moly-manganese 

3 -10 μ 

Moly- iron 40 g M o 
0 . 8 g Fe particle size 5-8 μ 

160 g M o (200 mesh) 40 g 50 c m
3
 amylacetate 50 c m

3
 Ball milling 

Μ η (150 mesh) particle size acetone 100 c m
3
 pyroxyline 24 hr 

binder ( D u Pont 5511) 

10 g nitrocellulose sol in amylacetate 
150 c m

3
 lacquer thinner from: 90 c m

3 

aromatic naphta 9 c m
3
 ethyl (buthyl) 

alcohol 27 c m
3
 ethyl acetate (85 -88%) 

24 c m
3
 normal buthyl acetate (83-92%) 

40 g M o 100 g nitrocellulose sol 
1.6 g Fe (carbonyl) particle from 10 g nitrocellulose 90 g 
size 3 μ ethyl acetate 

Tungsten-iron 90 g W 10 g Fe particle size 
1-4 μ 

nitrocellulose in ethyl ace
tate 

90 g W 
10 g Fe 

not specified (shellac 2 % 
sol in alcohol) 

Moly-manganese- 200 g Mo (400 mesh) 40 g 
iron Mn (400 mesh) 10 g Fe 

( H 2 reduced) 2 g silicic acid 
powder 2 g calcium oxide 
(200 mesh) 

Activated 
M o - M n 

Activated 
M o - M n - F e 

172 g M o (200 mesh) 44 g 
Μη (200 mesh) 9 g titanium 
hydride 

200 g Mo (400 mesh) 40 g 
Μη (400 mesh) 10 g Fe ( H 2 

reduced) 2 g silicic acid 
powder 8 g alumina powder 
(90 mesh) 
8 g titanium hydride 

55 c m
3
 acetone 

25 c m
3
 methyl ethyl ketone 

50 c m
3
 ethyl ether 45 c m

3 

nitrocellulose lacquer* 
(600-1000 sec) 

same as above 

60 c m
3
 acetone 

30 c m
3
 methyl ethyl ketone 

40 c m
3
 ethyl ether 40 c m

3 

nitrocellulose lacquer* 
(600-1000 sec) 20 cm tolue
ne 

Ball milling 
100 hr 

as above 

as above 

(contd . ) 
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Table 7 .16 . (contd.) 
Sintered ceramic-metal seals (Roth , 1966). 

Coating Sintering Plating Brazing 

Brushed, or 1300-1400 ° C , in hyd- Cu, or Ni or C u - N i C u - A g eutectic 
rogen or dissocialed 
ammonia 15-30 min 

sprayed 25-50 μ 
layer 

Brushed 1250 ° C , 20 min in 
15-20 μ hydrogen-nitrogen 
(on Steatite) (28/72) 

fired at 10C0°C 10 min 
in reducing atmosphere 

Sprayed with Ni sus
pension (4 μ particle) 
15 μ thick layer; fired 
1100 ° C , 15 min in wet 
hydrogen 

Brushed about 1400 ° C , 30 min hydro-
100 μ gen-nitrogen (30/70) 

Thickness 
25 -50 μ 

Butt sealed 
plated with 
Cu, by 

Brushed with 40 g Ni 
powder in 10 g nitro
cellulose in 90 g ethyl 
acetate; Fired H 2 , 
1000 ° C , 15 min 

1340-1360 o c (Zircon) 
1350-1400 ° C (Alu
mina) 15-30 min, in 
hydrogen-nitrogen 
(15/85) 

1400 ° C in hydrogen After wire brushing 
plated Ni or Cu 

For high alumina cera- — 
mics 

to Kovar, 
1.5 m g / c m

2 

interposing 
between Kovar and 
metalized ceramic an 
Ag washer (25 μ) and 
heating to 1000°C for 
10 min. 

A g - C u eutectic 

Coated and 
fired in two 
layers 

Painted or 
sprayed 

1525 °C Ni plated to total 
thickness of 25μ 

1500 °C 30 min or 1250<>C Ni plated 5-8 μ 
45 min in wet hydrogen 

A g - C u eutectic, brazed 
to copper parts 

G o o d seal to * O F H C 
stacked Cu discs (0.25 
mm thick) by brazing 
with N i - C u - A u alloy 
or A g - C u eutectic 

•Nitrocellulose lacquer: 40 g nitrocellulose, 165 c m
3
 toluene, 75 c m

3
 ethyl alcohol, 60 c m

2
 ethyl 

acetate 
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Table 7.17. 
Sealing waxes. 

Wax Composit ion Softening Max. 
safe 

temperature (°C) 

Vapour 
pressure 
(Torr) 

Solvents 
(in up to 24 hr) 

Soft red wax beeswax (5 pbw) 
Turpentine (1 pbw) 
dyestuflf 

Faraday wax rosin (5 pbw) 
beeswax (1 pbw) 
Venetian red (1 pbw) 

Beeswax-rosin Rosin (1 pbw) 
Beeswax (1 pbw) 

Celvacene 
heavy 

Shellac 

Red sealing 
wax 

D e Kho-
tinsky 
cement 

Sealstix 

W.E. wax 

Picein 

Wax V 

dark yellow-brown trans
parent, greasy 

Insect and tree resin 
(India), mixture of poly-
hydroxy acids and 
esters. Used dissolved in 
warm spirit* 

Shellac, Venice turpen
tine, Vermilion or 
Chinese red 

Shellac and Caroline 
(wood) tar 

De Khotinsky type 

Shellac base, brown 

Hydrocarbons from 
rubber, shellac, bitumen, 
Black wax 

Solid high molecular 
weight hydrocarbons, 
fine inorganic powder, 
rubber 

55-60 
(wetting) 

60-75 
(75-95 
wetting) 

47 

130 

60 -80 
(100-125 
wetting) 

60-80 
(100-125 
wetting) 

85-100 
(95-150 
wetting) 

80 

80 
(90 wetting) 

183 
(drops) 

25 

40 

40 

50 
60 

30 

IO"
5 

(25 °C) 

5 . 1 0 - « 
(25 °C) 

1 0 "
e 

(25 °C) 

i o - 5 

(25 °C) 

IO"
3 

(25 °C) 

l . i o - 6 

( - 2 5 ° C ) 
4 . 1 0 -

4 

(25°C) 
5 . 1 0 -

3 

(50°C) 

IO"
4 

(25 °C) 

Acetone, alcohol 
benzene, chloro
form, ether, turpen
tine, xylene 

Acetone, alcohol , 
benzene, ether, 
xylene 

Mixture of carbon 
tetrachloride and 
alcohol (1:1) 

Chloroform, acetone 

Acetone, alcohol 
chloroform, ether, 
butylphtalate 

Acetone, alcohol, 
benzene, chloroform, 
ether, xylene 

Acetone, alcohol, 
benzene, chloro
form, ether, xylene 

ethyl alcohol, ace
tone 

alcohol 

Benzene, benzine 
chloroform, ether, 
turpentine, xylene 

(contd.) 
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Table 7.17. (contd.) 
Sealing waxes . 

Non-solvents 
(up to 60 hr) 

Attacked (A) 
Resistant (R) 

acids alkalines 

Remarks 
(Supplier) 

water as shellac A by potassium Slightly harder than plasticine. Loses 
sol, R to sodium its plasticity by oxidation 
sol. 

water as shellac R (slight dis- Characteristics may be changed by 
colouration) various mixtures 

G o o d adhesion to cold metals 

Benzene, turpentine, 
xylene, water, most 
oils 

o i ls , water 

A by 
H N 0 3 and 
H 2 S 0 4 

R to H C l 

as shellac 

Vacuum-tight bond for rubber-to-metal 
or-glass (CVC) 

Moderately tough resin. Disintegrates 
and sol. no more suitable for sealing. 
By heat (30 hr at 90°C, or 3 hr at 
150°C) becomes harder due to poly
merization 

Bends or prone to slow changes; brittle 
when dropped 

Petroleum, turpentine 
oil, water 

water 

benzene, toluene 

acetone, alcohol 
water 

R 

A by 
chromic 
acid 

A by 
H 2 S 0 4 

R to HCl 
H N 0 3 

(and 
chromic) 

R 

Tough but very slightly plastic. Poly
merizes at room temperature in 6 months 
(Cenco) 

Polymerizes (6 months) Cleaning off 
with chromic acid (Cenco) 

(Edwards) 

Suitable for metal, glass sealing, 
Vibration resistant; not brittle; Avail
able in 2 grades; Separation of joints 
by heating 
(Edwards, Ley bold) 

For sealing ungrounded joints 
(Leybold) 

(contd.) 
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Wax Composit ion Softening Max. Vapour Solvents 
safe pressure (in up to 24 h) 

(Torr) 
temperature (°C) 

White sealing Shellac with resins and 106 
wax heat resistant minerals (drops) 

Apiezon Graphite, grease or 
sealing paraffin oil distillation 
compound Q products 

Vacoplast 

Apiezon 
Wax 
W-40 
(soft) 

Apiezon 
Wax 
W-100 
(medium) 

Apiezon 
Wax W 
(hard) 

similar to wax Q 

Black wax in sticks 

Black wax in sticks 

Black wax in sticks 

45 
60 
(wetting) 

45 

50 

30 

55 

85 
(100 wetting) 

30 

50 

80 

IO"
3 

(25 °C) 

io-4 

(25°C) 
2 . 1 0 -

4 

(70°C) 

IO"
6 

(25 °C) 

io-3 

(180°C) 

IO"
7 

(25 °C) 
IO"

3 

(180°C) 

Petroleum, benzene 
alcohol (water) 

xylene 

as W-40 xylene 

xylene (benzene, 
chloroform) 

(contd.) 

•Shellac used alone is brittle and tends to form hair-line cracks. It is therefore reinforced with other 
materials making it more readily fusile, more adhesive and stronger. A mixture which after melting 

ques are used extensively in vacuum sealing, with ceramics such as Steatites, 
Forsterites, Alumina or Hard Porcelains (table 7.15). 

The process of sintered ceramic-metal seals consists basically in covering the 
ceramic part with a layer of molybdenum (or tungsten) powder with a slight 
addition of manganese (iron or titanium), and in sintering the layer at high tempe
rature. After an eventual coating with Ni or Cu, the ceramic part can be brazed to 
the metal part (details in table 7.16). 

Ceramic-to-copper seals for low temperatures are discussed by Schauer (1977). 
Al-alloy ceramic cryogenic feedthroughs are described by Ishimaru (1982). 

Table 7.17. (cont'd.) 
Sealing waxes. 
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Table 7.17. (contd.) 
Sealing waxes . 

Non-solvents Attacked (A) Remarks 
(up to 60 hr) Resistant (R) (Supplier) 

acids alkalines 

R R Adheres well to glass and metal 
(Leybold) 

— — Consistency of plasticine; temporary 
sealing or blanking during leak detec
tion 
(Edwards) 

— — (Comp. Gen. Radiologie) 

— — Application where it is required to flow 
the wax in or round the joint. For joints 
subjected to vibration, but not heated 
(Edwards) 

— Safe for cracks in joints subjected to 
vibration (Edwards) 

acetone, alcohol A by R High vacuum work where the parts 
(water) H 2 S 0 4 tend to warm up in use. Brittle to shock. 

R to (Edwards) 
H C l , 
H N 0 3 

can be poured into moulds (to form sticks) consists of : shellac (50 pbw), wood creosote (5 pbw), 
turpentineol (2 pbw) and ammonia 0.88 (1 pbw). 

7.3.3. Semi-permanent and demountable seals 

Vacuum seals which have to be opened from time-to-time (semi-permanent) 
or often (demountable) can be made by using waxes or adhesives, ground joints, 
liquids or gaskets. 

Waxed seals are used especially in unique or temporary applications. They can 
be used to join temporarily metal, glass, quartz, ceramic (or plastic) parts or to 
seal temporarily pin-holes or leaky joints. / / is recommended to avoid their use in 
any long-term vacuum work. 
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Waxes (table 7.17) are compounds, which when warmed are plastic but become 
rigid at room temperature, and this effect can be used in vacuum sealing. A good 
waxed seal is obtained only with clean (degreased) surfaces, assembled wilh a 
minimum amount of wax applied at temperatures high enough for the particular 
wax. Procedures consisting of applying hot wax on colder surfaces do not give 
reliable seals. 

Adhesives are used for sealing pinholes or porous walls (sealing lacquers) or for 
proper sealing purposes (sealants). Table 7.18 summarizes the characteristics of 
lacquers and sealants (irreversible adhesives). This table does not contain the 
epoxy resins which are summarized in table 7.19. For details we refer to Skeits 
(1958, 1962), Schrade(1957), Leeand Neville(1967),Salomon andHouwink (1967), 
Potter (1971). Neuhauser (1979) uses indium (or aluminium) for bonding glass-
to-glass (or metal). 

The sealing lacquers (e.g. Glyptal) painted on the surfaces in order to seal pin
holes are drawn into the orifices and as the volatile solvent is removed, the residue 
plugs the orifice. 

The epoxy adhesives are available under various trade names from various 
suppliers*. The choice of the adhesive to be used in a particular application de
pends on the shape of the seal, the thickness of the joint and the desired or possible 
heating (table 7.19) for curing. Heat curing resins are preferred for sealing similar 
materials with small differences in their thermal expansion. For the sealing of mate
rials with very different thermal expansions or for heat sensitive materials it is 
better to use adhesives cured at room temperature. 

Epoxy adhesives were found to have many physical and chemical properties 
useful in applications for high vacuum seals, they are very stable and have toler
able outgassing rates. 

In order to make an epoxy resin seal the procedure includes: the mixing, the 
applying and the curing of the resin. Mixing is needed since epoxy adhesives are 
usually supplied as a separate resin and a hardener. These have to be mixed imme
diately before use. The mixed adhesive may be applied on the (previously cleaned 
and dried) surfaces by painting, spraying or immersion. Usually it is sufficient to 
apply the adhesive on one of the surfaces to be bonded together. The adhesive 
should be applied on both surfaces if they are veiy rough or if one part should 
be inserted into the other (e.g. telescopic joint). Although curing can take place 
without pressure, the parts to be joined should nevertheless be fixed in such a 
way that the thickness of the resulting adhesive layer is that given in table 7.19. 
Curing is done at the temperature and for the time recommended for each adhe-

*e.g Araldite (Ciba Ltd., Basle, Switzerland); Epon (Shell Comp. , N e w York ; G e n Epoxy 
(General Mills, Kankakee, U .S .A . ) ; Torr Seal (Varian, Palo A l t o , U .S .A . ) . 
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sive (Table 7.19). If heating is necessary this can be done in an oven, with infrared 
lamps, induction heating, etc. 

Dismantling of an epoxy joint can be done by immersing the joint (for several 
days) in trichlorethylene or in warm dimethyl-formamine. Sometimes the joint 
can be heated to 130-150°C and at this temperature the components can be pulled 
apart. Then the adhesive residue left on the surfaces may be scraped off after 
softening by immersion for a few hours in dimethyl-formamine, nitrobenzene, 
phenol or cresol. 

Silver chloride may be used for vacuum seals that must sustain higher tempe
ratures than those to which wax or adhesive seal can resist. Silver chloride seals 
can be used generally up to 300°C, where its vapour pressure is only I O - 7 Torr 
(e.g. Greenblatt, 1958; Roth, 1966; Aslam, 1972). 

The technique of sealing with silver chloride consists in heating the assembled 
parts to about 500°C, and melting the silver chloride by placing it on the hot joint, 
or by placing it on the cold assembly and heating it. On cooling the silver chloride 
expands, the design of the joint must allow for this effect. Silver chloride can be 
used to seal metals, glass, mica, etc. To obtain a coating on glass (polished 
surfaces) it is necessary to cover it first with a film of platinum or silver. 

Silver chloride is extensively used for sealing of windows, which is carried out 
by using a thin metal part (fig. 7.10a), providing a channel (fig. 7.10b) around the 
window, in a step (fig. 7.10c) or on a tapered edge (fig. 7.10d) of the walls. Mulder 
(1977) describes a seal with lead fluoride which can be heated to 300°C (for short 
time to 400°C). 

Ground glass (quartz) seals or lapped metal seals consist of two parts connected 
to each other on their ground or lapped surfaces. For vacuum-tight seats the sur
faces have to be greased before placing them together. The ground surface may 
be plane, conical or spherical. 

Plane ground joints are used in applications where the joint must be closed 
and opened without moving the parts axially, or where the diameter is too large 
to use conical or spherical joints. Metal lapped plane seals are used in slide valves 
of exhaust machines for pumping of electric lamps, electron tubes, etc. (Matheson, 
1955; Roth, 1955, 1966; Espe 1966/68). Such seals (fig. 7.11) consist of two discs, 
one of which is stationary and the other rotating. The holes of the stationary 
disc (the lower in fig. 7.11) are connected to the pumps, while those of the rotating 
disc (the upper part in fig. 7.11) are connected to the vessels (lamps, tubes) to be 
evacuated. When the holes in the two lapped parts correspond to each other, a 
vacuum-tight connexion is established between vessel and pump. The joint is 
lubricated and sealed by the oil circulated in the concentric grooves on the plates 
(fig. 7.11b). 

Conical ground seals consist of the inner and outer parts which fit together, 
having the same taper. The dimensions of a conical ground joint are expressed 
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Lacquer 
or 

sealant 

Composit ion Max. safe 
temperature 

(or range 
0
 C) 

Characteristics Remarks 
(Supplier) 

Sealing 
lacquer 

Glyptal 
lacquer 

Helmitin 
sealing 
compound 

Desmodur 

Anaerobic 
permafil 

PVA 
solution 
sealant 

Mixture of high 
polymers in solvents 

Alkyd resin, formed 
by condensation of 
phtalic anhydride, 
glycol 

Polyester to be mix
ed with hardener 
(600 °C) (Hardener 
irritant of mucose! ) 

Ester of diysocyan 
acid. T w o solutions 
are to be mixed max. 
3 hr before use. 

Polymer of polygly-
col dimethacrylate 

Polyvinil acetate 
(Ipbw) solution in 
toluol (10 pbw) or 
PVA in acetone 

- 2 0 
80 

100 

100 

110 

65 

After drying insolu
ble in oi ls , petro
leum, water 

Vapour pressure 
IO"

8
 Torr ( - 2 5 ° C ) , 

2 x 1 0 - * (25°C), IO"
1 

( 7 0 O Q . Soluble in 

acetone, xylol or 
benzine. Insoluble in 
mineral oils, alcohol , 
water. 

Soluble in methylene 
chloride, methanol, 
water. Insoluble or
ganic solvents. 
Tensile strength 5 
k g / m m

2
 (25°C) 

Sets by exclusion of 
oxygen (vacuum) 

Vapour pressure 
I X 1 0 -

5
T o r r (25°C) 

(Leybold) 

G o o d fluidity and 
wetting, also Al , and 
Pexiglass; Drying 8 
hr at room temp. 
Polymerizes 1-2 hr 
at 140OC. (Comp. 
Gen. Radiologie) 

Hardens: 1 hr 
(18°C), 15-20 
(20°C) 

(Leybold) 

Seals glass, metals 
ceramics, rubber. 
Needs pressure 3 - 4 
atm for 2 hr at 9 0 -
130OC or 8-10 hr at 
room temperature. 
(I .G. Farben) 

Applied by brushing 
on the outside of 
porous walls. 
( G e n . Electric) 

After drying the 
coated surface is 
heated for 30 min at 
150°C. 

(contd.) 

Table 7.18. 
Irreversible adhesives . 
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Lacquer Max . safe Characteristics Remarks 
or Composit ion temperature (Supplier) 

sealant (or range 

Loctite 
sealant 

Natural 
rubber 
sealant 

Thin liquid 

Natural rubber 
(1 pbw), in benzol 
(2 pbw) 

- 4 0 
150 

70 

Liquid soluble in 
trichlorethylene. Sets 
by exclusion of air. 

Applied on 
surfaces. 

rough 

Bonds metal, glass 
ceramics, 4 - 1 2 hr 
(25°C), 10 min 
(100°C) 5 min 
(180°C) (Amer. 
Sealants) 

8 hr drying, then 
pressed 

Silicone 
rubber 
sealant 

RTV 102 silicone - 6 0 
rubber adhesive 150 

Air cure at room temp; first forms a surface 
skin; completely cured 24 hr (3 m m layer) 
(Gen. Electric) 

Anaerobic polymers used as sealants are discussed by Kendall (1982a); sealing of leaks in an 
ultra-high vacuum system by using a G.E. silicon resin is described by Egelhoff (1988). 

by the diameters (d, D) at the small and large ends, and the length L of the ground 
zone. The taper defined as (D-d)jL is Ί

Ύ

Γ) in the standard joints, and ^ in special 
joints. 

Spherical or ball and socket ground joints were developed to be used in appli
cations where the alignment of the parts to be joined is difficult or where angular 
motion of the parts with respect to each other is required. Spherical joints are 
designated by the ratio between the diameter of the ball and the inside diameter 
of the tubing. 

Ground seals can be used in vacuum technology only if they are properly 
selected, assembled and maintained. If small-bore ground seals are necessary, 
spherical joints should be used; for medium size (3-100 mm diameter), conical 
joints may be used, and for large diameters flat joints are useful. For radial open
ings only flat joints are useful; if a small axial displacement is possible, spherical 
joints may be used. The opening of standard conical joints requires an axial dis
placement equal at least to the length of the joint. 

Ground joints may be assembled in any position. It is recommended that the 
parts be clamped together even if it does not appear imperative. 

Table 7.18. (contd.) 
Irreversible adhesives. 
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Table 7.19. 

Epoxy adhesives. 

Resin Hardener Parts by Recommen- Curing time (min) Recommended uses and remarks 
weight of ded joint at temp. (°C) 

hardener to thickness — 
100 pbw of (mm) 

resin 20 40 70 100 150 180 

Araldite 101 951 5-6 0.1-0.2 24hr - — 10 - - For bonding small metal surface 
930 6-1 max. 0.5 24hr - — - — 3-5 More heat resistant 
936 6.5 - _ _ _ _ _ _ Curing only at 60°C for 2.5 hr 

Araldite 102 951 6-7 0.05-0.15 24hr - - - 5 3 Bonding porous materials 
936 6 - _ _ _ _ _ _ Curing only at 60°C for 2.5 hr 

Araldite 103 951 7-8 0.05-0.2 36hr 14hr 3hr 60 20 10 For bonding metals, ceramics, 
930 6-10 0.2-0.5 24hr 14hr 2hr 60 20 10 rubber; large surfaces. Hard 

joints 
Araldite 105 960 6-10 3 24hr - 10 - Filling up cracks 
Araldite 106 953 U 80 - 7hr 3hr Ihr 10 5 - Resistant to vibration 
Araldite 121 951 4-4.5 0.1-3 36hr 14hr 2hr 30 10 5 Bonding ceramics, synthetic 

930 2.5-5 0.1-0.5 36hr 14hr 2hr 30 10 5 resins to themselves and to 
metals; low expansion or heat 
sensitive materials 

Araldite 123 951 5.5-6 0.1-3 
930 3-6 0.1 1.5 36hr 14hr Ihr 15 5 3 Bonding large, metal ceramic 

surfaces 
Araldite 1 one part, 3hr 55 
(Natural) rods - 0.05-0.2 - - - - 10(200°C) Bonding nonferrous metals. 

ceramics 

(contd.) 
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Table 7.19. (contd.) 
Epoxy adhesive«: 

Resin Hardener Parts by Recommend- Curing time (min) Recommended uses and remarks 
weight of ed joint at temp. (°C) 

hardener to thickness 
lOOpbwof (mm) 20 40 70 100 150 180 

resin 

AralditeVIlI 4hr Ihr 
(Natural) paste — 0.05-0.5 - - - - 30(200°C) Bonding large badly fitting 

parts 

Epon IX one part Bonding metal to metal; 
paste — — _ _ _ _ _ _ 90 Max. service temp. 150°C 

(
Bonding, 

metal, 
glass 

rubber, 
plastics 

Epon 907 B 80 - 24hr — Ihr — - - Max. service temp. 
80 °C 

Epon 929 one part 2hr 15(200°C) Max. service temp. 
paste - _ _ _ _ _ 250 °C 

Gen Epoxy Versamid 140 100 _ _ _ 3^- _ 20 - Bonding metals 
M 180 Bonding metals, rubber, PVC, 

Versamid 125 65-40 - - - 2hr - 10 - Polyester 

Gen Epoxy Bonding metals, rubber, PVC; 

190 Versamid 125 100-60 - 24hr - 2hr - 10 - Polyester 

equal Bonding metal, ceramic, glass, 
squeezed or sealing up leaks; service up 

Torr Seal Hardener length - 24hr - 80 - - - to 10"8 Torr and 100°C 
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The maintenance of ground joints includes their greasing and cleaning. For the 
greasing of ground joints the proper grease should be used, corresponding to the 
range of temperatures in which the seal will work and to the vapour pressure 
requirements of the system (table 7.20). The grease is usually applied as strips 
on two diametrically opposed sides along the taper of the inner part. It is recom
mended that grease be applied only on the portion which is on the atmospheric 
side of the joint (fig. 7.12). By rotating the members on each other, the joint should 
become transparent. If after rotation, the surface of the joint presents any lines 
which do not disappear, cleaning and regreasing is required. 

The washing-off of Ramsay and Apiezon greases may be done with benzine, 
benzol or carbon tetrachloride. For cleaning of silicone greases see §7.2.2. 

Liquid seals are joints in which the gap between the connected parts is sealed by 
a material in the liquid phase. If the liquid seal separates spaces having a pressure 
difference of an atmosphere, the sealing action may be based on: hydrostatic 
pressure, on a high impedance to the flow of the liquid or on the surface tension 

Fig. 7.10 Fig. 7.11 

Fig. 7.10 Silver chloride window seals. 

Fig. 7.11 Lapped seal. 
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Table 7.20. 
Vacuum greases. 

Designation Max. Dropping 
service (melting) 
temp. point 

(°C) (°C) a t 2 5 ° C 

Vapour pressure 
(Torr) 

at higher 
temp. 

Remarks Supplier 

Vacuum grease Ρ 25 

Graise PB 1 

Ramsay grease 

Apiezon L 

Apiezon M 

Apiezon Ν 

Vacuum grease R 

Graise PB 2 

Graise PB 3 

Lubriseal 

Vacuseal light 

Joint grease D D 

Vacuseal heavy 

Celvacene light 

Celloseal 

Apiezon Τ 

Celvacene 
medium 
Cello grease 
Lithelen 

Silicone stopcock 
grease 

Silicone high 
vacuum grease 

25-30 

30 

30 

30 

30 

(30) 

(30) 

30 

50 

58 

60 

110 

150 

200 

200 

55 

56 

65 

40 

120 

90 

100 

120 

120 

210 

250 

JO"
5
 IO"

4
 (I00°C) IO"

8
 (25°C) 

degassed 2 hr 
at 90°C 
light 

io-7 

io-9 

IO"
8 

IO"
7 

5 . 1 0 "
8 

io-5 

io-5 

I O "
6 

io-8 

1 0 -
4
( 3 8 ° C ) -

only tempora-
10 -

6
(135°C) rily in wellfitting 

joints 

1 0 -
6
( 3 0 ° C ) -

for tapered 
joints 

— 10-
8
(25°C) 

degassed 

— for large joints 

— heavy 

— for glass/metal 

— for rotary seals 

IO"
8 

< 1 0 "
e
 -

<io-6 

very low — 

IO"
7
 1 0 -

5
( 1 7 0 ° C ) 

soluble in 
chloroform 
light m.p. grease 

lithium soap 

IO""
7
 10 -

5
(170°C) useful down 

to - 4 0 ° C 

Leybold 

C o m p . Gen . 
Radiologie 

Leybold 

Edwards 
Shell 

Leybold 

C o m p . Gen. 

Radiologie 

C E N C O 

C E N C O 

Leybold 

C E N C O 

CVC 

Fischer 
Edwards 
Shell 
C V C 

Fischer 

Leybold 

D o w 
Corning 

Edwards 
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of the sealing liquid. In order to minimize the height of the liquid column needed 
for the seal, in some seals a guard vacuum is used (see fig. 7.41) or the sealing liquid 
is frozen. 

In seals where the sealing material is permanently liquid, mercury or oil is used, 
e.g. Gaunt and Redford (1959), Brueschke (1961), Roth (1966). In frozen seals 
molten indium or Wood's metal can be used, e.g. Reynolds (1955), Toby and 
Kutsche (1957). Magnetic-liquid seals are discussed by Raj and Grayson (1981). 

Oil seals are used especially where the lubrication is needed simultaneously 
with the sealing action. The most extensively used seal of this type is the cylinder 
seal in the rotary pumps (fig. 7.13). Fo r a reliable seal the clearance between rotor 

Fig . 7 . 1 2 Conical jo ints; (a) before greasing; (b) recommended greasing; (c) not recommended 
greasing. Dot ted part is greased. 

Fig. 7 .13 Oil seal in rotary pumps. 
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Air pressure=P, 
D - 1-2X 

Vacuum pressure R 

Excess liquid 
pushed in 

Solid "Liquid 

Fig. 7 . 1 4 Surface tension seal. After Milleron (1959). 

and stator must be 2-3 μ. If the two materials of the stator and rotor are not pro
perly chosen the wear increases the clearance until the oil cannot seal (fig. 7.13b). 

Hablanian (1986) mentions that a spacing of 0.02 mm between rotor and 
stator is sufficient for oil sealed rotary pumps (of 200-300 l i ter /min) . 

The sealing action due to surface tension (Milleron, 1959) is shown in fig. 7.14. 
The liquid which fills the gap between the parts bears on one side the atmospheric 
(or high) pressure Px and on the other the vacuum ( P 2) , and the pressure difference 
pushes the liquid toward the low pressure. The liquid will withstand the pressure 
difference if the gap D is small enough and the surface tension of the liquid y 
is high enough. The equilibrium condition (fig. 7.14) is given by 

Pi-Pi = y[0/*i) + 0/*2)J 

Since P2 = 0, and R^Rj, and 2 Rx = D, this gives 

D = 27/Λ 

(7.1) 

(7.2) 

Table 7.21. 
Surface tension and clearance for liquid seals. 

Liquid Temp. Surface Maximum clearance (μ) for 
<°C) tension a pressure difference of 

dyn/cm 
1 atm 100 Torr 

Gallium 40 735 14 .7 112 
Tin 300 520 1 0 . 4 78 
Mercury 15 487 9 . 5 72 
Lead 350 420 8 . 4 64 
Bismuth 300 370 7 . 4 56 

Silver chloride 803 114 2 . 3 18 
Water 20 73 1 .4 11 
Organic liquids 20 2 5 - 3 0 0 . 5 - 0 . 6 3 . 8 - 4 . 5 
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Fig. 7.15 Records of surface roughness, a-d. Same surface recorded at (a) vertical magnification (v.m.) 2000, horizontal magnification 
(h.m.) 20; (b) v.m. 2000, h.m. 100; (c) v.m. 500, h.m. 100; (d) v.m. 500, h.m. 500. (e-h) Concentrically machined surface; 
(e) radial profile, v.m. 5000, h.m. 100; (f) tangential profile, v.m. 5000, h.m. 100; (g) radial profile, v.m. 10 000, h.m. 100; (h) tangential 

profile, v.m. 10 000, h.m. 100 (Roth, 1971). 
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i.e. a liquid metal with 7 = 500 dyn/cm (table 7.21) seals P{ = 1 a t m = 106 dyn/cm 2, 
if the gap is less than £> = 1000/106 = IO"3 cm. 

7.3.4. Gasket seals 

Sealing mechanism. Two flanges with a very good surface finish compressed 
against each other leave between them micron-size channels which constitute 
the leakage paths through such a seal. These leak paths are determined by the 
profiles of the surfaces in contact. 

We are used to the image of the surface profile in which the peaks have consi
derable slopes (fig. 7.15a,b) since these profiles are recorded by instruments which 
have a much larger vertical than horizontal magnification. In order to obtain the 
image of the profile with the real slopes existing on the surface, the record should 
be taken at equal vertical and horizontal magnification (fig. 7.15d). On lapped 
surfaces the profile is the same in any direction, while concentrically machined 
surfaces present very different surface profiles in radial and tangential (circum
ferential) directions (fig. 7.15e-h). 

It was established that on machined surfaces more than 9 0 % of the peaks have 
slopes of l ° - 4 ° . From these values, the typical form of the cross section of the 
leak paths formed at the interface-contact was determined (Roth, 1967, 1971) to 
be a triangle with α = 4 ° (fig. 7.16b). The length of the typical leak path is practically 
equal to the width w of the seal, as it results from the difference between the out
side and inside radii (r0 and r{ fig. 7.16a) of the sealing annulus. 

F 

Ό.5 

ΣΙχ - i x . - Αχ_ η (-

Fig. 7 .16 Dimensions of a seal; (a) the interface-contact annulus; (b) a typical leak path; 
(c) the surface contact (machined surface); (d) single path on a surface; (e) loaded interface-

contact. After Roth (1971). 
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According to eq. (3.118), the conductance (molecular flow) of an individual 
leak path (fig. 7.16b) was expressed by Roth (1971) as 

A3 Κ 
C, = 19.3 (TIM) i/« , , — — - (7.3) 

1 ' 2 ( 1 + 1/cos a) tg a w 

where Cl is in liter/sec, A (cm) and Κ the correction factor (table 3.5). For helium 
(M=4) at Γ=298°Κ Τ, and a = 4 ° ( t husΚ = 1.7;extrapolated according to table 3.5 
for the All value corresponding to α = 4 ° ) , eq. (7.3) is written 

Q = 1000 A*/w liter/sec (7.4) 

This equation is plotted in fig. 7.17 for the range of usual seal widths w, together 
with the throughput Qi = C1AP (eq. 3.26). Since the peak-to-valley height of the 
roughness of machined surfaces is in the range 10 3- 1 0 5 cm, and the lowest 

Fig . 7 .17 Conductance and throughput # f individual leak path (right scale), and of unloaded 
interface-contact (left scale). After Roth (1971). 
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sensitivity of helium leak detectors (see §7.4) is about 10~ 10 atnvcm3/sec, at AP-
1 atm the leakage through one single leak path can still be detected (fig. 7.17). 

If the density of the leak paths on the surface is Σ / / I , their number per unit 
length (L, cm, fig. 7.16a) is n = (tg <x/2A) (ΣΙ/L). A machined surface is usually com
pletely covered by peaks and valleys, thus 11/L = 1 (fig. 7.16c). Hence the conduc
tance of the unit length of an unloaded interface contact will be (for He, and α = 4 ° ) : 

C/L = 34 (A2/w) (Σ//£) = 34 A2/w liter/sec-cm (7.5) 

This equation is also plotted on fig. 7.17, and it shows that the leak rate of one cm 
length of seal made just bringing into contact surfaces having the best achievable 
finish ( Λ = 6 χ 1 0 - 6 cm) is easily detectable. 

In order to reach lower leak-rates, the cross section of the leak path has to be 
reduced by applying a load onto the contacting surfaces. This decreases the height 
A of the paths (fig. 7.16c) to Ax (fig. 7.16e). Since in this case Σ1/Σ=ΑΧ/Α9 the 
conductance per unit length of seal is given by 

C/L = 34(Ax

2lw) CE//L) = 34 (A2/w) (A JA)* (7.6) 

By using the integrated result (eq. 3.176) 

MrJrd]K2n) = (r0 - r)l[n(r0+r)] = */L (7.7) 

eq. (7.6) is written 

C = 34[2nl\n(r0/ri)]A2(AJAf (7.8) 

which is an equation similar to eq. (3.177). A JA is the factor changing under the 
effect of the load, according to eq. (3.178) as 

AjA=exp (-P/R)=cxp [~F/(LwR)] (7.9) 

where Ρ is the pressure exerted by the tightening force F on the contact area Lw9 

and R is the sealing factor expressing the sealing ability of the material (see fig. 
7.18). 

From eqs. (7.6) and (7.9) the sealing process (for He at 25°C) is expressed by 

C = 34 A\Ljw) exp [-3F/(LwR)] (7.10) 

or the throughput (leak rate) for any gas is expressed by 
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0 1000 2000 3000 4000 F (kg) 

, • • • ,
1 0

.
0 0

. ,
2 0

.
0 0

 P=F/Lw (kg/cm*) 

1 2 3 i 
Fig . 7 .18 Plot of the equations of the sealing process in various systems of scales. After Roth 

(1971). 

/ T \ 1/2 L 

Q = C Ap & 4 y-jj J A2 — exp (~3F/LwR) Ap T o r r liter/sec (7.11) 

where Ap is the pressure difference of the gas across the seal. 
Equation (7.10) can be written in the normalized form 

C y = 34^2exp-3K (7.12) 

by using the concept of the tightening index K=P/R=F/(L WR). 
Equations (7.5-7.12) refer to one interface contact. Gasket seals are constituted 
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of two such surface contacts (fig. 7.16a), thus the leakage in a gasket seal is double 
that given by these equations. Equations (7.10, 7.11, 7.12) are represented on 
fig. 7.18. The value of the sealing factor R is obtained on this graph as the P = 
F/(wL) value which produces a decrease of the conductance by a factor e

- 3 

~ 0.05. The value of Cw/L which results for F=09 represents the initial surface 
roughness, according to Cw/L = 34 A

2
. 

Figure 7.18. (eq. 7.10) shows that the influence of the various factors on the 
sealing process is: 

- The curves for seals using hard gasket materials (2 R) will have lower slopes 
than those for soft materials (0.5 /?), i.e. for the same decrease of the leak rate soft 
materials require less sealing force (figs. 7.18, 7.19). 

- The slope of the curve is also influenced by the width w; the curves of narrow 
seals (0 .5 w; 0 .1 w) have higher slopes, i.e. for the same decrease of the leak 
rate narrow seals require less sealing force. 

Fig. 7 . 1 9 Sealing curves of various mêlais . After Roth (1971). 
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- T h e width w of the seal also influences the position of the curve; curves of 
narrow seals (0.1 w) are shifted toward higher C/L values. 

- The initial roughness A of the surface determines the position of the curve 
relative to the C/L scale. If the surface is smoother (0.1 A) the curve is shifted 
toward lower C/L values; a change in the roughness by one order of magnitude 
shifts the curve by two orders of magnitude of C/L. 

- The straight lines (fig. 7.18) represent cases in which R and w are constant dur
ing the sealing process. If the material hardens and/or the width increases during 
the sealing process (increasing wR) the curves will be bent toward higher C/L 
values (fig. 7.18). 

These conclusions are in good agreement with the measurements of Armand 
et al. (1962, 1964), Gitzendanner and Rathbun (1965), Roth and Amilani (1965), 
Roth (1967, 1970a, .1971). 

Figure 7.19 shows a comparison of the sealing factors of various metals. The 
positions of the curves show the ranges of the initial surface roughness; the rough
ness (A) scale refers to zero load (P = 0). 

While copper has a sealing factor R from 500 kg/cm2 (soft) to 3300 kg/cm 2 

(very hard), and lead R = 70 kg/cm 2; Teflon has R = \50 kg/cm2 and neoprene 
R = 5-30 kg/cm 2. 

nJ-dation 
iAccommo Normal 

sealing sealing 
Local J 

Fig . 7 . 2 0 Stages of the sealing process. 

F 

After Roth and Inbar (1967a, b) , Roth (1971). 
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Experimentally obtained sealing curves always include a part which corresponds 
to eq. (7.10 or 7.11), but also present various deviations from this equation due to 
superimposed effects and imperfections. These appear both on the tightening curve 

FLATTENING INJERPENETRATION 

Soft (Gasket) Soft (Gasket) 

Hard (Flange) Hard (Flange) 

® ρ © 

/C=1 

® 

Fig. 7.21 The normal sealing process. After Roth and Amilani (1965), Roth (1967, 1971). 
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obtained by increasing the load and on the releasing curve obtained when F is 
reduced (fig. 7.20). These two curves together were termed a force cycle (Roth 
and Inbar, 1967b). 

The tightening curve (fig. 7.20) may contain three different sealing stages: ac
commodation, normal sealing and local sealing. The accommodation stage appears 
at the beginning of the tightening process where the force is mainly used to over
come the waviness of the surfaces, to crush foreign particles or to push local pro
trusions into the softer sealing surface. This is the stage in which the interface 
contact is gradually established along the entire circumference. The accommoda
tion stage extends usually up to a tightening index κ =0.5-0 .6 . 

Upon further tightening, the process corresponds to eq. (7.10); this is the normal 
sealing stage (figs. 7.20; 7.21). In this stage the leak paths existing at the interface -
contact are gradually throttled by interpénétration or flattening. If the smooth 
sealing part is the harder one, the sealing occurs by flattening (fig. 7.21a), while 
if the smooth sealing surface is softer than the rough one, sealing is a result of 
interpénétration (fig. 7.21b). In both cases eq. (7.10) is valid, but the value of the 
sealing factor R is different: sealing factors for flattening are smaller than for inter-
penetration. Figure 7.21 shows steps of the normal sealing process. Early steps 
can be represented (fig. 7.21c) by real slopes, but advanced steps (fig. 7.21d) must 
be represented by using an expanded vertical scale (the slopes becoming schematic). 

Upon further increasing of F, the effect of local sealing (fig. 7.20) may appear. 
This stage is due to the conductance of local deeper grooves which is initially 
(line c-d,fig. 7.20) much less than that of the whole seal (line a -b ) and decreases 
very slowly with the applied force. Thus the sum of the two conductances appears 
to be equal to the normal sealing at smaller loads and to the local sealing, when 
the force is higher than that corresponding to the intersection of the lines a -b 
and c-d (fig. 7.20). Local grooves can be radial scratches, eccentrically mated con
centric machining marks, or grooves of helical machining (Roth and Inbar, 1968). 

The releasing curve (fig. 7.20) reflects the kind of deformation which took place 
during the tightening curve. If this deformation was entirely elastic the releasing 
curve coincides exactly with the tightening curve. If the deformation during 
tightening was entirely plastic then during the release the conductance remains 
constant, i.e. the releasing curve is a horizontal line. For partly elastic deformation 
the releasing curve is located between the two curves mentioned. Even when the 
releasing curve is a horizontal, it continues only up to forces corresponding to the 
limit between the accommodation and the normal sealing stage, where the con
ductance begins to rise, since in this region the elastic deformation of the waviness 
begins to separate again the parts in contact (Roth and Inbar, 1967a, b). 

The bottom of the leak paths is round (fig. 7.22), rather than notched (as it 
was schematically represented in fig. 7.16). When the opposite sealing surface 
approaches the rounded surface of the path, a sudden closure of the path occurs. 
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Fig. 7 . 2 2 The sudden drop in conductance due to rounded bottom of the leak paths. After 
Roth (1971). 

Supposing that the curvature begins from a height Ax (fig. 7.22), the conductance 
is given by 

Cw/L = 3 4 Λ 2 β - 3 κ (1 +Bç?IA)2 

χ [1 - (0.35 A'JA) { e 2 X/ ( l + Be*/A)}]2 

χ [i - 0.012 (A'JA) e*4]"1 (7.13) 

which is plotted on fig. 7.22. It can be seen that the tightening index κ at which 
the sudden drop appears is not a function of the kind of material but of the shape 
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of the surface roughness (value of A'JA). Since the tightening index depends on 
the sealing factor R9 the force at which the drop appears is different at various 
materials even if the shape {A' JA) is the same. The value of κ at which the con
ductance drops to zero, results from eq. (7.13) as being (for B/A = 0 ) 

Klim = In \JI(A'JA) (7.14) 

function which is also plotted on fig. 7.22. This phenomenon suddenly bends the 
sealing curves toward low values of the conductance (fig. 7.22). 

The sealing curve is bent toward higher values of C if the width of the seal 
increases during sealing. Such phenomena are almost inevitable in seals, since the 
increase of w is either due to plastic deformation of the softer sealing surface, or 
to elastic straightening of the cylindrical contacting surfaces (fig. 7.23). The effec
tive contact width is given in this later case by 

w'=k(F/L)^ (7.15) 

Fig . 7 .23 Conductance of seal with cylindrical surface. After Roth (1971). 
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where κ depends on the elasticity moduli of the two materials in contact, and the 
radii of curvature of the surfaces. From eqs. (7.10) and (7.15) it results that in 
this case the sealing is described by 

C = 34 ^ 2

 k {p j L ) l lt exp[-3{FIL)»*/kR] (7.16) 

which is plotted on fig. 7.23 in terms of (F/L)1/2 as well as of F/L. It can be seen 
that C'=f(F/L) is a curve, which has a much higher slope than the line of the 
normal sealing C for the nominal width w, while 

C'(F/L)1/2=f(F/Ly/2 is a straight line. 

Equation (7.11) shows that in order to obtain a leak rate as small as possible or 
to use a tightening force as small as possible, the various possibilities used sepa
rately or combined are : 

- T o use gasket materials with a low sealing factor R; this is done practically 
by using neoprene, Viton or indium as the gasket material. 

- T o have a seal width w as small as possible; this is done by using 0-rings 
(figs. 7.24 and 7.34), shear seals (fig. 7.37) or knife edges (figs. 7.38-7.39). 

- T o have surfaces as smooth as possible (low A value); this is done by using 
polishing, lapping, etc. 

- T o have Ap as low as possible; this is done by using a guard vacuum (fig. 
7.41). 

An analysis of the mechanisms by which the leak rate of demountable 
bakeable seals is maintained at the required low level is presented by Roth 
(1983). 
0-ring seals. An 0-ring seal is a demountable joint which uses a gasket with 
circular cross section. The 0-ring, made of an elastomer or a metal is com
pressed between the sealing parts. If the main compression force is exerted axially 
the seal is known as flange seal; if the force works radially the connection is a 
shaft seal. When the joint closes, the sealing parts touch the cross section of the 
0-ring in two, three or more points (fig. 7.24), but in all these cases the contact 
surface is just a thin band, thus the seal is based on a small width (eqs. 7.11, 7.16). 

The various shapes shown in fig. 7.24 are obtained by : (1) placing the 0-ring 
in a groove machined in one of the sealing par ts ; (2) closing the 0-ring between 
the sealing parts and keeping it in place with spacers; (3) compressing the 0-ring 
in a conical seal; (4) keeping the 0-ring on a step and compressing it between 
the flanges; or (5) compressing the 0-ring between flat flanges (other seals and 
details, see Roth, 1966). 

In groove seals one of the sealing parts (flange, shaft) has a machined recess 
designed to receive the 0-ring. Basically a groove seal may be designed either 
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Fig. 7.24 0 ring seals. The axis of the seal is vertical and on the right side of the seal. F - flange seal; G - groove seal; S p - spacer 
seal; Cn - conical seal; St - step seal. After Roth (1966). 
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for constant deflection of the 0-ring or for constant load on the 0-ring. The 
constant deflection seals (known also as seals with limited compression) are designed 
so that when the required compression ratio is reached the sealing parts meet in 
a metal-to-metal contact enclosing the 0-ring in the groove. The limited compres
sion seals are preferred for elastomer gaskets, while the designs with unlimited 
compression are used with Teflon and metal gaskets (Brown, 1959; Von Ardenne, 
1962; Roth, 1966; Auerbach et al, 1978; Ishimaru and Horikoshi, 1979). 

The cross section of the grooves can be rectangular, trapezoidal or rounded. 
The dimensions of the rectangular groove are determined (fig. 7.25) by 

AB = κπ d2/4 (7.17) 
B/d = κ Γ 

where κ is a factor determining the dead volume, and κτ is the compression ratio 
required for the gasket material. With the usual value of κΓ = 0.72 (for rubber 
gaskets having a Shore hardness of 40-60) and a dead volume of 5 % (κ = \.05) 
it results that the dimensions of the groove are Β = 0.72 d\ and Λ = 1.15 d (fig. 
7.25a). The edges of the groove should have a radius of 0.15 d^R<Q.22d. For 
better retention of the 0-ring when the seal is not closed (vertical flange), the 
width of the groove can be made equal to the cross sectional diameter of the 
0-ring (fig. 7.25b). In this case C = 2L=0 .32 d. The sides of the grooves can be 
bevelled at 45° (fig. 7.25c). 

If the rectangular cross section groove is intended to be used with metal 0-rings 

Fig. 7 .25 Rectangular grooves for 0-rings. 
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(e.g. indium) the groove should be made with its width equal to the cross sectional 
diameter of the 0-ring (fig. 7.26a) and having a depth 15-30% greater than the 
width. In order to overcome the difficulty in removing the 0-ring such seals can 
be constructed with demountable parts (fig. 7.26b, c). 

Sliding or rotating shafts (fig. 7.27) may be sealed with 0-rings. The groove 
may be machined on the shaft (fig. 7.27a) or in the cylinder bore (fig. 7.27b). The 
dimensions are listed in table 7.22. 

Three types of trapezium grooves are used to receive 0-rings: the closed tra
pezium or dovetail groove (fig. 7.28a), the open trapezium groove (fig. 7.28b) 
and the trapezium groove with parallel side walls (fig. 7.28c). The dovetail groove 
is difficult to machine and always has some trapped volume in the seal, but has 
a very good retention of the gasket. The dimensions should be (fig. 7.28a) C/d = 
0.75-0.80; A/d = 0.9. 

To avoid the difficult machining needed for the dovetail groove the trapezium 
groove with parallel side (fig. 7.28c) can be used. The dimensions of this groove 
are given (Barton, 1953) by 

^ m a x = 4 n h . - 0 . 0 0 1 (in) = dmin-0.025 (mm) 
^ m i n = » ^ . x - 0 . 0 3 r f 
*max = * m i n + 0.03</ 
r m a x = r m i„ + 0.03d 
Xmin=AmJWmin-03\2Wm.m (7.18) 
^ i n = ^ m a x / ^ i n + 0 . 3 1 2 ^ m in 

J _ π Λ2 ΙΑ 
max "

 / tw
 niax/^ 

(c) 

Fig. 7 .26 0 ring seals with unlimited compress ion; (a) closed groove; (b) demountable groove; 
(c) pipe edge seal. 
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Table 7.22. 
Dimensions* of 0-ring shaft seals (mm). 

0-ring cross 
sectional diameter 

nominal 

mm in 

minimum 

maximum 

B - A C G Ri R 2 

1.78 0 . 0 7 0 1.71 2 . 8 0 1 .92 
1.85 2 . 9 0 2 . 0 2 0 . 1 3 0 . 5 0 .1 

2 . 6 2 0 .103 2 .55 4 . 1 0 2 . 7 6 0 .13 0 . 5 0 .1 
2 . 6 9 4 . 2 5 2 .93 

3 .53 0 .139 3 .43 5 .60 3 . 7 0 
0 . 1 5 0 . 8 0 . 2 

3 .63 5 .80 3 . 9 0 

5 .33 0 .210 5.21 8 .50 5 .50 
0 . 1 8 0 . 8 0 . 2 

5 .45 8 .70 5 .80 

7 . 0 0 .275 6 .85 11 .2 6 . 9 0 
0 . 2 0 0 . 8 0 .25 

7 .15 11 .5 7 .25 

•Notat ions , see fig. 7.27. 

dmin and dmav are the minimum and maximum cross section diameters as specified 
in ι Π m α. χ 

for a given type of 0-ring. 
Rectangular flanges may be equipped with 0-ring gaskets by cutting the groove 

of one of the cross sections used for circular 0-rings (figs. 7.25, 7.28) but follow-

to) (b) 
Fig. 7 .27 0-ring shaft seals. 
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(α) (b) (Ο 
F i g . 7 .28 Trapezium grooves 

ing the rectangular outline of the flange. The straight parts of the groove should 
be connected by circular bends whose radius R is not less than that specified in 
fig. 7.29. Bakeable seals on noncircular ports are discussed by Flemming et al. 
(1980). 

The typical spacer seal is shown in fig. 7.30. The spacer seals use a retaining ring 
3 (fig. 7.30a) which has a V or rounded V groove machined on its circumference. 
The retaining ring is closed between identical flanges 1.2 by the action of the external 
clamping ring 4 (fig. 7.30b) made of two half circles. 

The spacer seal can also be used without specially machined retaining rings 
(fig. 7.31). The 0-ring can be enclosed between two concentric cylindrical rings 
(1, 2 fig. 7.31a) and the ends of the pipes (3 ,4) . In the specific seal shown, the 
components are pulled together by the clamping flanges 5 pulling against the 

O 20 40 60 80 100 120 140 R, mm 
Fig . 7 . 2 9 Minimum radius /? of bend as a function of the cross section diameter d of the 

0-ring. After Roth (1966). 
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(α) (b) 

Fig. 7 . 3 0 Spacer seal with retaining ring (Leybold-Heraeus) . 

external spring steel retaining rings 6. Such seals can also be based on a single 
spacer (fig. 7.31b). 

A pipe 1 (fig. 7.32) can be jointed to a flange 2 of a vacuum vessel or pipe, by 
surrounding it with an 0-ring, and compressing the 0-ring toward the pipe and the 
flange with the conically shaped sealing ring 3. The conical surface should form an 
angle of 45° with the surface of the pipe 1 and the flange 2. In this case the optimum 
dimension will be A = 1.32 d. If A is smaller a seal with metal-to-metal contact 
is not possible (fig. 7.33a); if A is larger, the compression ratio is insufficient 
for a tight seal (fig. 7.33b) and the seal will enclose large trapped volumes. 

(A) (B) 

Fig. 7 .31 0-ring seals with spacers; (a) with concentric tubular spacers; (b) with single spacer. 
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Fig. 7.32 Fig. 7.33 

Fig. 7 .32 Principle of conical 0-ring seals. 
Fig. 7 .33 Conical seal having dimension A (fig. 7 . 3 2 ) ; (a) too small; (b) too large. 

The arrangement shown in Fig. 7.32 is useful for elastomer 0-rings. Figure 
7.34 shows the Wheeler seal, a conical bakeable seal with metal (copper) 0-rings 
(Wheeler, 1963). This seal is constructed for diameters up to 18 inches, where 
A =21 5/8 in; Β = 20 in and C = 18 in. The seal uses O F H C copper wire gasket which 
is captured between the flanges (fig. 7.34a). The sealing surfaces of the flanges 
are at 20° to the horizontal and the wire is supported by a vertical face. To ensure 
the location of the gasket against this vertical face, the gasket is made somewhat 
undersized and is slightly stretched as it is snapped into place. The sealing force 
is applied directly over the gasket by means of clamps. 

Techniques to be used in large seals are discussed by Wheeler (1977). 
The 0-ring can be placed in the step machined in one of the sealing parts and 

is compressed against the other (fig. 7.35a) flange or against a second step machined 
on the other sealing part (fig. 7.35b). 

If metal (gold) gaskets are used, and the steps are constructed with appropriate 
clearances (fig. 7.36) very reliable bakeable seals are obtained (Caswell, 1960; 
Mark and Dreyer, 1960; Hawrylak, 1967). The location of the gasket in the joint 
should permit the crushing of the gasket in the shape shown in fig. 7.36b, the ratio 
H/d being 0.5-0.4. The radial clearance should be Γ = 0 . 0 6 d to T=0.\2d, and the 
surface finishes of the step about 16 juin r.m.s. (Grove, 1959). 

Large metal gasket seals are discussed by: Head et ai (1982) discuss seals with 
hollow metal gaskets; Grossi et al. (1987) describe reusable Ag gaskets; Wikberg 
and Poncet (1987) mention Ag-plated Cu wire gaskets, or Au wire gaskets. 
Assembly and maintenance of 0-ring seals. The main suggestions for the correct 
handling regard: the 0-ring, the sealing surfaces and the tightening process. 
The proper size of 0-ring should be used. When using 0-rings with smaller cross-
sectional diameters than that required, the needed compression ratio cannot be 
reached and the seal may leak immediately or after a short time. With an 0-ring 
having a larger cross-sectional diameter than designed, the seal cannot be brought 
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Fig. 7 .35 Step seals with 0-r ings; (a) single step: (b) double s tep; 1. Washer; 2 . 0-ring; 
3 . Flange. 

Fig. 7.34 Wheeler wire gasket seal. After Wheeler (1963). 
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F ig . 7 . 3 6 Corner seal; (a) before and (b) after compression 

to metal-metal contact or the 0-ring is sheared in the seal. The resulting seal 
can be leak-tight, but the alignment of the sealing parts is difficult and a larger 
surface area of the 0-ring is exposed to the evacuated space. 

It is impossible to use 0-rings with larger diameters (circumference) than 
that of the groove, since the rubber is not compressible. The opposite solution, 
i.e. the use of 0-rings with a smaller diameter (circumference) than that required, 
stretched'over the inside diameter of the groove, step or spacer is the most common 
mistake made in 0-ring seals. Such a solution is equivalent to the use of 0-ring 
with a smaller cross-sectional diameter than that provided for the seal but has an 
additional danger. Due to the stretching, all the small irregularities on the surface 
of the 0-ring are enlarged to real channels which make the seal leaky. Very often 
the 0-ring is damaged during the mounting operation itself by the cutting action 
of the edges over which it is stretched, especially when these edges are not radiused 
(e.g. end of a glass pipe not fired previously). 

To make a tight seal the surface of the 0-ring must be free of dust or any 
particles which would prevent the direct contact between the 0-ring and the seal
ing surfaces (see §7.2.4). 

0-rings may be greased. The grease may seal for the moment small scratches 
on the surface of the flange or of the 0-ring itself, but it cannot be recommended 
as a sealing material. Greasing is particularly not recommended in seals where 
the gasket is not enclosed in a groove and may slide laterally. 

0-rings cannot be reused if they present any permanent deformation. 
The seal is restricted to a very small area of the parts, the surface finish of these 

areas is a basic criterion for a reliable seal. The required surface finish is about 
60 μίη r.m.s. for elastomer gasket seals, and 4-20 rçin r.m.s. for metal gasket 
seals (see also fig. 3.43). Small machining marks remaining on the sealing surfaces 
are incomparably less dangerous / / they are parallel to the 0-ring. Radial 
scratches, even if they are very small are dangerous (see fig. 7.20) for the leak 
rate obtained. 
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The tightening should be done using the required torques. It is no use in tighten
ing with heavy tools, seals constructed for hand tightening. One of the most impor
tant facts in assembling 0-ring seals is to prevent and to avoid drag (rotation) on 
the 0-ring during tightening. This is done either by keeping the two sealing parts 
without rotation (bolt seals) during the tightening or by the use of compression 
washers interposed between the 0-ring and the (rotating) tightening coupling. 

Seals, tightened by remote control, are described by Fischer (1974). 

Shear seals. Shear seals or step seals, based on the shearing of the gasket were 
developed by Lange and Alpert (1957). They may be designed either with a clear
ance between the opposite shearing steps (fig. 7.37a) or with overlapping steps 
(fig. 7.37b). The gasket used should be 1 mm thick O F H C copper, hydrogen 
annealed at 950°C after cutting. For details refer to Wheeler and Carlson (1962), 
Roth (1966). 

Knife edge seals. The most extensively used technique to concentrate the 
tightening force onto a small width (as required by eq. 7.11) is to provide a 
"knife edge" on one of the sealing parts. This technique was initiated by Van 
Heerden (1955), and discussed by Hees et al. (1956), Wheeler and Carlson 
(1962), Unterlerchner (1977), Edwards et al. (1979). The gaskets for knife edge 
seals are usually of O F H C copper, but nickel, silver, silver-plated copper or 
indium-plated copper were also used. The knife edge must be of a harder 
material than the gasket. It is in principle a ridge having a V-shape cross section 



416 HIGH VACUUM T E C H N O L O G Y (CH. 7) 

Fig. 7 . 3 8 Knife edge seal (detail). 

(fig. 7.38), with a = 3 0 - 4 5 ° . The apex of the knife edge may have a flat edge 
a = 0.1-0.2 mm, or a rounded one R = 0.1-2.5 mm. 

The height of the knife edge is A = 0 . 7 - 2 mm, the gasket thickness is usually 
7 = 1 - 1 . 5 mm and the depth of bite 6 = 0 . 2 - 0 . 4 mm. 

A widely used application of the knife edge principle is the Confiât seal manu
factured by Varian for ultra-high vacuum systems. The sealing ridge is made (fig. 
7.39) with a vertical edge (normal to the gasket) and with the second side of the 
ridge inclined at 7 0 ° ; the angle is not critical (Wheeler and Carlson, 1962). 

Large size Confiât seals are discussed by Unterlerchner (1987). A tool for 
removing ultra-high vacuum gaskets is described by Waclawski (1983). 

Another type of edge seal uses the "H-gasket", an elastic conical washer in
serted between the sealing parts (Ullman, 1962; Horikoshi and Miyahara, 1977). 
Guard vacuum in the seals. According to eq. (7.11) the leak rate of gasket seals 
can be reduced, by reducing the pressure difference across the seal, i.e. using the 
technique known as guard vacuum or differential pumping. This technique consists 
of providing an enclosed evacuated space intermediate between the vacuum 
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6 - 9 

Fig. 7 . 3 9 The Confiât seal (Varian). After Wheeler and Carlson (1962). 

system (gasket) and the atmosphere. The guard vacuum is generally built as a 
double gasket system, but also double chambers are constructed (see §7.1.6). 

A gasket seal (fig. 7.40a) with a conductance C, or a leak rate Q = C(P0—P) 
seals against the external pressure (usually atmospheric) P0. If a pumping speed 
S is used, the lowest pressure which can be reached is given by 

SP=C(PQ-P) 

thus it is 

P = [C/(C+S)]P0 (7.19) 

If this gasket seal is doubled by a second one of conductance Cx (fig. 7.40b), 
the limiting pressure obtained with the same pumping speed S will be 

P' = ccx 

(C+CJS+ ccx 

or with C t = C 

Ρ" = s + c 
P„= ^—^P 2S+C ° 2S+C 

(7.20) 

(7.21) 

i.e. always P>P'>P/2, thus the gain by this double gasket is not of great impor
tance. 



4 1 8 HIGH VACUUM TECHNOLOGY (CH. 7) 

If a guard vacuum is used (fig. 7.40c) and the pumping speed between the two 
gaskets is Sx (and the pressure Pj) , the limiting pressure in the main vessel will be 

p = c'+s P l = ~c+~s c, + s p°= c, + sx

 p (7'22) 

or 

Ρ"=(ΡχΙΡο)Ρ 

Considering P o = 760 Torr, and P ^ I O " 1 Torr (easily obtained with a rotary 
pump), the pressure inside the vessel will be 

P / , = 1 .3x lO- 4P 

thus a considerable gain is obtained. 

to) 

(b) 

(c) 

c 

jfc> 

c c. 

J 

\2λ 
(α) 

1 

'4 Ί 
Fig. 7.40 

Fig. 7 . 4 0 Single gasket, double gasket and guard vacuum seal (principle). 
Fig. 7 .41 Guard vacuum in gasket seals. 
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The guard vacuum may be used between concentric seals (fig 7.41a,b,c). 
A pump-out connexion is provided in one of the flanges, having one or more 
connexions to the space between the two gaskets. For ease of assembly, the 
double 0-ring can be made as a single moulding (fig. 7.4Id). Seals with guard 
vacuum can also be made by using concentric knife edges, or double-edged copper 
gaskets (fig. 7.41e). Motion seals using guard vacuum have been described by 
Milleron (1959), Ehlers and Moll (1960), Brueschke (1961), Armstrong and Biais 
(1963), Merrill and Smith (1971), Harra (1978). 

Guard vacuum sealed windows are described by Lucatorto et ai (1979), 
Hollins and Pritchard (1980). 

7.3.5. Electrical lead-throughs 

To transmit an electric current into a vacuum system or envelope lead-throughs 
should be used. These leads should be electrically insulated from the envelope 
(and other leads) and joined to the system by vacuum tight seals. The selection 
of the materials forming the electrical lead-through and its vacuum seal is deter
mined by the service requirements, i.e. the voltage, current, frequency, tempe
rature, etc. According to the requirements, permanent or demountable electrical 
lead-throughs may be used. 

Permanent lead-throughs are based on glass-metal or ceramic-metal seals 

\t f \ 
1 f 1 

! 
1 

(a) (b) 
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Diameter of wire, mm 

Fig. 7.43 Admissible current in wire (rod) seals. CC - copper clad wire; K - Kovar; V - Vacon; 
F18-Fe Cr(18% Cr); F30 - Fe Cr (30% Cr). Plotted after data from Steyskal (1955), Roth 

(1955), Mönch (1959), Von Ardenne (1962), Espe (1966/68). 

(§7.3.2). According to their shapes, permanent lead-throughs can be rod seals, 
stem seals, pin seals, ribbon seals, disc or cup seals (Roth, 1966; Ishimaru, 1976, 
1977). 

In rod seals, metal rods (W, Mo, FeNiCo) are sealed in a glass (table 7.13) 
part having a specially designed shape (fig. 7.42a) to avoid the build-up of stresses 
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in the glass. The rod seals are usually used as double (multiple) lead-throughs 
on extensions (fig. 7.42b), on parts protruding into vacuum vessel (fig. 7.42c) 
or crossing the wall of the system (fig. 7.42d). The lead should carry only currents 
which do not heat it sensibly, i.e. less than the values in fig. 7.43. 

Metal rods sealed in ceramics are used as assemblies connected to metal flanges 
which are then joined to vacuum vessels by brazing, elastomer or metal gasket 
seals. 

The stems are lead-throughs obtained by flattening a glass tube over the lead-
wires. Such stems used in electric lamps are based on lead-glasses and copper-clad 
(or Dumet) wire. The copper-cladded Fe Ni (58/42) wire has a radial expansion 
which matches that of the lead-glass, while the much higher axial expansion diffe
rence is compensated by the elasticity of the thin copper layer. The stem lead-
throughs may have various shapes (fig. 7.44) and number of wires. 

A pin seal is a glass disc in which metal pins are sealed perpendicular to the faces 
of the disc. These seals are also called horizontal stems due to the position in which 
they are placed in the electron tubes, constituting their bottom. Pin seals can be 

(a) (b) (c) (d) 

(e) (f) (g) (h) Fig . 7 . 4 4 Stem seals of various shapes; (a) flat stem with 2 wires; (b) flat stem with 6 wires; 
(c) flat stem with 2 single and 2 multiple wire seals; (d) T-stem; (e) X-s tem; (f) H - s t e m ; 

(g) U- s t em; (hj 0-stem. 
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(α) (b) 

Fig. 7 . 4 5 Pin seals. 

( c ) i d ) 

Fig . 7 . 4 6 Lead-throughs with disc seals. 

in the form of a disc (fig. 7.45a) or a cup (fig. 7.45b) according to the requirements 
of the subsequent sealing into the vacuum device. 

Ribbon seals are represented especially by molybdenum ribbons sealed in quartz 
as electrical lead-throughs of quartz envelopes (lamps). 

Electrical lead-throughs carrying heavy currents are constructed so as to sepa
rate the seal from the electrical lead. This is done by connecting the lead through 
a metal disc or cup which is sealed (on its circumference) to the glass (or ceramic). 
The electric leadjs brazed (fig. 7.46a) to the two faces of the disc, or it is machined 
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as one piece (fig. 7.46b) with an annular cut which assures the required tempera
ture gradient to the glass part . The same result is obtained by using a metal cup 
(fig. 7.46c). For lead-throughs sealed in quartz, a molybdenum foil (disc) may be 
used (fig. 7.46d). 

For various applications, demountable lead-throughs are required. In such cases, 
the electrical lead-through may be either demountable by separating the electri
cal lead from the insulating part and this part from the vacuum vessel, or being 
able to separate the electrical lead-through as a whole from the vacuum vessel. 
In both cases the sealing and insulation, or just the sealing is done either by wax 
(resin) seals (§7.3.3), or by gasket seals (§7.3.4). Such lead-throughs are supplied 
by most vacuum equipment manufacturers. 

Sliding electrical contacts in ultrahigh vacuum are discussed by Newstead et 
al. (1984); O-ring sealed rotary feed-throughs for ultra-high vacuum are described 
by Pararas et al. (1982); A bakeable all-metal feed-through is described by 
Edmonds and Shipley (1988). 

7.3.6. Motion transmission 

The transmission of motion from the outside into the vacuum chamber is a very 
frequent requirement in the various vacuum technologies: closing systems of 
valves, motion of shutters, targets, tilting of crucibles. The techniques used to 
transmit motion into the evacuated space are : (a) the tilting of the vacuum device; 
(b) the bending of elastic pipes; (c) the deformation of bellows; (d) the deforma
tion of diaphragms; (e) the relative motion of ground seals; (f) the motion of 
gasket seals ; (g) the use of magnetic fields ; (h) the use of heat transfer or electric 

Fig . 7 . 4 7 Transmission of m o t i o n by elastic pipes. 
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Fig . 7 . 4 8 Bel lows used for tilting m o t i o n . After Del ia Porta (1960) . 

current (Monch, 1959; Von Ardenne, 1962; Roth ; 1966, Maurice, 1974a; Mulder, 
1976; Pearce and Barker, 1977; Head and Griffiths, 1978; Homan, 1980). 

Limited translational or rotational motion may be transmitted using a shaft 
(1 fig. 7.47a) sealed by a rubber sleeve 2, slipped over (fig. 7.47a) or joined by wax 
(fig. 7.47b) to the parts. Rubber tubing may be used to obtain unlimited rotary 
motion by using a crank (1 fig. 7.47c), the handle of which is enclosed in the rubber 
tubing 2 in such a way that the rubber flexes on the crank handle. The end of the 

(b) 

Fig. 7 . 4 9 Rotat ion transmission using: (a) tilted be l lows; (b) bent bellows. 
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crank rotates freely in the stopcock 3 which seals the end of the rubber. For 
tilting the shaft, a large diameter tube (1 fig. 7Ala) and a flange 2 are joined by 
a rubber tube 3, supported from the inside by a helical wire spring 4 (Bachman, 
1948; Fremlin, 1952; Roth, 1966). Rotation motion by using thin-walled metal 
tubes is described by Hunter (1963). 

Bellows are pipes having their walls bent to form consecutive rings. This cor
rugated shape allows limited axial compression or bending. The bellows are 
made from rubber, Teflon, metals, and in special cases from glass (e.g. Boll, 1961). 
Metal bellows allow an axial compression of about 20% of their net length, and 
are extensively used in all-metal valves and opening devices (Grady, 1973). Bellows 
can also be used to transmit tilting motion (fig. 7.48) or rotary motion (fig. 7.49). 
Such devices were described by Delia Porta (1960), Snyder and Steel (1962), 
Tasman (1963). 

Rotary motion can also be transmitted by using diaphragms (fig. 7.50). The 
driving shaft 1, in alignment with the driven shaft 2, rotates this latter by means 
of a wobble shaft 3, sealed through the centre of the diaphragm 4. 

Ground and lapped seals may be used to transmit motion into vacuum chambers, 
if the vapour pressure of the oil or grease used with these seals may be tolerated 
in the system. The lapped part (1 fig. 7.51a) is sealed to the system, while the 
shaft 4 is connected to the second lapped part 2. The sealing and lubrication is 
done by the oil flowing through the circular channel 3. Lapped seals are able to 
transmit rotation up to 3-4 r.p.m. Conical ground seals (fig. 7.51b) or spherical 

F i g . 7 . 5 0 Rotary mot ion through a diaphragm. 
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F ig . 7 .51 Rotary mot ion through ground seals, (a) lapped flat seal; (b) conical ground seal; 
(c) spherical ground seal; (d) seal with Teflon p l u g ( l ) ; 2 . Adapter; 3 . Shaft; 4 . Bearing. 

ones (fig. 7.51c) are also frequently used to transmit slow rotation (e.g. Howe, 
1955; Nester, 1956b). The gas evolution from rotary seals is discussed by Go-
rodetsky and Skurat (1975). 

Sliding and/or rotary motion can be transmitted in principle through shaft 
seals using one 0-ring (fig. 7.52a) but in current practice seals using two 0-rings 
are preferred (fig. 7.52b, c) since they ensure better centering of the shaft. It is 
easier to machine the groove on the shaft (fig. 7.52a) but when the shaft must 
have a long stroke the groove should be made in the wall of the port (fig. 7.52 
b, c). A sliding or rotary shaft seal with a double 0-ring can be constructed 
without grooves, by placing a cylindrical spacer (fig. 7.52d) between the 0-rings 
and compressing the assembly with a closing ring (e.g. Gore, 1957; Lake et ah. 
1963; Armstrong and Biais, 1963). 

The lip seals known as Wilson seals are based (Wilson, 1941) on the sealing 
action of a rubber sheet toward a shaft crossing it through a hole, cut with a 
diameter considerably smaller than that of the rod. The periphery of the rubber 
sheet is held tightly by a circular metal part (4 fig. 7.53), and the rubber close to 
the shaft is distorted and bent out from the plane of the sheet, its lip sealing against 
the shaft. The sliding shaft does not necessarily have to be particularly straight, 
but its surface must be smooth. The gasket is usually 1.4-1.6 mm thick and made 
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of a rubber of Shore hardness 50-60. The hole should be 0.65-0.8 of the shaft 
diameter, thus (fig. 7.53) </=0.65 Z)-0.8 D\ d2=3D-4D for small D values, and 
d2=2D for large D. 

Wilson seals can be used with shafts 1.5 mm up to very large (e.g. 70 mm) 
diameters, but al larger sizes (over about 20 mm) it must be ensured that the 
pressure difference will not force the shaft into the chamber. 

Wilson seals are very often constructed using a double gasket the space bet
ween the gaskets being evacuated (fig. 7.54a) or filled with grease (fig. 7.54b) or 
with liquids (Brueschke, 1961). 

Shaft seals for the transmission of rotary and/or translational motion are manu
factured by the various firms constructing vacuum equipment. 

d U - d2̂  

Fig. 7 ,53 Wilson seal; 1. Shaft; 2. Base plate; 3. Rubber washer; 4 . Metal ring; 5. Lock nut. 

Fig.7.52 Sliding and rotary 0-ring shaft seals 1. Chamber wall; 2. O-rings; 3. Spacer; 
4. Sealing ring. 
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Magnetic fields may be used to transmit motion inside the evacuated space by 
placing a magnet (or electromagnet) outside the chamber and transmitting the 
field through the wall, which should be of non-magnetic material. The electro
magnet may be placed in the chamber as well and energized from the outside, 
but this solution presents the need of electrical lead-throughs and degassing or 
breakdown difficulties. 

Vacuum-tight, bakeable magnetic feed-throughs for rotary motion (up to 700 
rpm) are available from vacuum equipment manufacturers (e.g. Varian). Non-
bakeable seals may achieve very high speeds (Coenraads and Lavelle, 1962). 

Lubrication in vacuum. At pressures higher than 1 0 ~ 4 Torr, the water vapour 
on the surfaces is enough to permit motion of components in contact. At lower 
pressures the surfaces desorb the various gases (and vapours) as discussed in §4.4, 
and the " b a r e " contacting surfaces present a gradually higher friction up to 
adherence. In order to separate the contacting surfaces, a low shear material - a 
lubricant - is inserted between the moving parts. The lubricant may be fluid (wet) 
or solid (dry) and must have a low vapour pressure in the required temperature 
ranges. The lubricant has to conform to the lubricating and wear conditions as 
well as to the conditions required from any vacuum material (see §7.1). 

Fluid lubricants (silicones, fluorocarbons, etc.) have vapour pressures at room 
temperature extending from 10 ~ 9 to I O - 1 2 Torr, corresponding to rates of 
evaporation (losses) of 1 0 ~ 9 to 1 0 ~ 1 3 g - c m - 2 - s _ 1 (eq. 4.7). These liquid 
lubricants are useful in the temperature range from 225 to 375 Κ (Roller, 1988). 

Solid (dry) lubricants used are PTFE, M o S 2, W S 2, N b S e 2 and soft metals as 
Au, Ag (Pb, Sn) (Spalvins, 1987). These lubricants have vapour pressures of 
1 0 ~ 1 2- 1 0 ~ 1 4 Torr at room temperature, corresponding to rates of evaporation 
(loss rates) of 1 0 " 1 0 to 1 0 " 1 4 g · c m - 2 · s " 1 . The solid lubricants are useful in the 

(a) (b) (c) 

Fig. 7.54 Wilson seals with double gasket; (a) with parallel gaskets and guard vacuum; 
(b) with opposite gaskets; (c) Wilson seal on a glass plate; 1. Glass; 2. Neoprene; 3. Mica. 
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4-700 Κ temperature range (with substrates permitting these temperatures). Solid 
lubricants may be applied to the surfaces: by rubbing, coating by tumbling in 
powdered lubricant or by high-velocity impingement of the lubricant entrained in 
a gas. Lubricants applied by these techniques have limited wear life (tens of 
sliding cycles; thousands of rolling cycles). 

Bonded lubricants are applied by spraying in a binder and curing the parts. 
Such coatings have better wear life (7000 to 15000 sliding cycles). The best wear 
life is obtained by ion plated, sputtered coatings. MoS 2 (often co-sputtered with 
Ni), Au, PTFE have been sputter coated as solid lubricants for parts moving in 
vacuum (Roller, 1988). 

The friction in vacuum and the problems of lubrication were discussed by 
Buckley (1974), Matsunaga and Hoshimoto (1974), Friebel and Hinricks (1975), 
Kirby et al (1982), Marmy (1983), Spalvins (1987), Panitz et ai (1988), Roller 
(1988). 

7.3.7. Material transfer into vacuum systems 

In every vacuum application, gases (liquids) or solids are to be transferred 
from the vacuum system to the surrounding space, from outside into the vacuum 

2 1 2 2 

a) b) c) 

d) e) 
Fig. 7 . 5 5 Cut-offs with liquid seal; (a) U-shape; (b) V-shape; (c) wilh separating wal l ; 

(d) concentric pipes; (f) for variable flow. After R o t h (1966). 
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system or from one part of the system to another. The seals used in connexion 
with material transfer must allow a port of adequate dimensions to be open during 
the transfer, while still keeping the rest of the vacuum system vacuum tight. The 
port itself should be vacuum-tight when closed. 

For the transfer of gases from one part of the system to another (exhaust) it 
is always desirable to have means of shutting-off various par ts : cut-offs can be 
used when the pressure difference is not too large; stopcocks or valves for larger 
pressure differences. 

When gases are to be introduced into the vacuum system, stopcocks or valves 
are used for large throughputs and controlled leaks for small and very small 
throughputs. 

To achieve the transfer of solids (specimens, photo plates, etc.) into or from the 
evacuated chamber vacuum locks are used. 

The transfer of radiation (through windows) into or from vacuum chambers 
is discussed e.g. by Roth (1966), Heasley (1976), Fisher (1988). 

A cut-off is a device in which a liquid surface is used to separate two parts of 
the vacuum system. A cut-off consists of a system for raising the liquid and a 
closing system. The raising systems are those described in connection with the 
McLeod gauge (figs. 6.8-6.10) which always includes a cut-off. 

The closing action may be achieved by the liquid itself or by floats moved on 
the level of the liquid. The liquid may close the connection between two parts 
of the system, either by entering into a Y-shaped part of the connexion (fig. 7.55) 
or by sealing on a porous (sintered) glass surface (fig. 7.56) (e.g. Glaister, 1956; 
Almond, 1958). 

Cut-offs using floats (fig. 7.57) have the advantage that when closed the vapours 
of the liquid are excluded from the evacuated space. They also permit positive 
closing (Hammond, 1954; Neville, 1955; Wyllie 1957; Knor, 1960). 

The liquid used is usually mercury, but oil or molten metals (indium, gallium) 
are also used (e.g. Paty and Schurer, 1957; Axelrod, 1959; Beynon, 1960). 

Fig . 7 . 5 6 Cut-offs with sintered glass; (a) with single glass frit (unlimited raising of the liquid); 
(b) with double glass frit (limited raising). 

(A) ( B ) 
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(a) (b) 

Fig . 7 . 5 7 Cut-offs with float; (a) cyl indrical; 1. Guiding bulge; 2. Clos ing taper; 3 . Mercury; 
(b) gu ided m u s h r o o m float. 

Glass stopcocks consist of a plug and a body. The plug can be solid (fig. 7.58a) 
or hollow (fig. 7.58b). Sometimes hollow plugs are provided with an inside con
necting pipe (fig. 7.58c). In order to guarantee the leak tightness of the stopcock, 
the design with the body closed over the plug (fig. 7.58b) is recommended. This 
arrangement avoids the atmospheric pressure on the small end of the plug and 
thus ensures that the plug will be pressed into the shell, greatly reducing the leak 
rate of the stopcock. 

The main characteristic in defining a stopcock is the number of ways (connexion 

Fig. 7 .58 The parts of stopcocks: 1. Solid plug; 2. Ho l low plug; 3. Open shell; 4 . Closed 
shell; 5, 6. Handles; 7. Outlets. 
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Fig . 7 . 5 9 Shapes of glass stopcocks. 

Fig . 7 . 6 0 Classification of valves. After Roth (1966). 
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Fig . 7 . 6 2 Closing systems of vacuum valves using gasket seals, (a) plate valve; (b) flap valve; 
(c) plug valve; (d) cone valve; (e) gate valve; (f) plunger valve; (g) butterfly valve; (h) ball 

valve. After Roth (1966). 
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possibilities), which is not necessarily equal to the number of outlets. Thus the 
stopcocks in fig. 7.59a-d have one way and two outlets, those in fig. 7.59e-g 
have two ways and three outlets; those in fig. 7.59h-i have three ways and three 
outlets, and that in fig. 7.59j four ways and four outlets. 

The usual glass stopcocks must be lubricated using vacuum grease (table 7.20). 
The gas evolution from the greased stopcock can be decreased by degassing the 
grease before use after being applied onto the stopcock or by maintaining the 
stopcock at lower temperatures. 

In vacuum systems where gases are handled which dissolve the grease, grease-
less stopcocks must be used. These are glass stopcocks lubricated with graphite 
and sealed with mercury, or stopcocks having the plug of Teflon. 

A valve consists of: the body, the bonnet and the stem (fig. 7.60). The function 
of a valve is to adjust or stop the flow and is achieved by the closing system. This 
system needs motion inside the valve (operation system) and the moving parts 
should be sealed (sealing system). From the combination of these systems (fig. 
7.60) a great number of valve designs is possible, the number of types cons
tructed being really very large. The most frequently used are : the diaphragm valves, 
plate valves and gate valves, using elastomer or metal gaskets, bellows seals and 
mechanical or magnetic operation. (For a detailed discussion see Roth, 1966.) 

In diaphragm valves a rubber membrane (1. fig. 7.61) is forced against the seat 
2, by the external shaft 3 operated from the head 4. The diaphragm functions here 
as both the closing and the sealing system of the valve. These valves have a good 
conductance but the large area of exposed elastomer leads to outgassing properties 
which make the valve useful only in backing vacuum lines. 

If the valve is to be used on the high vacuum side it must be of high conductance 
(large opening) and the amount of elastomer exposed must be kept to a 
minimum to reduce the gas load from this source. This is done by using one of 
the various gasket seals (fig. 7.62). The gasket may be of Neoprene, Viton, Teflon 

Monel 

Fig . 7 . 6 3 Closing systems of all-metal valves; (a) with flat silver ring (Bills and Allen, 1955); 
(b) with aluminum conical ring (Kienel and Lorenz, 1960); (c) with copper poppet (Parker 

and Mark, 1961). 
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or a metal, and may have rectangular, trapezium, or circular cross sections. It 
may be placed on the closing disc or on the seat. The sealing system of the valve 
may be an 0-ring shaft seal, a Wilson seal or metal bellows. Bellows sealed valves 
have leak rates less than 1 χ I O - 4 lusec, i.e. by a factor of 100 less than 0-ring (or 
Wilson) sealed ones. Bellows seals are absolutely necessary in bakeable (all-metal) 
valves. The performance of Viton, bellows sealed valves was studied by Wheeler 
(1971). 

All-mçtal valves are based on closing systems consisting of edge seals. In these 
constructions a silver part is compressed against a harder (monel) part (fig. 7.63a), 
an Al ring is closed in a conical joint (fig. 7.63b) or a copper poppet (fig. 7.63c) 
is pressed into a stainless steel cutter seat. Cross sections of bakeable ultra-high 
vacuum valves are shown in figs. 7.64 and 7.65. The valve in fig. 7.64 uses a bellows 
which is sealed at the upper part by a gold gasket seal. The closing system is 
based on a copper nose against a stainless steel seat. The valve shown in fig. 7.65 
uses a stainless steel knife edge against a copper disc. 

The all-metal valves for ultra-high vacuum have used many solutions, and a 
large number of such valves were described. On this matter we refer to Bills and 
Allen (1955), Lange (1959), Kienel and Lorenz (1960a), Parker and Mark (1961), 
Baker (1962), Ullman (1962), Lewin and Mullaney (1964), Scheffield (1965), 
Roberts and Bahn (1965), Bultemann (1965), H a u f f s al. (J965), Comsa and 
Simionescu (1966), Bannenberg (1966), Bernard (1970), Wikberg (1971), Teuten-
berg (1972), Basta et al. (1976), Gilmour (1976), Wheeler (1976), Harra (1978), 
Stone and Scully (1979), Pathak (1982), Singleton (1984), Weston (1984), Schräg 
and Colgate (1987). 

Fig. 7 . 6 4 Ultra-high vacuum valve. (A) copper nose; (B) bel lows; (C) guide; (D) ball bearing; 
(E) gold wire seal; (F) driving mechanism. After Lange (1959). 
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The various valves should fit the kind of process achieved in the plant and the 
place where they are connected into the vacuum system. Valves whose only pur
pose is separating two spaces at different pressures are known as isolation valves. 
Valves that have also other purposes or that should correspond to special require
ments are known as : seal-off valves, throttling valves; air admittance valves; 
baffle valves. Seal-off valves are used to close an evacuated vessel, the sealing system 
being taken away, leaving the vessel sealed by the closing system of the valve. 
Throttling valves are used to adjust the rate of flow. Baffle valves are so designed 
that the disc of the valve remains in line with the port , thus acting as a baffle. These 
latter valves are installed above the diffusion pumps (fig. 3.35). Valves for specific 
purposes in the vacuum system are described e.g. by Fuchs (1976), Peters and 
Pingel (1977), Baker et al. (1978), Fischer et al. (1978), Weston (1984), Singleton 
(1984). 

Controlled leaks are used to introduce metered quantities of gases in the evacuat
ed vacuum systems. The basic features used to construct such leaks are listed in 
table 7.23, the throughput ranges being those mentioned in table 7.24. 

Systems for calibrating standard leaks are discussed by Miller (1973b), Iverson 
and Hartley (1982), Rubet (1983), Scuotto (1986), Thornberg (1988). Solomon 
(1986) discusses the calibration of permeation (diffusion) leaks used for calibrat
ing leak detectors (§4.2.3) and stresses the subject of the temperature corrections. 

Diffusion (permeation) leaks are well suited as secondary standards as their 
stability over several years is within a few percent (Grosse et al. 1987b). 

To achieve the transfer of solids into or from the vacuum chamber, vacuum 
locks are used. These consist of a space (chamber) adjacent to the vacuum system, 

Fig. 7.65 Ultra-high vacuum valve. After Baker (1962). 
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and which can be opened either to the atmosphere or to the vacuum system. 
The lock is first opened to the atmosphere (being sealed towards the vacuum 
chamber) and the object is introduced into the lock. The port to the atmosphere 
is closed and the vacuum lock is evacuated (through its own pumping line). The 
port to the vacuum chamber is opened and the object is transferred from the lock 
into the vacuum chamber, and the port to the vacuum chamber is closed. Vacuum 
locks may be based on sliding rods, rotating plugs or chambers with double port. 

Vacuum locks were described by Stevens (1953), Zovac (1954), Leisegang (1956), 
Brunee (1960), Von Ardenne (1962), Kofoid and Zieske (1962), Colombani and 
Rano (1963), Porteous (1963), Boerboom et al. (1964), Roth (1966), Salle (1970), 
Ono et al. (1973), Polaschegg and Schirk (1975), Miller et al. (1976), Clausing 
et al. (1979), Hobson and Kornelsen (1979), Polizzotti and Schwarz (1980), 
Schlier (1982), Heinemann and Poppa (1986). 

Vacuum locks using sliding rods (fig. 7.66a) consist of a rod 1, which may be 
pushed into the vacuum chamber 2 through a seal 3. The rod carries the objects 
to be transferred in a pit (or pits) 4 of appropriate shape. A more sophisticated 
construction (fig. 7.66b) uses a long rod made of three sections; the two end sec
tions 1, are carriages and the middle section 2, is a blank rod. The sample is 
mounted inside a carriage, and the rod is moved through the channel 3. Three 
pumping lines ( P 1 ? P 2 , P 3 ) assure the pressure gradient (guard vacuum) from the 
atmosphere to the vacuum chamber 4. At the two ends of the rod, double 0-ring 
seals 5, were provided. 

In vacuum locks using plugs (fig. 7.67) the plug receives the object from one side, 
and by its rotation allows the transfer of the object to the other side. In the tech
nique shown in fig. 7.67a the object is pushed into the plug 4, through the 

Fig. 7 . 6 6 Vacuum locks using a sliding rod; (a) with single pumping; (b) with guard vacuum. 

(a ) 
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opening 1. By the rotation of the plug its opening reaches the evacuation outlet 2, 
and by further rotation the object is transferred to the chamber 3. In an alternative 
construction (fig. 7.67b) the plug 1 may be withdrawn from the shell, since a second 
rotating shell 3 is included in the lock. After inserting the object into the pit 2, 
the plug is placed again in the shell, and by rotation the pit is brought to the 
evacuation outlet 4 and then to chamber outlet 5. 

The principle of a double port chamber used as a vacuum luck : t electron mic
roscopes is shown in fig. 7.68. Here the probe 1 is introduced i ι the chamber 4 
between the ports P x and P 2 , and then by opening the port P x into the chamber 2. 

Table 7.23. 
Gas leaks. (Roth , 1966). 

Basic feature of the 
leak 

Characteristics References 

Pinhole through thin walled glass, quartz or Munson (1955) 
metal Marks (1957) 

Orifice at the end of pipes Gordon (1958) 
Beynon (1960) 

Crack in glass walls; variable by twisting the Hopfield (1950) 
tube or change of mercury level Amoignon (1957) 

Capillary constant leak Laufer (1962) 

Flattened tube variable by bending, twisting, squeez Ochert(1951) 
ing 

Knife edge forced into soft metal Winkelman, Davidson (1975) 
Porous plug ceramic, glass frit or metal; variable Morrison (1953) 

by changing the mercury level Jenkins (1958), Lawson (1975) 

Annular impedance concentric pipes, cone and seat, wash Amariglio (1958) 
ers, O-rings Aliensworth (1963) 

Needle valves Review: Roth (1966) 

Temperature actuation longitudinal expansion Flinta (1954) 
bimetal Nester (1956a) 
radial expansion Smither (1956) 
temperature of the gas 

Diffusion for helium, hydrogen, and oxygen see fig. 3.45 

Pulsed leaks bubbling Littman (1961) 
vibrated cap 

Littman (1961) 

f G o r o w i t z ^ / al. (1960) 
rotating pits 

j Ishimaru F u k o m o t o (1974) 
[Chavet (1976) 

vibrated needle 
[Chavet (1976) 
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Fig. 7 . 6 7 Vacuum locks, using plugs; (a) plug with pit; (b) plug with pit and double shell. 

7.4. Leak detection 

7.4.1. Leak rate and detection 

An ideal vacuum chamber should maintain forever the vacuum (pressure) re
ached at the moment of its separation from the pumps. Any real chamber presents 
a rise in pressure after being isolated from the pumping system. The pressure 
rise is produced by the gas which penetrates through leaks, that which evolves 
from the walls (outgassing) and that entering by permeation (see figs. 3.43-3.45). 

The leak rate (or real leak rate) is the quantity of gas (in PV units) flowing per 
unit time into the system. * Obviously a perfectly tight vacuum system or 
chamber is one having a zero real leak rate, but to achieve this is as impossible as 
it is to reach zero pressure. The leak rate is expressed in throughput units 
(Torr · l i t /sec, lusec, table 3.3). Indirectly the leak rate of a given system or 
chamber is sometimes expressed as the pressure rise in a given time, and for a 
specific volume, or as the time required for a given quantity of gas to flow into 
the system. Table 7.25 compares these specifications. 

In approaching the problem of a supposed leak greater than the admissible 
value, it is necessary to determine first if such a leak actually exists. Plotting of 
pressure vs. time curves (fig. 7.69) will assist in determining the actual leak rate. 
First the system is evacuated to a stable minimum pressure. To minimize the 
effect of the vapours present in the system it is useful to employ liquid nitrogen 
traps. When no further improvement in the pressure is evident during further 
pumping, the pumps are valved off from the system. The recorded pressure rise 
vs. time curve during a long period of isolation shows if the rise of pressure 
is produced only by real leaks (straight line 1 fig. 7.89), only by outgassing 
(curve tends to a limiting maximum value as 2 fig. 7.69) or by a combined effect 
of these two (curve 3 fig. 7.69). The recording should Bë continued until the shape 
of the curve becomes evident. The curve of the pressure drop is analyzed by 
Hamacher (1974a); the separation of the effect of real leaks from outgassing, in 
the pressure rise curve, is discussed by Schalla (1975). 

* It is recommended (Ehrlich 1986; Solomon, 1986) to specify the temperature or to express the leak 
rate in units of m o l / s . 
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Table 7.24. 
Throughput ranges of gas leaks. 

Leak 
Throughput Lowest 

range pressure 
(lusec)* (Torr) 

Remarks References 

Orifice through 6 X 1 0 "
1
 —30 

platinum disc. 

Orifice on the end of 1-9 X 1 0
- 4 

tapered capillary 
1.6 

Crack on capillary 2 χ 1 0 ~
3
— 1 . 8 

glass tube 

Slit on glass tube 

0 - 3 . 8 Χ 10
2 

Circular cross section 10"~
7
 — ! 0

- 2 

capillary 

Flattened copper tube 3 X 1 0 ~
3
 —3 

Glass needle in 
capillary tube 

Porous metal plug 

Porous material 

2 X 1 0 "
2
- 5 

5 X 10 "
5
- 1 0 -

> 7 X I D -
1 

Porous ceramic rod 1 X 1 0 ~
3
 —10 

Permeation through < 1 χ 10"
4 

silicone rubber sheet 

O-ring seals with > 2 Χ IO"
3 

variable compression 

Conical, spring 
washer seal 

Steel ball on seat 

Needle valves 

Pin valve 

Needle valve 

5 X IO"
4 

- 7 x IO"
2 

7 Χ 1 0 "
1 

- 7 χ 1 0 "
3 

1 X 1 0 "
2
- 1 . 0 

> 6 Χ IO"
5 

> 1 0 "
4 

— 5-15 diameter 

10-

10" 
10" 

io-

1 0 -
10" 

Nief (1952) 

1.2 Μ bore taper 
39 Μ /cm 
24 Μ bore taper 30 Gordon (1958) 
μ / c m 

varied by twisting Hopfield (1950) 
the tube 

varied by mercury Kunzl and 
level Slavik (1935) 

— 0 . 2 to 10 Μ dia. 1 see §3.3.3 and 
cm long 3.6.7 

varied by rolling Nier (1947) 
the tube 

Hopfield (1950) 

compressed at Jenkins (1958) 
various loads 

varied by the level Rose (1950) 
of the mercury 

Morrison (1953) 

Amoignon (-951) 

Wishartf % ; ) 

Aliensworth ( 1962) differential screw, 
belows valve 

bellows sealed 

PTFE seat 

R i g g s ( l 9 6 2 ) 

Bouyer et al ( i960) 

Cope (1958) 

(contd.) 
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Table 7.24. (contd.) 
Throughput ranges of gas leaks. 

Throughput Lowest 
Leak range pressure Remarks References 

(lusec)* (Torr) 

Bakeable all-metal > 7 X 1 0 "
8
 — continuously Alpert (1955) 

valve variable 

Platinum wire expan 3 X 1 0 -
2
- 2 5 1 0 -

8 
Martin (1948) 

ding in glass capillary 

Tungsten rod expan 1 X IO"
2
 — Green (1953) 

ding in stainless steel - 9 . 1 0 -
1
 — 

body 

Heated capillary 4—40 5 X 1 0 ~
2
 throughput varied Smither(1956) 

as a result of gas 
temperature 

Solid state components 1 0 - M 0 -
4
 - - D a v y (1975) 

in "hermetic package" 

•Conversion factors to other throughput units, see table 3.3. 

Table 7.25. 
Leak rate specifications. 

Leak rate* Pressure rise Time for Time for 
Torr-1/sec in 1 litre 

1 micron 

1 c m
3
 STP Equivalent opening 

volume pressure 
rise/litre 

gas inflow 

1 0 -
3 

1 μ/sec 1 sec 12 .7 min Rectangular slit with 1 c m 
width, 0 .1 m m height and 1 
cm depth 

io-4 6 μ/min 10 sec 

2 .1 hr Rectangular slit with 1 c m 
width, 30μ height and 1 cm 
depth 

IO"
5 

36 μ/hr 1 .66 min 21 hr Capillary 1 cm long and 7μ dia 

ιο-β 3 . 6 μ/hr 

16.6 min 

8 . 7 days Capillary 1 cm long μ4 dia 

io-7 
8 . 6 μΑ%(24ηΓ) 2 . 7 7 hr 

87 days Capillary 1 c m long 1. 8μ dia 
IO"

8 
0 . 8 6 μ/day 2 7 . 7 hr 2 . 4 yr Capillary 1 cm long 0 . 8 μ dia 

IO"
9 

31 μ/yr 1 1 . 6 days 24 yr Capillary 1 cm long 0 . 4 μ dia 

10-30 3 μ/yr 116 days 240 yr Capillary 1 cm long 0 . 2 μ dia 

•Conversion factors to other units, see table 3.3. 
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Fig. 7 . 6 8 Vacuum lock with double port; (a) the object in its holder; (b) the object in 
the closed vacuum lock; (c) the object transferred into the vacuum chamber. 

The use of the variation of pressure as the leak detection method in large 
systems is discussed by Callis (1985). Settina et al. (1987) used the pressure rise 
method and measured leak rates down to 1 0 - 1 5 Torr · l i ter/sec, with a spinning 
rotor gauge. 

In order to obtain higher sensitivities and to locate the exact position of the 
leaks a series of leak testing methods were developed using various test gases 
(or liquids). In principle in all these tests the gas (or liquid) is spread over the out
side of the part and the presence of the gas is tested inside, or the vacuum system 
is filled with the test gas and its presence detected outside. Table 7.26 lists most 
of these methods. 

Reviews on the various methods of leak detection were published by Blears 
and Leek (1951), Raible (1955), Briggs (1959), Pirani and Yarwood (1961), Turn-
bull (1965), Holkeboer et al. (1967), Winkelman and Davidson (1975, 1979). For 
a detailed treatment of the subject we refer to Marr (1968), Maurice (1971), 
Wilson and Beavis (1976), Santeler (1984). 

L i q u i d Pump Time N
2 v a l v e d 

off 
Fig. 7 . 6 9 Pressure-l ime curves. 
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7.4.2. Leakage measurement 

The leakage measurement gives the value of the total leakage, of the whole 
system being measured. For this purpose the test gas should enclose the whole 
contact surface and the detector should measure the test gas concentration on the 
opposite side. 

Leakage measurement techniques fall into two major classes: static and dynamic. 
In static testing the device to be tested is pressurized with the test gas and placed 

in the test chamber. The concentration of test gas in this chamber is then moni
tored as a function of t ime; since the concentration increases during the testing 
period, this method is also called "accumulation testing". The measurement is 
carried out and interpreted according to 

Q = V(àPlét) (7.23) 

where Q is the leak rate, V the volume of the collecting system, Ρ the test gas 
pressure in the collecting volume, and t the accumulation time. 

In dynamic testing, the system or envelope being tested is continuously evacuat
ed. The test gas flowing into the pump passes through a detector section where 
its concentration is measured. The leakage measurement can be done (fig. 7.70a) 
by continuously pressurizing the system to be tested and placing it in an envelope 
connected to the leak detector or by introducing the tracer gas into the envelope 
and connecting the system to the detector (fig. 7.70b). 

a ) 

3 

I* . -n 
2 

3 

I* . u 2 u 

b) 

Fig. 7 . 7 0 Dynamic leakage measurement methods, (a) pressurized system; (b) pressurized 
envelope. 1. Pump; 2. Leak detector; 3. Envelope; 4. System under test; 5. Test gas con

tainer. After Marr (1968). 
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Table 7.26. 

Leak detection methods. 

Method Test gas Test principle Pressure Minimum Remarks References 
(liquid) range detectable 

air leak 
(Torr· 1/sec) 

Flame wavering air, nitrogen The gas stream is heard by its up to 3 atm 4X 10-2 Draught free or 
hissing or is seen by the quiet room re-
wavering of a flame quired 

Electric discharge acetone, metha- Color change of the dis- 1 X 10~2 

nol, C02, charge 
hydrogen 

Wet outside pressurized The inside is filled' with liquid up to 3 atm 4 X 10"3 Involves wetting Minter 
surface (observe the points where the inside of the (1960) 

outside will be wet) vessel and subse-
quent cleaning 

Bubbles in liquid air, nitrogen The leak is indicated by a up to 3 atm 1 X 10"4 Biram and 
bubble appearing where Burrows 
the gas pressurized inside (1964) 
can pass to the outside 

Bubbles on soap air, nitrogen up to 3 atm 4X10"5 *If soap film Bloomer 
film *(8Xl0-e) maintained 5 (1973) 

min Ratcliffe 
(1964) 

Ammonia fumes ammonia, C02 Ammonia inside; detected up to 3 atm 4 X 10~5 

S02 outside with C02 or HC1 or 
C02 resp. S02 inside; detect-
ed outside with ammonia 

(contd.) 
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Table 7.26. (contd.) 

Leak detection methods. 

Method Test gas Test principle Pressure Minimum Remarks References 
(liquid) range detectable 

air leak 
(Torri/sec) 

Ammonia sensi- ammonia Ammonia inside; where leaks about 2 atm 1 X 10~* *Detectable in Delafosse et al. 
tive paper to outside produces black *(1 χ 10-8) about 30 hr (1960) 

spots on wet ammonia sensi-
tive paper rolled over the 
parts 

Single Pirani CO* The test gas changes the ther- 1 to 1 X 10~3 2X 10~5 

gauge hydrogen mal conduction inside the Torr 1 X 10~δ 

butane gauge 5Χ10~« Minter(1958) 

Differential COa A pair of gauges, one sensitive 1 to 10~e 1 X10- · Steckelmacher 
Pirani to both air and test gas - Torr and Tinsley 

butane the other connected via a trap 5 X 10~7 (1962) 
is sensitive only to air 

Charcoal Pirani hydrogen Cooled charcoal trap is in- 1 to 10_β 4χ10~ 7 Kent (1955) 
serted in the gauge line to re- Torr 
duce the effect of pressure 
fluctuations 

Single ionization hydrogen Test gas changes gauge read- 10~3 to 10-8 5X10-« Varicac (1956) 
gauge ing Torr 

C02 1X10-« Barrington 
(1965) 

butane 1 X 10"7 

Differential C02 Pair of ionization gauges 10-3 to 10-8 3 X 10~· Benvenuti and 
ionization arranged as in diff. Pirani test Decroux 
gauge butane 5X10"10 (1972) 

(contd.) 
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Table 7.26. (contd ) 

Leak detection methods 

Method «estgas Test principle Pressure Minimum Remarks References 
(liquid) range detectable 

air leak 
____^___ (Torr 1 /sec) 

Palladium hydrogen The gauge (Pirani, ionization) asbyPirani 5X10-8 Care not to poi- Ochertand 
barrier separated from vacuum sys- or ioniza- son the gauge Steckelmacher 

tern by a Pd barrier which tion by impurities (1952) 
when hot is permeable to H2 
only 

Halogen detec- freon (CC12F2) Based on the positive ion emi- 2χΐΟ~Μο ΙΟΜοΙΟ"6 Sudden loss of White and 
tor trichloroethy- ssion from hot Pt anode when 7x10~2Torr sensitivity after Hickey 

lene exposed to traces of halides (optimum exposure to (1948) 
tetrachlor-car- range) high concentra-
b o n tion of halide 

vapours. Advis- Drawin 
able to check (1959) 
frequently the 
sensitivity 

Mass spectro- helium Based on separation of ions 10~2 to 10 ~4 10"8 Can be used only Nier(1947) 
meter (cold produced by the test gas from Torr at high vacuum. 
cathode) t h o se formed by the residual A separate leak Daly (1960) 

Mass spectro- hydrogen 8aSCS 5XlO"4to 5X10"9 testing pumping Moody 
meter (hot argon 10~8Torr 5X10"9 S y S t e m i s re" ( , 9 5 7 ) 

cathode ion helium 5X10~ n quired in addi-
source) t i o n t o the 

—= . pumping system 
RF mass spec- helium 10~5 to 10"10 10~10 of the mass 

trometer j o r r spectrometer 

(contd.) 
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Table 7.26 (contd.) 
Leak detection methods. 

Method Test gas Test principle Pressure Minimum Remarks References 
(liquid) range detectable 

air leak 
(Torr* 1/sec) 

Omegatron hydrogen, argon Acceleration of ions 10 - 6 to 4 X 1 0 - 1 1 Bell (1956) 
10-1 0Torr Nicollian 

(1961) 

Ion pump hydrogen, air Ionization 1 0 - 6 to 1 X 10 - 1 1 Young 
10-1 0Torr (1961) 

Radioactive Kr85 Detection of gamma 2 Torr 5X10~ 1 2 Cartois and 
radiation Gasnier 

(1963) 
Waldschmidt 
(1973) 



4 4 8 HIGH VACUUM TECHNOLOGY (CH. 7) 

The magnitude of the response in the dynamic method is dependent on the 
sensitivity of the detector to the test gas used and the speed at which the gas is 
removed by the pump. Thus the leak rate Q is given by 

Q=SKI=SP (7.24) 

where S is the pumping speed, Ρ the pressure, Kl is the pressure reading, Κ is the 
amplification factor of the detector (gauge) and / the detector current. 

When test gas is introduced into a system through leaks at rate Q, the rate of 
pressure build-up is 

dP/dt = Q/V (7.25) 

where V is the volume of the system. However if simultaneously the test gas is 
continuously pumped out, the balance is 

V(dPldt) = Q-PS (7.26) 

By integrating (and for the case that the initial test gas pressure is zero) 

PHQ/S) ll-exp(-St/V)] (7.27) 

or 

t=-{VIS) ln[l-(PS/0] (7.28) 

Β 6 

I I 
ni n i n n i I T 

1 
n n r u u 

f 
/ 

\ 
\ 

/ 
/ \ 

/ 2 Λ -\ 
/ \ 1 \ 

\ 
/ > 

/ 3 

Λ ν 
i 

3" \ 
— 

1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 0 XX) 2 0 0 3 0 0 4 0 0 

t ( s e c ) 
Fig. 7 .71 System response time. After M a r r ( I 9 6 8 ) . 
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At long exposure time, the exponential term in eq. (7.27) approaches zero, and 
the equation reduces to the equilibrium value given by eq. (7.24). The time required 
to reach equilibrium is shown in fig. 7.71 for three examples. Incase of curve 
1 (Vxs]Q I; 5 = 1 //sec; V/S=\0 sec) the detector requires 10 seconds to reach 
l-e**13=0,63 of the ultimate signal, and the equilibrium signal is attained in approxi
mately one minute.. lft case 2 (V=\00l; 5 = 1 //sec; K/5=100 sec), in 10 seconds 
the signal reaches ( 1 - e 0 - 1 =0.095) only about 10% of the ultimate value, and 
about 10 minutes are required to reach the ultimate signal. 

By increasing the pumping speed as in case 3 (K=100 / ; 5 = 5 //sec; V/S=20 
sec) the time tp reach the ultimate signal is about the same as in case 1, but the 
value of this signal is lowered to 2 0 % of its value in case 1. 

When removing the test gas from the system (clean-up, pumpdown, pump-
out) the process is expressed by 

dP/dt=PS/V (7.29) 

thus 

t = (V/S) In (Pt/P0) (7.30) 

and 

/>,//>0=exp ( - 5 / / F ) (7.31) 

Pt and PQ being the pressures at time / and time zero. 
Equation (7.31) is plotted in the right side of fig. 7.71 for the three cases consi

dered. It may be seen that in cases 1 and 3 the clean-up is done rapidly, while in 
case 2 the pump-out takes considerable time. 

The response time and the clean-up time are determined by the time constant 
of the system (τ = V/5), thus the detector response and detector cleaning can be 
expressed as values valid for any system (table 7.27, fig. 3.37). The response time 
is usually understood as the time required to reach 1 — e - 1 =0.63 of the equilibrium 
signal, while the clean-up time is the time required to reduce (by pumping) the 
signal to e _ 1= 0 . 3 7 of its initial value. The factors which influence the response 
time of the system have been discussed by Blears and Leek (1951), Goldbach 
(1956), Florescu (1962a), Lee (1963), Westgaard (1970), Beavis (1970), Young 
(1970). 

To increase the sensitivity it is often suggested that the leak detector be connect
ed between the diffusion pump and the fore pump, thus on the forepump side 
instead of on high vacuum side (fig. 7.72). The subject was discussed by Florescu 
(1962a), Santeler (1963). 

The gain in sensitivity depends on the factor which limits the ultimate sensitivity 
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Table 7.27. 
Detector response time and cleaning t ime. 

Fraction of 
time constant 

Detector response Detector cleaning Fraction of 
time constant Fraction of 

ultimate signal 
Fraction of 

starting signal 

0 .001 0 . 0 0 0 9 0 . 9 9 9 
0 . 0 0 2 0 . 0 0 1 9 0 . 9 9 8 
0 . 0 0 4 0 . 0 0 3 9 0 . 9 9 6 
0 . 0 0 6 0 . 0 0 5 9 0 . 9 9 4 
0 . 0 0 8 0 .0079 0 . 9 9 2 
0 .01 0 .0099 0 . 9 9 0 
0 . 0 2 0 .0198 0 . 9 8 0 
0 . 0 4 0 . 0 3 9 2 0 .961 
0 . 0 6 0 .0582 0 . 9 4 2 
0 . 0 8 0 .0769 0 .923 
0 .1 0 . 0 9 5 0 . 9 0 5 
0 . 2 0 .181 0 . 8 1 9 
0 . 3 0 . 2 5 9 0 .741 
0 . 4 0 . 3 2 9 0 . 6 7 0 
0 . 5 0 .393 0 . 6 0 7 
0 . 6 0 .451 0 . 5 4 9 
0 . 7 0 .503 0 . 4 9 6 
0 . 8 0 . 5 5 0 0 . 4 4 9 
0 . 9 0 . 5 9 3 0 . 4 0 7 

1 0 .6321 0 .3679 
2 0 .8647 0 .1353 
3 0 .9502 0 .0498 
4 0 . 9 8 1 6 0 .0183 
5 0 .9932 0 .0067 
6 0 .9975 0 .0025 
7 0.9991 0 .0009 
8 0 .9997 0 .0003 
9 0 .9999 0 .0001 

10 1 .0000 4 X l O "
5 

of the test. In a clean system, the ultimate sensitivity may be limited by the partial 
pressure sensitivity of the detector. In this event, the pressure amplification obtained 
on the forepressuie side will result in a sensitivity gain. In a contaminated system 
or when searching for extremely small leaks in the presence of large leaks, the 
sensitivity is frequently limited by the resolution of the detector in distinguishing 
test gas partial pressure from the background. In this event, forepressure leak 
detection results in amplification of both test signal and background, and unless 
selective pumping means are employed (e.g. Pd barrier for H 2 ) no gain in the con
centration ratio is realized. 
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Fig . 7 . 7 2 Alternative sites for leak detectors; (a) o n high vacuum side; (b) on forepump side. 
1. P u m p o f leak detector; 2 . Leak detector; 3 . Enve lope; 4 . System under test; 5. Test gas 

container; 6. Diffusion p u m p ; 7. Ballast tank; 8. Fore pump. After Marr (1968). 

If the leak detector is connected on the forepump side of the diffusion pump, 
the forepump removes gas from the system by a batch process. The pressure of 
its inlet side tends to fluctuate, and these fluctuations would contribute to the 
noise level of the detecting element which is directly connected with the mechani
cal pump. By placing the detecting element between two diffusion pumps, this 
effect is greatly reduced. An alternative approach is to place a ballast tank (fig. 
7.72) or a throttling valve between the pumps and the detector. 

Leak testing at relatively low vacuum (e.g. 0.2 Torr) is carried out by a method 
in which the system under test is connected to the discharge side of the diffusion 
pump (between diffusion and fore pump) while the helium leak detector is con
nected to the high vacuum side of the diffusion pump. This method is described 
and discussed by Hablanian and Briggs (1977), Hablanian (1980), Reich (1987) 
and is known as the "counterflow" method. It is based on the fact that the 
compression ratio of diffusion pumps and turbomolecular pumps is much higher 
for heavy gases than for light ones. At a compression ratio of 100 for He, 
compression ratios of 1.75 X 1 0 4 for H 2 0 and 2 X 1 0 5 for N 2 are obtained. 
Hence the enrichment for He in H 2 0 is 1.75 X 1 0 4 / 1 0 0 = 175, and that of He in 
N 2 is 2 X 1 0 5 / 1 0 0 = 2000. 

7.4.3. Leak location 

There are two distinct techniques of locating leaks: the use of a tracer probe 
and the use of a detector probe (fig. 7.73). In the tracer probe technique a stream 
of test gas is spread on the suspected area, and the gas penetrating into the system 
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is pumped via the detector. In the detector probe technique the test gas is filled into 
the system under test and a detector probe (sniffer) connected to the leak detector 
is passed over the suspected area to receive the test gas escaping through the leaks. 

The tracer probe technique is usually more sensitive than the detector probe 
technique, nevertheless this latter should be used if (a) the system has to be tested 
in a pressurized condition; (b) the test gas is one which may be readily absorbed 
on the leak surfaces; (c) the detector has a sensing element that may be operated 
under atmospheric pressure. The tracer probe technique should be used if (a) 
the detector sensing head has to be evacuated for use; (b) leak location is per
formed after dynamic leakage measurement. 

A coaxial helium leak detection probe which permits to pinpoint the helium jet 
is described by Fowler (1987). It consists of a delivery tube for He and a coaxial 
outer tube which pumps away the excess He, preventing drift to any other leaks 
in close proximity of the test area. 

The problems arising in leak detection of large vacuum systems were discussed 
by Garrod and Nankivel (1961), King (1962), Lee (1963), Guilbard and Guihery 
(1967), Westgaard (1970), Moore and Camarillo (1973), Wilson (1975), Hopkins 
and Valania (1977), Moraw and Prasol (1978), Moore and Walker (1979), Falland 
(1981), Blanchard et al. (1982), Jackson (1982), Holme (1983), Kozman (1983), 
Katheder and Lennermann (1984), Sänger and Franz (1984), Callis (1985), 
Wilson (1985), Winkel and Hemmerich (1987), Brooks et al. (1988). 

Remote leak testing is discussed by Blanchard et al. (1982; 1988). 

Fig. 7 .73 Leak location techniques; (a) tracer probe technique; (b) detector probe technique; 
l . P u m p ; 2. Leak detector; 3. System under test; 4. Probe; 5. Test gas container. After Marr 

(1968). 
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7.4.4. Sealed unit testing 

Sealed units are tested by back-pressurizing. This technique consists of three 
stages: (a) The application to the external surface of the test specimen of test gas 
at a high pressure; the gas is flowing in through the leaks, (b) The period between 
the release of the external test gas pressure and the leak test, (c) The leak test. 

If it is considered that the flow through the leaks is molecular, the leak rate is 
described (Howl and Mann, 1965), by 

Q = CAPE [ l - e x p ( - C A tJV)] exp ( - C A tR/V) (7.32) 

where Q is the measured gas leakage, C A is the conductance of the leaks for the 
test gas; PE is the test gas pressurizing pressure; tE the pressurizing t ime; V inter
nal free volume of the system; / R residence time at one atmosphere after pressuriz
ing. 

Fig. 7.74 shows a plot of Q vs. C A for typical values of PE ,V, tE and r R. 
For very small leaks (less than I O - 6 Torr*lit/sec) it is possible to reduce eq. 

(7.32) to a simple form 

Q=(P,tE/V) C A

2 

or 

Pth = QVICS (7.33) 

Fig. 7.74 Back-pressurizing. Computed values of leak rate for ^ = 8 atm; V=2 cm3;/E=2h; 
fR = 10 min. After Howl and Mann (1965). 
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The smallest detectable leak C A depends upon the minimum leak rate Q, which 
gives a signal on the detector appreciably above the background. Equation (7.33) 
defined the value of the product PEtE necessary to detect leaks as small as C A 

in a system with a minimum detectable signal Qmin. The plot fig. 7.75 is based on 
Qmin = 2.5 X 10- 8 Torr-lit/sec. The background level of the detector results mainly 
from the presence of test gas which has been adsorbed on the surface of the system 
during pressurizing. The amount of this adsorption and of the subsequent desorb-
tion during the leak test is dependent on the gas used, the material and finish 
of the surface. As a first step in any back-pressurizing test, the signal from 
desorbed test gas should be measured experimentally, using a specimen of the 
material which will be used. The effect of significant adsorption background can 
be reduced by heating the specimen. 

Figure 7.74 also shows a part of the curve calculated (Howl and Mann, 1965) 
for laminar (viscous) flow, according to 

Q = 
1 + 

CAP0 

PE + PO 
e x p ( - 2 C A i R / ^ ) 

1 - Pp • p ° e x p ( - 2 C A f R / ^ ) 
r
 Ε ι r 0 

(7.34) 

where PQ is the atmospheric pressure, and other notations are as ineq. (7.32). The 
problems of leak detection of sealed units were discussed by Thorpe (1968), West-
gaard (1970), Beeck (1974), Beeck and Reich (1974), Davy (1975), Briggs and 
Blumle (1977), Selhofer and Wagner (1977), Rosenthal et ai (1987). 

lo'i 

10 I t ι I l 
0·

1
 1 10 100 1000 

Pf t f (a tm.hr) 

Fig. 7 . 75 PEtE values for detecting minimum leak C A. After H o w l and Mann (1965). 
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7.4.5. Sensitive leak detection methods 

Halogen leak detector. This detector was first described by White and Hickey 
(1948), and makes use of a red-hot (~900°C) platinum filament which emits 
positive ions. The presence of small traces of halogen vapours (Cl, F , Br, I) 
increases the emission of positive ions markedly. It is this increase in emission 
that is measured to indicate the presence of a leak. The detector consists (fig. 7.76) 
of a platinum cylinder mounted on a ceramic-clad heating element placed centrally 
within an outer cylinder. The heated inner cylinder is made positive (100-500 V) 
relative to the outer cylinder, and the ion current is read on a microammeter. 
The halogen detector is most effectively used as a leak detector by placing it 
inside the vacuum system and probing the system with a fine jet of Freon 12 or 
other halogen containing gas. 

One feature of the halogen leak detector which can cause difficulty is the rela
tively long "memory" of the detector once it has been exposed to a surge of halogen 
gas. To reduce the memory period, the detector head has to be purged with a gas 
free of halogens. The sensitivity of the halogen leak detector (table 7.26) is appro
priate for detecting medium leaks (Drawin, 1959). Halogen leak detection of 
small parts is discussed by Mennenga (1980). 

Detectors using vacuum gauges. These procedures are based on the fact that 
most vacuum gauges (ionization, thermal conductivity) have a pressure response 

Fig. 7.76 Fig. 7.77 

Fig . 7 . 7 6 Schematic diagram of the halogen leak detector. 1. Heating element; 2. Platinum 
cylinder; 3 . Outer cylinder; 4 . Air flow. After White and Hickey (1948). 
F ig . 7 . 7 7 Idealized system for vacuum gauge response testing. 1. Backing pump; 2. Diffusion 
p u m p ; 3 . Conductance; 4 . System being tested; 5. Gauge: 6. Tracer gas probe. After Marr 
(1968). 
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dependent on gas composition (e.g. figs. 6.25, 6.30). If the composition of the gas 
in a system changes, the reading on the gauge (detector) reflects this change. Leak 
location therefore consists of spraying a test gas on the suspected leak and observ
ing any response of the gauge to the test gas that enters the system through the 
leak. 

The procedure is very popular for leak location on vacuum systems, because 
a gauge is usually present on the system. Its major limitation is, that it is directly 
applicable only to the major leaks in the system. It would be very difficult (if not 
impossible) to locate a leak 1/100 the size of the total system leakage. The pro
cedure is dependent on a constant pressure in the system. If the system pressure 
varies for reasons unrelated to testing, leak location using this procedure is 
impossible. The sensitivity of detection using single Pirani or ionization gauges 
(table 7.26) is relatively low. 

The principles of operation (Blears and Leek, 1951) of this technique are the 
following, considering a system being tested as shown in fig. 7.77. If a leak is 
present, the system pressure will be P2 

where C is the conductance of the pipes leading to the pumps. 
If the flow through the leak is viscous the leakage will be inversely proportional 

(eq. 3.52) to the viscosity of the gas rç, thus 

where Ch is the conductance of the leak, Px is the pressure outside the system 
(one atmosphere) and η& is the viscosity of air; Ρλ̂ >Ρ2. If the concentration of the 
test gas is χ atmospheres (JC<1), the concentration of air is l—x. The leak rate 
of the test gas will be 

Q=P2C (7.35) 

Q = ~ (Λ2
 - Pi') 

"A 

(7.36) 

Q > = C P . = 
Χ ^X 1 2X 

X (7.37) 

while that of air will be 

ΏΛ ~ CJ*2A — ( 1 - * ) (7.38) 

The total resulting pressure is 

(7.39) 
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while the pressure difference due to the presence of the test gas is (from eqs. 7.39 
and 7.36) 

If the sensitivity of the gauge to air is Ka and to the test gas Kx, the change of 
gauge reading AG will be 

From eq. (7.41) it results that the maximum sensitivity is obtained when the 
test includes: 

(a) Complete coverage of the leak by the test gas (x = 1); 
(b) High sensitivity of the gauge to the test gas (large Kx)\ 
(c) Low value of viscosity (ηχ) of the test gas; 
(d) A small value of Cx. Since the conductance is inversely proportional to the 

square root of the molecular weight (eq. 3.92), the test gas should have a high 
molecular weight. 

The use of search gases in leak detection is discussed by Jansen (1980). 

If the leaks are small ( I O - 6 atnrcc/sec) the flow is molecular, and the leakage 
Qx is inversely proport ional to the square root of the molecular weight (eq.3.92) 
of the gas. The same relationship applies to the conductance Cx which determines 
the pumping speed of the tubulation. In this case the equation corresponding to 
eq. (7.40) shows that the pressure in the system is independent of the property of 
the leaking gas. The gauge response is then dependent only on the relative sensi
tivity of the gauge to the test gas as compared to air. 

Since there are a variety of factors involved in choosing a proper gas and gauge 
combination it is often easier to determine the sensitivity factor as 

(7.40) 

(7.41) 

pressure caused by tracer gas on the leak 
pressure on system with air on leak 

which determines the minimum detectable leak 

Ömin= AP2 aCa/0 
(7.42) 

where AP2a is the smallest measurable air pressure variation. Some experimental 
values of φ are listed in table 7.28. 
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Table 7.28. 
Leak testing substitution factors φ (Blears and Leek, 1951). 

Test gas Hot cathode Pirani 
ionization gauge gauge 

Butane 10 1 
Diethyl ether 5 0 , 7 
Carbon dioxide 1 0 . 3 
Carbon tetrachloride 1 0 . 0 5 
Benzine 0 . 3 0 .1 
Hydrogen - 0 . 4 0 . 4 
Coal gas 0 . 2 5 0 . 2 5 

The gases are preferred to the liquids (diethyl ether, carbon tetrachloride and 
benzine) as these liquids may block the leak or may enter the vacuum system in 
considerable concentration through a large leak. Hence the most suitable gas is 
butane (table 7.28) which has low viscosity, high molecular weight, good thermal 
conductivity and high ionization probability. For an ionization gauge, the second 
best choice is carbon dioxide, while for a Pirani gauge it is hydrogen (table 7.28). 
Carbon dioxide has the practical advantage, compared with butane and hydrogen, 
of being non-inflammable. 

If in a certain leak detection plant the conductance (pumping speed) for air is 
5 lit/sec, the air pressure fluctuation is 2 χ I O - 6 Torr , and an ionization gauge is 
used with butane {φ = 10), the minimum detectable leak is (eq. 7.42) 

2 χ ΙΟ"6 χ 5 
Ömin = To = 10"6 ΤθΓΓ lit/se° 

The leak detection with vacuum gauges can use: (a) a single gauge; (b) a single 
gauge with a barrier that admits only the test gas; (c) two identical vacuum gauges 
in a differential mounting. 

Single gauge leak detection. The response of the Pirani gauge head to a test gas 
is caused by the change in thermal conductivity (see §§2.7.3; 6.6) compared with 
that of air. Since the pressure indication of a Pirani gauge is the out-of-balance 
current of a Wheatstone bridge it is most sensitive to pressure changes when 
the out-of-balance current is zero. For this reason the control unit is a modification 
(fig. 7.78) of that used in low pressure measurement, in which the balancing arm 
resistance can be readily varied. For maximum sensitivity a more sensitive meter 
is used, and the head is protected from temperature changes by thermal insulation 
or by use of a compensator head. 
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Both hot and cold cathode ion gauges may be used for leak detection (table 7.26). 
Their response to a test gas is due to the change in ionization potential. 

Barrier leak detection. A method to overcome the difficulty due to pressure 
fluctuations produced by outgassing is to arrange between the gauge and the 
vacuum system a barrier which passes only the test gas. Two techniques of achiev
ing this both use hydrogen as the test gas : the charcoal-Pirani method and the 
palladium barrier method. 

The charcoal-Pirani technique depends on the fact that degassed, activated 
charcoal cooled with liquid nitrogen will adsorb (fig. 4.24) readily atmospheric 
gases, but will adsorb much less hydrogen. A cooled charcoal t rap is therefore 
inserted in front of the Pirani gauge (table 7.26). 

The palladium-barrier detector is based on the fact that in the cold state palladium 
is impermeable to all gases, but when red hot it is highly permeable (fig. 4.12) to 
hydrogen. The detector head is a hot cathode ion gauge (fig. 7.79) which is evacuat
ed, sealed-off and gettered. In operation the palladium barrier is heated by electron 
bombardment, the electrons being produced thermally and accelerated toward 
the positively charged palladium. Hydrogen test gas which enters the system via 
leaks diffuses through the hot palladium and is ionized by collision with the electron 
stream. The resulting positive ions are collected by an electrode which is at a nega
tive potential with respect to the cathode. The current flowing in the collector 
circuit is amplified as in the hot cathode ionization gauge (see table 7.26). 

If water or hydrocarbon vapours reach the hot palladium, there is a high pro
bability that they will be dissociated to produce hydrogen. This will cause an erro
neous indication of a leak or a high background current. To avoid this effect 

3 V d c 

Fig . 7 . 7 8 Control circuit for Pirani leak detector; 1. Pirani gauge head; 2. Meter sensitivity 
control ; 3 . Balance control . 
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h6 

Fig. 7.79 F ig . 7.80 

F i g . 7 . 7 9 P a l l a d i u m ba r r i e r leak de tec to r h e a d . 1. H e a t e r ; 2 . C a t h o d e ( - 1 0 0 V ) ; 3 . I o n c o l 
lector (—150 V ) : 4 . P a l l a d i u m ba r r i e r - cap a n o d e (zero p o t e n t i a l ) ; 5 . K o v a r t u b e ; 6. G l a s s 
enve lope . 

F i g . 7 . 8 0 H e l i u m m a s s spec t romete r leak de tec to r sys tem, (a) test s t a t i o n ; (b) leak d e t e c t o r ; 
1. F o r e p u m p ; 2 . Diffusion p u m p ; 3 . L i q u i d n i t rogen t r a p ; 4 . M a s s s p e c t r o m e t e r ; 5. G a u g e ; 
6 . R o u g h i n g p u m p ; 7 . Tes t o r ca l ib ra ted leak in le t ; 8. G a u g e for r o u g h i n g m a n i f o l d ; 9. G a u g e 
con t ro l s . After M a r r (1968). 

it is essential to use a liquid nitrogen cold t rap between the detector and the 
vapour pumps. At the completion of leak detection the hydrogen is pumped out 
of the head until the ion current indication is a minimum. 

Differential leak detection uses two similar gauges connected in an electrical 
circuit so that the difference between their readings is registered. Both these gauges 
(Pirani, ionization) record the residual permanent gas pressure in the system, but 
one of them has a trap which is selective for the test gas. Liquid nitrogen trap can 
be used with hydrogen as the test gas, while calcium hydroxide t rap at room tem
perature is suggested for C 0 2 as a test gas. 

Mass spectrometer leak detectors. In principle any of the types of mass 
spectrometer described in §6.9 together with any probe gas may be used for leak 
detection, since the device can be adjusted to respond only to that gas. Although 
mass spectrometer leak detectors tuned to argon (or hydrogen) are also construct
ed, the widely used gas is helium, for the following reasons: (a) Helium's 
molecular weight is low thus it gives a high leak rate through small leaks; (b) 
Helium occurs in the atmosphere at an extent of only 5 χ 1 0 _ 4% per volume 
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(table 1.3); (c) There is little possibility that an ion from another gas will give an 
indication that can be mistaken for helium (except deuterium). 

A helium mass spectrometer leak detection system (fig. 7.80) consists of: (a) 
A vacuum pumping system for pumping the spectrometer tube and associated 
lines; (b) a cold trap for pumping condensable vapours; (c) an appropriate test 
inlet (vacuum coupling) for connecting the vessel to be tested or the calibrated 
leak; (d) the mass spectrometer; (e) vacuum gauges controlling that the filament 
of the mass spectrometer is not " o n " at too high pressures; (f) a pumping system 
to evacuate the vessel under test. 

The problems of mass spectrometer leak detectors were discussed by Varadi 
and Sebestyen (1956), Roberts (1957), Moody (1957), Daly (1960), Cossuta and 
Stechelmacher (1960), Young (1970), Hain (1972), Hug (1973), Moore and Ca-
marillo (1973), Winkelman and Davidson (1975, 1979), Briggs and Blumle (1977), 
Hablanian and Briggs (1977), Powell and Mullan (1978), Edwards (1978a), Frun-
zetti (1980), Falland (1980), Sinharoy and Lange (1982), Solomon (1984), 
Longsworth and Lahav (1987). 

The mass spectrometer helium leak detector can.be used for dynamic leakage 
measurement (§7.4.2), for leak location (§7.4.3) or for sealed unit testing (§7.4.4). 
Its sensitivity is very high (table 7.26). Calibration of leak detectors was discussed 
by Moller (1955), and standards are given by the American Vacuum Soc. (1966, 
1973b), and the International Standard Organization (ISO, 1978a). 

Ion pump as leak detector. Ion pumps can be successfully used as leak detectors 
i n t h e r a n g e o f ultra-high vacuum (Young, 1961; Barrington, 1962; Ackley, 1962). 
For a given type of gas the current drawn by the pump is proportional to the 
throughput. Thus for gas of type χ 

where /. is the current drawn for a given throughput Qx, Px the resulting partial 
pressure, and Sx the pumping speed of the pump. 

If a leak exists, through which the leak rate of gas 1 is Qu the ion-pump current 
is 

where Q0 represents the outgassing load. If at time / = 0, gas of type 1 is replaced 
by gas of type 2, then after a time / the change in the ion pump current is 

I* ~ Qx ~ $χΡχ (7.43) 

(7.44) 

Δ / ( / ) = /(0 -/ = ρ2(1 - cxp[-S2 t/V]) 
(7.45) 
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Table 7.29. 
Parameters for determing the change in getter-ion pump current. After Ackley (1962). 

Probe gas (ilP)Jd!P)i Q2IQ1 Mil 
experimental 

Helium 0 .167 0 . 3 0 2 . 7 + 0 . 5 
Argon 1.25 0 .834 0 .85 + 0 . 5 
Hydrogen 0 . 5 0 1.73 3 .8 + 0 . 1 
Oxygen 1.0 1.25 0 .95 - 0 . 5 
Carbon dioxide — — — - 0 . 5 

since presumably QQ remains constant. After a sufficient time the exponential 
factors approach zero, and the fractional change in the current is 

The data for the parameters and the observed values for Δ///are given in table 
7.29 (Ackley, 1962). 

The value of I/SP for air was found to be about 20. Using the data from table 
7.29, and this parameter for air, from eq. (7.46) it results that by substituting 
helium for air at a leak in the system, the change in current drawn by the ion pump 
is Δ / = 10 Qair (AI is in Amperes; ( ? a ir is in Torr*lit/sec). Since electrometer 
circuits can measure currents of 10~12 A, the minimum detectable leak will be 
theoretically about IO" 1 3 T o r r lit/sec. Practical values are in the range 1 0 - u - 1 0 - 1 2 

T o r r lit/sec. 
Becker (1977) describes a method of using a turbomolecular pump as a leak 

detector. 

7.5. Rules for operating vacuum systems 

(1) When starting a mechanical pump, insure first that the rotor moves in the 
correct direction, and that the level of the oil is correct. 

(2) Always vent a mechanical p u m p to atmospheric pressure when the power is 
turned off. The presence of a residual vacuum in the pump frequently will cause 
oil to be drawn into the casing or the system. 

(3) D o not permit a mechanical pump to exhaust a high-vacuum system below 
a pressure of a few hundred microns unless the pump is separated from the high-
vacuum chamber with a trap stopping the pump oil vapours from entering the 
chamber. At lower pressures, the flow is molecular, thus the oil vapour expands 
towards the chamber, yielding an excessively high vapour pressure hydrocarbon 
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contamination which may require many hours to remove. 
(4) Do not run a mechanical pump at excessively high pressures for continuous 

periods. The motors are usually not sized for such runs. The pump will eject oil 
together with the gas. 

(5) A diffusion pump should be cooled to a safe intermediate temperature 
before it is vented to atmosphere. Venting at too high a temperature results in 
oxidation of the pump fluid and an excessive carryover of the fluid into the mecha
nical pump. 

(6) Check that the cooling water supply for the diffusion pump is turned on 
prior to the heating. Diffusion pumps should be provided with a thermal protec
tion device to turn the diffusion pump heating off in the event of loss or failure of 
the cooling water supply. 

(7) In liquid-nitrogen trapped systems, the trap should be cool enough to con
dense the diffusion pump oil prior to turning on the diffusion pump. Maximum 
backstreaming of the pump oil occurs during the startup and shutdown of the 
pump. 

(8) D o not vent a liquid nitrogen trap to air while cold. Remove all liquid 
water condensate from the reservoir of a liquid nitrogen trap prior to use, to avoid 
water freeze-up in the trap. On the initial pumpdown, it is advisable to partially fill 
the liquid nitrogen trap, so that the principal vacuum system condensables can be 
trapped on the lower portion of the trap. After high vacuum has been reached, 
the trap should be filled to a higher level. A liquid nitrogen trap which has elasto
mer seals at the top should not be overfilled, as the freezing of the gasket may 
cause leakage. 

(9) When the chamber is vented to atmospheric pressure for a short period of 
time, it is advisable to use a dry, inert gas such as nitrogen to minimize the moisture 
adsorption on the surfaces of the vacuum system. Venting should always be on the 
chamber side, never vent the system from the foreline of the diffusion pump. 

(10) Ionization gauges (hot cathode) should not be turned on until it is reason
ably certain that the pressure is below 10 ~ 3 Torr. 

Recommended practices for pumping hazardous gases (toxic, flammable, 
corrosive, pyrophoric, etc.) are given in the extensive paper of O'Hanlon and 
Fraser (1988). 
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molecular flow in 

apertures, 80 
baffles, 97, 106 
diaphragms, 81 
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Conductance (cont'd) 
molecular flow in (cont'd) 

elbows, 90 
seal interface, 100, 397 
traps, 91, 134 
tubes, long, 82 
tubes, short, 86, 105 
tubes, tapered, 89 

nomographic calculation, 68, 70, 134, 
135, 136 

parallel and series connection, 66 
ratio of gas/air, 123 
statistical calculation, 103 
units, 65 
viscous flow in 

apertures, 69 
tubes, 72, 77, 79 

Conductivity, free molecular, 59 
Conductivity gauges, 60, 304 
Conference transactions, 16 
Confiât seal, 416 
Constant, see aJso Coefficient, Factor, 

Number 
Boltzmann, 30 
dissociation, 164 
intersection, 120, 121 
permeation, 165, 166, 167, 188 
Sutherland, 38, 39 
universal, gas, 28 
Van der Waals, 30, 32 

Contact gettering, 263 
Controlled leaks, 430, 436 
Conversion factors, for units of 

conductance, 65 
leak rate, 68 
pressure, 42 
pumping speed, 65 
throughput, 68 

Cooling, of diffusion pumps, 229 
Corner seal, 414 
Corrosive gases, 220 
Coverage factor, 176 
Critical points (gases), 18, 19, 32 

Cryocondensation, 248 
Cryopump, 156, 258, 259, 260 
Cryopumping 

arrays, 254 
capture probability, 255, 256 
charcoal sorbents, 184 
mechanisms, 248 
process, 156, 248 
pumping speed, 252 

Cryosorption, 248, 258 
Cryosublimation pumps, 270 
Cryotrapping, 248, 257, 258 
Cup seals, 422 
Current, admissible in lead-through wires, 

420 
Cut-offs, 430 

Demountable seals, 383 
Desorption, 164, 185, 189, 192 
Devitrification, of glasses, 349 
Diaphragm 

effect, 82 
gauge, 283 
motion transmission by, 425 
valves, 434 

Dictionaries, on vacuum techniques, 14 
Differential manometers, 287 
Diffusion coefficient, 47, 164 
Diffusion pumps, 223 

backing of, 203, 225 
back-streaming in, 230 
cooling of, 229 
fluids for, 226, 227, 228 
fractionating, 229 
measurement of pumping speed of, 

275 
principle of, 47, 48 
pumping speed of, 223 
sizes, 225, 230 
ultimate pressure of, 225, 230 

Dilution, pumping by, 271 
Diode, ion pumps, 239 
Disc seals, 422 
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Dispersal gettering, 263 
Dissociation constant, 164 
Domes, for pumping speed measure

ments, 276, 277 
Double chambers, 341 
Drag, viscous, 76 
Dubrovin gauge, 287 
Ducts, see tubes 

Elastomers, 342 
Elbows 

conductance, 90 
transmission probability, 106 

Electrolytic polishing, 348 
Electron diffraction, 196 
Electronic circuit simulation, 134, 135 
Electrons, mean free path of, 40 
Electron scattering, 193 
Electron spectroscopy, 198 
Energy, of molecules, 34, 52, 59 
Epoxy adhesives, 384, 388 
Equations (laws) 

Boyle's, 23 
Charles', 25 
conductance, see conductance 
diffusion (of gases), 47, 164 
diffusion pumps, 223 
energy transfer (rarefied gases), 60 
evaporation, rate of, 151 
Fick's, 164 
flow rate aperture, 37 
gas ballast, 210, 213 
general, of flow, 116 
incidence rate of molecules, 36 
integrated, of flow, 119 
ion pumping, 232, 233 
Knudsen's (intermediate flow), 110 
mass, of escaping molecules, 37 
mass, of molecule, 29 
Maxwell-Boltzmann, 34 
McLeod gauge, 24, 25, 289 
mean free path, 37, 39 
molecular density, 29 

Equations (laws) (cont'd) 
molecular pump (pressure ratio), 52 
molecular velocities, 34, 35 
molecular weight (gas mixtures), 30 
monolayer, formation time, 51 
outgassing rate, 188, 190 
permeation, 163 
Poiseuille's, 76 
pumpdown time, 127, 129, 131 
pumping speed - conductance, 68 
sealing process, 102, 398 
sojourn time, 176 
Sutherland's, 39 
thermal transpiration, 53, 54 
Van der Waals', 30, 31, 32 
viscosity, of gases, 45, 46 

Etching, see cleaning 
Evaporation, 149 
Evaporation rate, 151, 153 
Evapor-ion pumps, 232, 234 
Extractor gauge, 316, 318 

Factor see also Coefficient, Constant, 
Number 

Clausing's, 87 
concentration, 164 
conversion, see conversion factors 
coverage, 176 
Ho (speed), 223 
Knudsen's, 86 
probability (transmission), 105 
sealing, 397 

Farvitron, 333 
Faults, in glass-glass and glass-metal 

seals, 374 
Fick's law, 164 
Flash getters, 263, 265 
Flow of gases 

classification, 62 
general equation, 116 
integrated equation, 119 
intermediate, 109 
laminar, 62, 63 
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Flow of gases (cont'd) 
molecular, 62, 80 
regimes of, 63 
turbulent, 62, 79 
viscous, 72, 74 

Fluids, for pumps, 226, 227 
Force cycle (seals), 402 
Fractionating pumps, 227 
Free molecular conductivity, 59 
Freezing, curve, point, 19, 21 

Gaede (unit of pressure), 41 
Gas ballast, 210, 211, 219 
Gas composition (atmosphere), 4 
Gas constant (universal), 28 
Gases 

critical points of, 18, 19, 32 
diffusion of, 47, 164 
energy transfer by, 59 
evolution of, from materials, 144, 190, 

339 
general equation, 27 
heat conductivity of, 55, 56 
ideal, 17 
inflow of, by permeation, 170 
mean free path of, 37, 46 
molecular diameter of, 31, 46, 48 
molecular weight of, 27, 30 
permeation of, 124, 146, 170, 339 
rarefied (theory of), 17 
real, 17, 30 
sorption of, by absorbents, 182 
sources of, in vacuum systems, 123 
specific heat, ratio, 56 
tracer, for leak detection, 444, 446, 458 
viscosity of, 44 

Gasket seals 
characteristic curves, 398, 400 
Confiât, 416, 417 
corner, 414 
guard vacuum, 416, 417 
interpénétration and flattening, 402 
knife edge, 415 

Gasket seals (cont'd) 
rectangular (flanges), 409 
shaft, 408, 426 
shear, 415 
spacer, 410 
step, 412 

Gas leaks, 170, 438, 440 
Gas load 

distributed, 131, 134 
nomographic evaluation of, 140, 142, 

144, 146 
Gauges 

absolute, 284 
Alphatron, 324 
Bayard-Alpert, 317, 318, 320 
bellows, 284 
Bourdon, 282 
calibration of, 325 
capacitance, 284, 285 
classification of, 281 
compression, 23, 289 
decrement, 298 
diaphragm, 283 
differential, 287 
discharge tubes, 310 
Dubrovin, 287 
inclined, 286 
ionization, see ionization gauges 
Klopfer, 320 
Knudsen (radiometer), 301 
Lafferty, 319, 320 
leak detection with, 455 
liquid column, 285 
McLeod, see McLeod gauge 
Measuvac, 295 
mechanical, 282 
microbalance, 285 
molecular, 53, 298 
Penning, 321 
Pirani, 305, 445, 459 
pressure ranges of, 282 
quartz friction, 301 
radiometer, 301 
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Gauges (cont'd) 
Redhead, 323 
resonance (viscosity), 301 
selection of, 280 
solar powered, 324 
spinning rotor, 300, 301 
thermal conductivity, 60, 304 
thermal transpiration in, 54 
thermistor, 309 
thermocouple, 307, 308, 309 
U-tube, 285 
Vacustat, 296 
viscosity, 298 

Gauging, storage rings, accelerators, 282 
Getter, 232, 263 

barium, 264, 265, 267 
bulk, 264, 267 
coating, 264, 267 
flash, 265 
iodine, 269 
magnesium, 267 
NEG (nonevaporable getters), 268 
phosphorus, 265, 267 
pumping speed of, 269 
sorption capacity of, 270 
tantalum, 268 
thorium, 268 
titanium, 267 
tungsten, 268 
zirconium, 267, 268 

Gettering, 263 
capacity, 269 
contact, 263 
dispersal, 263 
principles, 263 

Getter-ion pumps, 232 
as leak detectors, 460 

Glasses 
annealing point, 364, 367 
classification, 364 
cleaning, 349 
devitrification, 349 
gas evolution from, 191 

Glasses (cont'd) 
permeability, 166 
strain point, 364, 367 
thermal behavior, 341 
transformation point, 367 

Glass-glass seals, 366, 373 
Glass graded seals, 367 
Glass ground seals, 385 
Glass-Kovar seals, 370 
Glass-metal seals, 367, 371, 419 
Glass stopcocks, 431, 432, 434 
Glow discharge (cleaning), 195, 196 
Graded seals, 367 
Greaseless stopcocks, 434 
Greases (vacuum), 391 
Greasing (of O-rings), 414 
Grooves 

for O-rings, 405, 407, 409 
unit, in seals, 100, 101 

Ground seals, 385, 425 
assembly, cleaning, 387 
conical, 385 
motion, 425 

Guard vacuum, 416 
Guericke (unit of pressure), 44 

Halogen leak detector, 446, 455 
Hazardous gases, practices, 463 
Heat conductivity (gases), 56 
Heat of adsorption, 172 
Heat of chemisorption, 174 
Helium 

accumulation in silica bulbs, 171 
calibrated leaks for, 170 
cryotrapping of, 258 

High vacuum, 2, 3 
History of vacuum techniques, 10, 

203, 282 
Hobson-Redhead gauge, 323 
Ho factor, 223 
Hot cathode, ionization gauges, 311 
Housekeeper seals, 373 
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Hydrogen 
calibrated leaks for, 171 
cryotrapping of, 258 

Ideal gases, 17 
Incidence rate, of molecules, 36 
Inclined manometer, 286 
Interface contact seals, 100, 396 
Intermediate flow, 109, 113 

conductance, 110, 137 
limits of range, 63, 64, 115 

Intersection constant, 124 
Intersection point (molecular-viscous), 

117, 121 
Inverted buret, measurement of pump

ing speed by, 273 
Inverted magnetron gauge, 323 
Iodine (getter), 269 
Ionization gauges 

Alphatron, 324 
Bayard-Alpert, 316, 317, 318 
Blears effect in, 315 
buried collector, 316 
calibration curve of, 314 
channeltron, 317 
classification, 315, 321 
cold cathode, 321 
collimated beam, 317 
deflected beam, 317 
external collector, 315 
extractor, 315 
high pressure, 315 
hot cathode, 311 
inverted magnetron, 323 
Klopfer, 320 
Lafferty, 318, 319 
leak detector using, 445, 458 
limitations of, 315 
limits of operation of, 313 
magnetron (Lafferty), 319 
modulated Bayard-Alpert, 317 
Omegatron, 317 
Orbitron, 319 

Ionization gauges (cont'd) 
Penning, 321 
quadrupole, 317 
radioactive, 324 
Redhead, 323 
screened collector, 316 
sensitivity of, 313 
suppressor, 316 
trigger-discharge, 322 
ultra-high vacuum, 315 
X-ray limit of, 316 

Ionization probability, 311 
Ion pumps, 232 

argon instability of, 239 
classification, 232 
diode, 240 
leak detector, 460 
pumping speed of, 233, 240 
sensitivity of, 233 
starting difficulties of, 240 
triode, 239 

Ions, mean free path of, 40 
Ions, number per electron, 312 
Ion scattering, 194 
Isolation valves, 436 
Isotherms (adsorption), 177, 179 

Joints, see Seals 
Journals on vacuum technology, list of, 

14 

Kinetic energy, of molecules, 32, 33, 34 
Klopfer gauge, 321 
Knife edge seals, 415 
Knudsen's 

equation, 110 
factor, 86 
gauge, 300 
number, 64 

Kovar-glass seal, 370 

Lafferty gauge, 319, 320 
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Laminar flow, 6 2 , 6 3 
Lapped seals, 3 8 5 , 4 2 5 
Laws, see equations 
Lead throughs, 4 1 9 
Leakage, 123 

gas load due to, 142 
measurement of, 4 4 3 

Leak detection, 4 3 9 
back pressurizing, 4 5 3 
differential, 4 6 0 
helium, 4 5 2 
limitations of, 4 4 9 , 4 5 0 , 4 5 1 
methods, 4 4 3 , 4 5 1 
reviews on, 14 
sealed units, 4 5 3 

Leak detectors 
calibration of, 4 3 6 , 4 6 1 
charcoal-Pirani, 4 4 5 , 4 4 9 
halogen, 4 4 6 , 4 5 5 
helium mass spectrometer, 4 4 6 , 4 6 0 
ion pumps as, 4 4 7 , 4 6 1 
palladium barrier, 4 4 6 , 4 5 9 
Pirani gauges as, 4 4 5 , 4 5 9 
response time of, 4 5 0 
tracer gases for, 4 4 6 , 4 5 8 
vacuum gauges as, 4 5 5 

Leak location, 4 5 1 , 4 5 6 
Leak path, conductance of, 3 9 6 
Leak rate, 4 3 9 

minimum detectable, 4 4 0 , 4 5 7 
specifications for, 4 4 0 , 4 4 1 
units, conversion factors, 68 

Leak rates of 
controlled leaks, 4 4 0 
interface constant, 3 9 7 
seals, 142 

Leaks 
calibrated, 170 , 4 3 6 
classification, 4 3 8 
controlled, 4 3 6 
diffusion, 4 3 6 
permeation, 4 3 6 

Leak testing, remote, 4 5 2 

LEED, low energy electron diffraction, 
196 , 197 , 198 , 199 

Lip seals, 4 2 6 
Liquid column, manometers, 285 
Liquid nitrogen traps, see traps 
Liquid seals, 3 9 0 , 4 2 9 
Locks (vacuum), 4 3 6 
Loschmidt number, 29 
Low pressure, limit (gauges), 3 1 4 , 3 1 5 
Low pressure, production of, 2 0 0 
Low vacuum, 2 , 3 
Lubrication, 4 2 8 

Magnesium (getters), 2 6 5 , 267 
Magnetic deflection mass spectrometer, 

3 2 8 , 4 6 0 
Magnetic motion, 4 2 8 
Magnetron gauges, see ionization gauges 
Manometers, see gauges 
Mass of 

escaping molecules (aperture), 37 
molecules, 29 

Mass spectrometers 
Farvitron, 3 3 3 
leak detectors, 4 6 0 
magnetic deflection, 3 2 8 
monopole, 3 3 4 
Omegatron, 3 3 2 
quadrupole, 3 3 4 
time-of-flight, 335 
trochoidal, 3 3 1 

Mass spectrum, 3 3 0 
Matched seals (glass-metal), 3 7 0 
Materials 

brazing, 3 5 8 
criteria for selection, 3 3 7 
gas evolution from, 149 , 339 
mechanical strength, 337 
permeability to gases, 1 2 2 , 165 , 3 3 9 
transfer of, into vacuum, 4 2 9 
useful ranges for vacuum, 340 
vapour pressure of, 1 5 2 , 3 3 9 
working conditions, 3 3 9 
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Materials technology, books on, 14 
Maxwell-Boltzmann law, curve, 35 
McLeod gauge, 24, 289, 310 

calibration, use of, 324 
cleaning of, 298 
estimating condensation with, 290 
forms of, 295 
limitations of, 289, 291 
linear scale for, 25 
Moser-Poltz, 298 
multirange, 297 
pressure ranges of, 289 
principle of, 23 
sensitivity of, 289 
shortened types, 295 
square (quadratic) scale for, 25 

Mean free path, 2, 37 
definition, 2, 37 
equation of, 38 
of electrons, 40 
of gases, 3, 38, 46 
of gas mixtures, 39 
of ions, 40 
on spacecraft surfaces, 40 
values, for gases, 3, 32, 46 

Measurement of 
leakage, 441 
low pressures, 280 
partial pressures, 327 
pumping speed, 272 

Measuvac gauge, 295 
Mechanical pumps, 203, 276 
Mechanical strength, 337 
Melting point, 19 
Mercury 

fluid for diffusion pumps, 228 
limitation due to, in McLeod gauges, 

293 
systems for raising, 293 
vapour pressure, 20 

Mercury pellet, pumping speed measure
ment by, 272 

Metals 
brazing, 358, 363 
cleaning of, 344 
permeability to gases, 165, 169 
sealing to glass, 367 
weldability of, 354 

Metal vessels, 339 
Microbar (unit of pressure), 41 
Modulated Bayard-Alpert gauge, 316 
Mole, 27 
Molecular density, 2, 28 

equation of, 29 
values, 3 

Molecular diameters, 32, 46, 48 
Molecular drag, 51, 53 
Molecular flow 

conductance, see conductance 
range of, 64, 113, 128 

Molecular gauges, 53, 298 
Molecular incidence rate, 3, 36 
Molecular pumps, 52, 217 
Molecular sieves, 184, 242 
Molecular state 

flow in, 50, 63 
heat conductivity in, 56 

Molecular velocity, 34, 35 
Molecular-viscous intersection point, 117, 

122 
Molecular weight, 27, 30 
Molecules 

density of, 29 
distance between, 29 
energy of, 32, 59 
flow rate of, 36 
incidence rate of, 36 
mean free path of, 37 
velocity of, 34 

Monolayer, formation time, 2, 3, 51, 175 
Monopole, 334 
Monte-Carlo calculation of conductance, 

103 
Moser-Poltz gauge, 298 
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Motion seals, 423 
bellows, 424, 435 
diaphragms, 425 
elastic pipes, 423 
ground,425 
lapped, 425, 426 
lip, 426 
magnetic, 428 
shaft, 408, 426 
Wilson, 426 

Nature, vacuum in, 5 
NEG (nonevaporable getter), 268 
Nitrogen, cryotrapping of, 257 
Nomograms for 

conductance, pumping speed, 70 
conductance of tubes, 136, 137 
gas load due to leakage, 142 
gas load due to outgassing, 144 
gas load due to permeation, 146 
pumpdown time, 127, 138 
pumping speed, 70, 127, 135 

Number, see aiso coefficient, constant, 
factor 

Avogadro's, 28 
collision in baffles, 111 
ions per electron, 311 
Knudsen's, 64 
Loschmidt, 29 
Reynold's, 62 

Numerical values, see values 

Oil seal (rotary pumps), 392 
Omegatron 

gauge, 316 
mass spectrometer, 332 

Operating rules (vacuum systems), 462 
Optical baffles, see baffles 
Orbitron 

gauge, 319 
pumps, 236 

O-rings 
greasing of, 414 
grooves for, 407, 408 
radius of bending, 410 

O-ring seals, 405, 406, 412 
Outgassing, 123, 186, 188 

influences of temperature on, 187 
limitation (McLeod gauges), 291 
nomogram, gas load due to, 144 
principles, 186 
rate (references, values), 144, 188, 190, 

192 
Oxygen, calibrated leak for, 171 

Palladium barrier leak detector, 459, 460 
Parallel connection (conductance), 65 
Partial pressure, measurement of, 328 
Pascal (unit of pressure), 41, 42 
Penning gauge, 321 
Permanent seals, 352 
Permeability (coefficient), 164 
Permeation, 124, 169, 339 

constants, 165, 166, 167, 188 
nomogram, gas load due to, 146 
process, 163, 165 

Persorption, 184 
Phosphorus (getter), 265, 267 
Physical states of water, 17 
Physisorption, 172 
Pickling, see cleaning 
Pieze (unit of pressure), 41 
Pin seals, 421 
Pipes, see tubes 
Pirani gauge, 305, 445 

as leak detector, 459 
Piston pumps, 205 
Plasma devices, 219, 220 
Plastics, 169, 342, 343 
Poiseuille's law, 72, 76 
Poise (unit of viscosity), 46 
Polishing, see cleaning 

electrolytic, 348 
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Pressure 
atmospheric, altitudes, 5 
conversion factors for units of, 42 
discharge tube, evaluation by, 310 
equation of, 34, 250, 251 
equilibrium (sorption pumping), 243 
exhaust, of pumps, 201 
(in) space, 5 
limit, in guard vacuum, 418 
lowest, of pumps, 201, 209 
measurement of, 280, 328 
outer space, 5, 131 
production of low, 200, 248 
range of, McLeod gauges, 289 
range of, vacuum gauges, 282 
range of, vacuum pumps, 201 
ratio (molecular pumps), 52 
ratio (viscous flow, aperture), 72 
rise curve, 442 
transition, 77, 114 
ultimate, see ultimate pressure 
units, 40, 42 

Pressure-time curves, 442 
Pressure-volume relation, 18 
Pressure-volume-temperature relation, 

22 
Probability 

capture (cryopumping), 254 
escaping (oil molecules in traps), 261 
factor, 105 
ionization, 311 
transmission, see transmission proba

bility 
Pumpdown 

(by) charcoal, 183 
curve, 130 
steady state in, 130, 131 
time, 126, 129, 138, 245, 448, 449 
transient, 130 
(with) distributed gas load, 131 

Pump fluids, 226 
Pumping 

accommodation, 54 

Pumping (cont'd) 
(by) dilution, 271 
(by) molecular drag, 52 
corrosive gases, 220 
cryogenic, 156, 248 
cryotrapping, 257 
(of) long tubes, 133 
principles, 200 
reviews on, 14 
sorption, 242, 246 
time constant of, 131 

Pumping speed 
across known conductance, 274 
aperture, molecular flow, 80 
aperture, viscous flow, 72 
(at) vacuum chamber, 68 
conductance, influence on, 68, 71 
curves of, 218, 219, 222, 224, 230, 231, 

233, 237, 238 
definition, 67 
directional (cryopumping), 252 
(in) guard vacuum, 418 
measurement of, diffusion pumps, 275 
measurement of, mechanical pumps, 

275 
measurement of, sputter-ion pumps, 

278 
measurement of (methods), 272 
nomograms for, 70, 127 
(of) Bayard-Alpert gauges, 318 
(of) diffusion pumps, 223, 230 
(of) getters, 269 
(of) ion pumps, 232, 240 
(of) Orbitron pumps, 236 
(of) rotary pumps, 210, 213 
(of) sputter-ion pumps, 235, 238, 240 
ranges, of pumps, 201 
units, conversion factors, 65 

Pumps 
backing, 203, 225 
classification of, 200 
claw type, 216 
compression ratio of, 209 
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Pumps (cont'd) 
cryogenic, 248, 259 
cryosublimation, 271 
diffusion, 47, 223, 229, 275 
diode ion - , 240 
displacement of rotary - , 208 
evapor-ion, 232, 233 
exhaust pressure of, 201 
gas ballast, 210 
getter-ion, 232 
ion, 232 
liquid, 203 
lowest pressure of, 201, 209 
mechanical, 203, 275 
molecular, 52, 217 
oil seal, in rotary - , 392 
Orbitron, 236 
piston, 205 
planetary-piston, 214 
pressure ranges of, 201 
pumping speed of, 202, 213, 223, 232 
Root's, 215 
rotary, 206, 210 
rotating-plunger, 214 
rotating-vane, 206 
roughing, 203, 225 
sliding-vane, 212 
slotted cathode, sputter-ion, 239 
sorption, 184, 242, 244 
Sprengel, 203 
sputter ion, 232, 237 
steam ejector, 222 
sublimation, 270 
thermomolecular, 54 
Toepler, 204 
triode, ion, 239 
trochoid, 215 
turbomolecular, 53, 196, 218-220, 451 
ultimate pressure of, 201, 209 
vapour (classification), 220 
vapour ejector, 220, 221 
water jet, ejector, 204 
water ring, 206 

Quadrupole 
gauge, 317 
mass spectrometer, 335 

Quartz, cleaning of, 350 
Quartz bulbs, accumulation of gases in, 

171 
Quartz friction gauge, 301 
Quartz-metal seals, 373 

Radioactive gauges, 324 
Radiometer gauges, 301 
Rarefied gases, 17, 56 
Rate of evaporation, 151, 153 
Rectangular cross section, conductance 

of tubes of, 77, 84, 87, 90 
Redhead gauge, 323 
References, see also Reviews 

alphabetical list of, 464 
Releasing curve (sealing), 400 
Residual atmosphere (ultra-high vac

uum), 4 
Reviews (literature) on 

activated charcoal, 244 
Auger electron spectroscopy, 198 
back streaming, 229 
Bayard-Alpert gauges, 317, 319 
brazing, 360 
calibration of gauges, 325 
chemisorption, 175 
cleaning (metals, glass), 195, 344, 349, 

350 
coating, 9, 14, 163, 196 
cryopumping, 248, 259, 270 
diffusion pumps, 223 
double chambers (vacuum), 341 
elastomers, plastics, 344 
electron diffraction, 196 
electron scattering, 193 
freeze drying, 9 
gauges, 282 
gettering, 263 
glass blowing, 367 
glass-metal sealing, 370 
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Reviews on (cont'd) 
glass (properties, technology), 341 
guard vacuum (seals), 419 
ion bombardment (cleaning), 195 
ionization gauges, 315, 316 
ion scattering, 194 
large vacuum systems, 340 
leak detection, 14, 444, 452 
leak rates, 142 
limitations of McLeod gauges, 293 
liquid seals, 392, 429, 430 
locks (vacuum), 437 
mass spectrometers, 331, 332, 333, 

335, 336, 461 
materials technology (vacuum), 14, 

337 
McLeod gauges, 289, 293 
measurement of low pressures, 14, 329 
molecular distillation, 10 
Orbitron gauges, 319 
outgassing rates, 144 
permeation rates, 146 
pumping, 14 
radioactive gauges, 323, 324 
sealing mechanism, 400 
sealing techniques, 14 
sorbent materials, 242, 244 
sorption, 172 
sorption pumping, 242, 244 
sputtering, 195 
sputter-ion pumps, 238 
traps, 260, 261 
turbomolecular pumps, 217, 218 
ultra-high vacuum, 14 
ultra-high vacuum gauges, 314, 315, 

316 
ultra-high vacuum valves, 435 
vacuum impregnation, 9 
vacuum metallurgy, 14 
vacuum technology, 12, 13, 14 
viscosity gauges, 298 
welding, 352 

Reynold's number, 62 

Ribbon seals, 422 
Rod seals, 420 
Roots pumps, 215 
Rotating-plunger pumps, 214 
Rotating-vane pumps, 206, 392 
Roughness, of surfaces, 142, 394, 414 
Rubbers, 342 

cleaning of, 350 
in motion seals, 423 

Scale 
absolute temperature, 26 
McLeod gauge, 25 

Screened collector gauges, 315 
Sealed units, leak testing of, 453 
Sealing, recommendations for, 405 
Sealing effort, 142 
Sealing factor, 397 
Sealing mechanism, 395 
Sealing process 

conductance drop in, 403 
curves of, 398, 399, 404 
equation of, 102, 398 
model of, 100 
stages of, 402 

Sealing techniques, 14, 351 
Seal-oiF valves, 436 
Seals 

adhesives, 383, 386, 388 
brazed, 358, 361 
ceramic-metal, 375, 378, 382 
classification of, 351 
compression, 373, 375 
Confiât, 416 
corner, 414 
cup, 422 
demountable, 383 
disc, 422 
electrical (lead throughs), 419 
gasket, see gasket seals 
glass-to-glass, 366, 367, 373 
glass-to-metal, 367, 371, 419 
ground, 385, 387, 425 
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Seals (cont'd) 
guard vacuum, 416 
Housekeeper, 373 
interface-contact, 100, 396 
knife edge, 415 
lapped, 385, 425 
lip, 426 
liquid, 390, 429 
magnetic-liquid, 392 
motion, see motion seals 
oil, 392 
O-ring, 405, 406, 412 
permanent, 352 
pin, 421 
quartz-metal, 373 
ribbon, 422 
rod, 420 
shaft, 408, 426 
shear, 415 
silver chloride, 385 
spacer, 410 
stem, 421 
step, 412, 415 
surface tension, 393 
waxed, 383 
welded, 352 
Wheeler, 412 
Wilson, 427 

Selection of 
gauges, 280 
materials, 337 

Sensitivity of 
ionization gauges, 313 
ion pumping, 233 
McLeod gauges, 289 

Separation by thermal diffusion, 55 
Series connection (conductances), 66 
Shaft seals, 408, 426 
Shear seals, 415 
Silica gel, sorption by, 185 
Silver chloride, seals, 385 
Size, of vacuum systems, 142, 144, 146 
Sliding-vane pumps, 212 

Slip coefficient, 76 
Sojourn time, 176 
Solar powered gauge, 324 
Solubility, of gases, 164 
Sorption, 172, 182 
Sorption capacity (getters), 270 
Sorption pumping, 246 
Sorption pumps, 184, 242, 244 
Spacer seals, 410 
Specific heat ratio, 56 
Speed factor, 223 
Spinning rotor gauge, 300 
Sprengel pump, 203 
Sputtering, 195, 232 
Sputter-ion pumps, 232, 237, 278 

argon instability of, 239 
distributed, 241 
measurement of performance, 278 

Steam ejector pump, 221 
Stem seals, 421 
Step seals, 412 
Sticking coefficient, 151, 175, 177, 257 
Stopcocks, 430 
Strain point (glasses), 364, 367 
Sublimation, 21 
Sublimation pumps, 270 
Suppressor gauges, 316 
Surface, physical/geometric, 180 
Surface finish, 142, 394, 414 
Surface roughness, 142, 394, 414 
Surface slip, 76 
Surface tension (seal), 393 
Sutherland's equation, constant, 38, 47 
Systems, for raising mercury column, 

294 
Systems, size of vacuum, 142, 144, 146 

Tantalum (getter), 268 
Test domes, 276, 277 
Thermal conductivity gauges, 60, 304 
Thermal diffusion, 55 
Thermal transpiration, 53, 54 
Thermistor gauges, 309 
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Thermocouple gauges, 307, 308 
Thermomolecular pumps, 54 
Thin films, 14 
Thorium (getter), 268 
Throttling valves, 436 
Throughput 

curves, 231 
definition, 67 
units, conversion factors, 68 

Tightening curve (sealing), 402 
Time 

cleaning (leak detectors), 449, 450 
constant (pumping), 131 
monolayer formation, 2, 51, 175 
pumpdown, 126, 129, 138, 245, 449 
response (leak detectors), 450 
sojourn, 176 

Time-of-flight (mass spectrometer), 335 
Titanium 

getters, 267 
sublimation pumps, 270 

Toepler pump, 204 
Torr (unit of pressure), 42, 44 
Transfer, of materials into vacuum, 429, 

436 
Transformation point (glasses), 367 
Transition pressure, 77, 114 
Transmission of motion, see motion seals 
Transmission probability 

accommodation pumping, 54 
baffles, 107, 109 
elbow, 106, 109 
equations, 87 
tubes, 105 

Traps 
back streaming in, 261 
conductance of, 91 
design of, 261 
thermal transpiration in, 53 

Triangular cross section, conductance of 
tubes of, 85 

Triode ion pump, 239 
Triple point, 21 

Trochoidal mass spectrometer, 331 
Trochoid pump, 215 
True surface, 180 
Tubes 

conductance of, see conductance 
materials for, 340 
pumping of long, 133 
transmission probability, 87, 105 

Tungsten 
getter, 268 
water cycle of, 268 

Turbomolecular pumps, 53, 196, 218-
220, 451 

Turbulent flow, 68, 79 

Ultimate pressure 
cryopumps, 156 
diffusion pumps, 225 
due to leakage, 142 
due to outgassing, 144 
due to permeation, 146 

Ultra-high vacuum, 4 
ionization gauges for, 315 
pressure ranges, 4 
residual atmosphere, 4 
review on, 14 
valves for, 435 

Units, see Conversion factors 
Universal constant, 28 

Vac (unit of pressure), 41 
Vacustat, 296 
Vacuum 

artificial, 1 
classification, 2 
coating, 9, 161, 195 
gauges, see gauges 
high, 3 
low, 3 
measurement of, see measurement 
medium, 3 
metallurgy, 14 
microbalance techniques, 9 
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Vacuum (cont'd) 
natural, 5 
pumps, see pumps 
ranges, 3 
seals, see seals 
ultra-high see ultra-high vacuum 

Vacuum systems 
components of, 124 
dimensions of, 142, 144, 146, 338 
industrial, 202 
rules for operating, 462 
sources of gas in, 123, 149 

Vacuum techniques (technology) 
applications of, 6, 14 
books on, 13 
dictionaries on, 14 
history of, 11 
journals on, 14 
transactions on, 15 

Vacuum transport, 8, 11 
Vacuum vessels, 169, 340, 344 
Vacuum vocabulary, 203 
Values of 

accommodation coefficient, 58 
admissible current (lead throughs), 

420 
average velocity (molecules), 35 
Avogadro's number, 28 
back streaming (traps), 261 
Boltzmann constant, 30 
calibration of ionization gauges, 314 
charge of electron, 29 
coefficient of viscosity, 46 
critical points, 19, 32 
critical pressure ratio, 72 
evaporation rate, 153 
gas constant, 28 
gas evolution (glasses), 191 
heat conductivity, 57, 60 
heat of adsorption, 176 
leak rates, 438, 439 
Loschmidt number, 29 
mean free path, 32, 46 

Values of (cont'd) 
molecular density, 3 
molecular diameter, 32, 46, 47, 48 
molecular incidence rate, 3 
molecular weight, 27 
outgassing rate, 144, 190 
permeation rate, 146, 166, 167 
pressure units, 42 
sorption capacity, 184, 185, 269, 270 
sticking coefficient, 178, 256 
surface tension, 393 
transition pressure, 114 
triple point, 19 
universal constant (gases), 28 
Van der Waals constant, 32 
vapour pressure, 20, 152, 153, 157 

Valves, 432, 434 
all-metal, 434 
baffle, 436 
diaphragm, 434 
isolation, 436 
seal-off, 436 
throttling, 436 

Van der Waals equation, constants, 32 
Vapour ejector pumps, 221 
Vapour pressure, 18, 150, 339 

curve, 20 
data, 152 
of elements, 152, 153, 157, 159 
of gases, 160 
of mercury, 20 
of metals, 157, 158, 20 
of oils, 160 
of solvents, 161 
of water, 20 

Vapour pumps, 220 
Velocity of molecules 

average, 35 
distribution, 34, 35, 75 
most probable, 35 

Viscosity (gases) 
coefficient of, 45 
definition, 44 
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Viscosity (gases) (cont'd) 
drift velocity distribution due to, 44 
equation of, 46 
gauges, 298 
influence on heat conductivity, 56 

Viscous drag, 76 
Viscous flow, 72 

conductance, see conductance 
critical pressure ratio, 72 
range of, 64, 113 
surface slip, 76 
velocity distribution, 75 

Viscous range, pumpdown in, 125 
Viscous states (gases), 49, 56, 62 
Volumes, determination of, 23 

Water cycle of tungsten, 268 
Water jet pump, 204 
Water P-V-T surface, 22 

Water ring pump, 206 
Water vapour diffusion, 192 
Water, vapour pressure of, 20 
Waxes (sealing), 380 
Weldability, 354, 356 
Welded joints (seals), 352 
Welding 

cold, 356 
hot, 352, 353, 356, 357 
methods, 352 
resistance, 356 

Wheeler seal, 412 
Wilson seal, 426 

X-ray limit (ionization gauges), 316 

Zeolites, sorption by, 184 
Zirconium (getter), 268 


