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Preface

In the preface to an earlier book on Vacuum Technology, one of us
(DJH) pointed out that it would be a daunting task indeed to list all the
activities and products to which vacuum technology makes a contribu-
tion. It is widely applied in the chemical sciences both in research and
industry. Applications range from the efficient extraction of highly
temperature-sensitive complex molecules to the creation of the condi-
tions necessary to characterise surfaces unambiguously and to investi-
gate surface phenomena. Many other areas, ranging from the study
of short-lived atoms and free radicals to the design and deposition of
‘smart’ coatings on glass for solar control, could not have made signifi-
cant progress without suitable vacuum systems.

In spite of the enormous use of vacuum processes, detailed knowledge
of vacuum technology is often lacking. Design calculations are often
attempted with incomplete or inadequately-interpreted data and, even
with well-designed systems, operators may lack the confidence to use
them optimally and often struggle to solve relatively small problems
when they arise. In both cases, at some cost and delay, there is complete
reliance on vacuum equipment manufacturers’ appraisal.

This book has been written to assist and encourage both the newcomer
and the experienced practitioner in vacuum technology. Problems in
vacuum technology should be dealt with quantitatively and it is intended
to be an accessible, applicable guide to how calculations in the subject are
actually carried out. It is aimed at all those who use vacuum technology
in chemical applications and who are involved in the design and oper-
ation of such equipment. It is aimed at users whether they be researchers
or in industries as diverse as petro-chemical, pharmaceutical, nuclear,
aerospace, environmental and semi-conductor. Although not specifically
aimed at undergraduates, the authors hope that the first two chapters,
particularly, will be of considerable use.

Vacuum technology takes necessary information from chemistry,
physics and engineering. Possibly because of this, it is littered with a
multiplicity of units, and both newcomers and experienced workers have
often lacked the confidence to quantify their systems. It is fine to present
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vi Preface

clearly an equation in the text but it is quite a different matter to make
use of it when one is not certain of what units to use or how to convert
from one to another.

Although this book appears to be dominated by formulae, some of
which seem complex, the reader should be reassured that no great
demands are made. Obviously, some mathematical knowledge is required
but, generally, it is only that which would normally have been acquired
by anyone following a course in physical sciences or engineering.

The book is made up of seven chapters (plus additional, general
material). The purpose of the first two is to remind the reader of infor-
mation that is probably known already. This is essential if the best use is
to be made of the information in later, topic-specific chapters. Through-
out, numerous worked examples are given. An example usually illustrates
material which immediately or closely precedes it. To the authors, they
seem relevant and appropriate but others may disagree. What is import-
ant is that they are presented with detailed working and clearly-stated
units (SI and SI-derived units have been preferred although in some
cases, familiar and widely accepted units are used). They are there to
build the reader’s confidence and to encourage him to quantify his par-
ticular system.

In detail, Chapter 1 (Principles) reminds the reader that, in vacuum
technology, gases and gas mixtures are, almost without exception,
assumed to behave ideally. Information readily obtainable from the kin-
etic theory of gases (particle velocities, area-related flow etc.), of
immense use to vacuum technologies, is also introduced.

Chapter 2 acknowledges the fact that in the design of vacuum systems,
pump sets and pipework of an appropriate size must be used and that it
is vital that the flow of gases into and out of the system be quantified.
Terms widely used in vacuum technology are defined and the calculation
of flow and related quantities under the three major types of gas flow is
discussed.

The pump set on a vacuum system has to evacuate the system, starting
from atmospheric pressure down to the required pressure, often in a
given time. It must be able to maintain this pressure during operation of
the vacuum process. Chapter 3 reviews the range of vacuum pumps
available and the combinations that are used over the range from atmos-
pheric pressure down to our current limits of measurement in the EHV
range.

In Chapter 4, the gas sources and loads which are present in every
vacuum system are considered. Since the gas loads from different sources
have to be known or estimated to quantify the size of the pump set, their
influence on attainable pressure is considered.
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Chapter 5 considers the methods available for the measurement of
both total and partial pressure in vacuum systems. For total pressure, the
methods of measurement are described and, importantly, the uncertainty
associated with that measurement is discussed. This may influence the
choice of gauge. Also in Chapter 5, residual gas analysers (RGAs) for
vacuum partial pressure measurements are described. These devices are
being used increasingly for diagnostic work on vacuum systems.

Chapter 6 examines what, in the authors’ opinion, are three important
applications of vacuum technology in the chemical sciences. First, its use
in chemical technology is clearly defined and, in many applications, the
requirement for systems operating below 107 Pa is obvious. In both
cases, typical systems are considered and quantified. The third topic con-
centrates on a technique (differential pumping) which is widely used in
systems where high- and low-pressure areas must be interfaced. Specific
systems are discussed to illustrate the usefulness of the technique.

A short concluding chapter (Chapter 7) summarises what has been
presented and indicates future applications.

The book also includes a bibliography. Some of the works referred to
are advanced texts on vacuum technology; others refer to sources of data
from which tabulated information, given in the text, has been obtained.



Acknowledgements

The authors would like to thank Professor J. M. Dyke, University of
Southampton for the interest he has shown in this book and for the
encouragement he has given. We are particularly grateful to Renate
McCarron who typed a very difficult manuscript with such efficiency and
accuracy.

One of us (DJH) would also like to thank sincerely Mr H.-D. Otten of
Leybold Vakuum GmbH and Dr Wolfgang Schwarz of ALD Vacuum
Technologies for the considerable assistance they have given him over the
years.



Contents

Chapter 1 Principles

1.1
1.2
1.3
1.4
1.5
1.6
1.7

1.8

Introduction

Survey

Pressure

Ideal Gas Law

Mixtures of Gases: Partial Pressures

Kinetic Theory of Gases

Transport Properties

1.7.1 Diffusion

1.7.2  Viscosity (Internal Friction in Gases)
Gas Dynamics

Chapter 2 Gas Flow

2.1
22
2.3

24

2.5

Introduction

Definitions

Viscous (Continuum) Flow

2.3.1 Viscous Flow in Ducts and Tubes
Molecular Flow

2.4.1 Conductance of an Aperture

2.4.2 Conductance of Tubes and Ducts

2.4.3 Molecular Flow through Components
Knudsen (Intermediate) Flow Through a Tube

Chapter 3 Pumps and Pumping Systems

3.1
3.2

3.3

Introduction

Vacuum Pumps (Rough-Medium Vacuum Range)
3.2.1 Oil-sealed Rotary Pumps

3.2.2 Dry Pumps

3.2.3 Roots Pumps

High/Ultra-high Vacuum Pumps

3.3.1 Diffusion Pumps

3.3.2 Turbomolecular Pumps

3.3.3 Cryopumps

X

—
~J GO L W — = e ek

17
20
24

31
31
31
38
38
43
43
43
49
51

56
56
57
57
65
67
76
78
85
92



X

3.4 Other High-/Ultra-high Vacuum Pumps
3.4.1 Sputter-ion Pumps
34.2 Getter Pumps

Chapter 4 Gas Sources and Attainable Pressure in Vacuum
Systems

4.1 Introduction

4.2 Leaks

4.3 Outgassing

4.4 Permeation

4.5 Attainable Pressure

Chapter 5 Total and Partial Vacuum Pressure Measurement
5.1 Introduction
5.2 Total Pressure Measurement
5.2.1 Direct Pressure Measurement
5.2.2 Indirect Pressure Measurement
5.3 Residual Gas Analysis and Partial Pressure Measurement

Chapter 6 Some Applications of Vacuum Technology
6.1 Introduction
6.2 Chemical Technology
6.2.1 Pressure, Temperature and Phase Changes
6.2.2 Distillation
6.2.3 Evaporation (Drying)
6.2.4 Condensers
6.2.5 Condenser and Vacuum Pump Combinations
6.3 UHYV Systems
6.3.1 Factors Influencing Outgassing
6.4 Systems Involving Differential Pumping

Chapter 7 Summary
Bibliography

Appendix: Symbols Used in Vacuum Technology according to
BS 5543:1978/1SO 3753:1977

Subject Index

Contents

103
103
108

114
114
115
129
134
140

148
148
148
149
152
168

176
176
176
177
179
182
187
192
195
196
207

219

224

225

229



CHAPTER |

Principles

1.1 INTRODUCTION

The purpose of this chapter is to state some of the basic ideas and
assumptions that underpin vacuum technology.

To familiarise the reader with the scope of vacuum technology,
it begins with a summary of the vacuum pressure range and typical
applications in the chemical sciences.

The equation of state for a perfect gas is presented and expressions
arising from this for pure gases and gas mixtures are given. The kinetic
theory of gases, which is a useful model of perfect gases, is introduced
and two particularly useful results are emphasised. These are the mean
free path (/) and the mean or thermal velocity (¢). Of particular import-
ance is ¢/4, which is numerically equal to the volume rate of flow per unit
area and which can be used to determine quantities such as area-related
pumping speeds, conductances, efc.

The transport properties, particularly viscosity and diffusion, of a
perfect gas are discussed and the concepts of gas dynamics are briefly
mentioned. Such methods can be applied to flowing gas in, for example,
pipework or nozzles and jets.

1.2 SURVEY

Typical vacuum processes and plants can be classified according to the
pressure regions in which they operate. These regions are shown overleaf.

1.3 PRESSURE

The term ‘vacuum’ is applied to pressures below, often considerably
below, atmospheric pressure.

The object of vacuum technology is to reduce the number density of
gas particles in a given volume of a system. At constant temperature, this

1



2 Chapter 1

Rough Medium High UHV-XHV
vacuum — vacuum vacuum
Total pressure/ mbar  10°-1 1-107° 10°-107  <107-<107"
Typical applications

Rough Chemical technology (unit operations such as degassing,
drying, filtration)

Medium Chemical technology (distillation)
Chemical Vapour Deposition (CVD)
Sputtering processes

High Physical Vapour Deposition (PVD) (coating of various
substrates with a range of materials)
GC-MS
Kinetic studies

UHV-XHV Surface science (e.g AES, XPS, EELS)
Fusion research
Synchrotron radiation sources (various applications)

always corresponds to a reduction in gas pressure. The system pressure is
just a convenient index of number density.

Pressure is the result of molecules, within a fluid, colliding with the
walls of the containing vessel. Its magnitude depends on the force of the
impacts exerted perpendicular to a defined area. The relationship
between pressure (p), force (F) and area (A4) is:

(1.1)

_F
P=A

A force of 1 Newton (1N = 1kg.ms™) on an area of 1 m’ exerts a
pressure of 1 Pascal (Pa). Acceptable forms are kg.ms™ kgms™ mkgs™.
Other permissible pressure units are:

bar =10°Pa
millibar (mbar) =10’Pa

Although obsolete, the unit “Torr’ continues to be used. It is the
pressure exerted by a mercury column of height 1 mm on the base area
of the column at 0 °C.

1torr =133.322Pa = 1.33 mbar

Commonly used instruments, e.g. Pirani, capacitance diaphragm and
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ionisation gauges, for pressure measurement in vacuum systems indicate
the total pressure. This is equal to the sum of the partial pressures of the
individual components in a system. Unless otherwise stated, the term
‘pressure’ in vacuum technology invariably means total pressure.

The normal state of a gas is determined by the normal temperature
(T,) and normal pressure (p,):

T,=0°C=273.15K
. = 101325 Pa = 1013.25 mbar

Pa 1s also referred to as ‘standard atmospheric pressure’. Atmospheric
pressure is therefore regarded as approximately 1000 mbar.

1.4 IDEAL GAS LAW

With very few exceptions, gases and vapours at atmospheric pressure or
below behave ideally. An ideal gas is one which obeys exactly the
relationship:

pV=nRT (1.2)

where p is the pressure, V' the volume, » the amount of substance of the
gas, T the absolute temperature and R, the gas constant, is a fundamental
constant independent of the nature of the gas.

The amount of substance (n) has units of mol (or mole) or kmol (or
kmole). It is related to the number of particles. One mol (or kmol) of a
substance contains as many particles (atoms, molecules, ions, ezc.) as
there are atoms, in 12 g (or 12kg) of '?C. This is the Avogadro constant

(Na)-
N, =6.022136 x 10* mol™' = 6.02213 x 10* kmol™

If the mass of a substance is m and the molar mass of the substance is
M, the amount of substance is:

1 - (1.3)
M (gmol™)
The molar gas constant (R) has a value:
R=18.3145472J K 'mol™' = 8.3145472kJ K™ kmol™ *

* Source: CODATA Recommended Values of the Physical Constants, 1998, J Phys. Chem., Ref.
Data, 1999, 28 (6).
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In vacuum calculations, other units are often used:

R =83.14mbar Lmol™' K™!
=8.314 x 10* mbar L kmol' K™!

Based on the above, the molar volume of a perfect gas at p, and T, is:

RT,
V= (1.4)
Dn
_83.145mbar L mol ' K1x273.15K

1013.25 mbar

=22414L
The Boltzmann constant (k) is given by R/N,. It has a value:
k=1.380650 x 1072 JK™!

The particle number density (n) can be obtained from:

N
pV=-—RT=NkT
Na

p=nkT (1.5)

where N is the number of particles under consideration. Under normal
conditions:

P 101325 N m™
" kT, 138x102JK*'x273.15K

=2.6867 x 10* m™

n

At 293K and p,:

n293K:2.51 X IOZSII]-3
=2.51x102L"

At 293 K:

In 1L at 1 mbar, there are 2.478 x 10" particles
In 1 L at 10° mbar, there are 2.478 x 10" particles
In 1L at 10" mbar, there are 2.478 x 10° particles

2.6867 x 10* particles occupy 1 m® at p, and T,,.
1 mole of particles (6.022 x 10*) occupies 22.414 L at p_ and T,.
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1.5 MIXTURES OF GASES: PARTIAL PRESSURES

If n mol of a gas (n,) is injected into a volume (V’), then the pressure (p,)
of A is given by:
RT
pa=m () 1.6
If, instead of A, n mol of gas B (ng) is injected into volume V, then the
pressure (pg) of B is given by:
RT
Ps=ng (7)
If B was injected into V already containing A then, according to
Dalton’s law of partial pressures, the total pressure (p) is given by:

. RT
P=pa+pp=(ns+np) 7

For several components (A, B, C, D, etc.):

p=pPatpgt+tpctpp+...

This law can also be expressed in terms of component mole fractions. The
mole fraction (x) of a component is given by:

ncomponem
xcomponent = (1 . 7)
Riotal

where n,,,, is the total number of moles in the system. Thus, in a mixture
of gases (A, B, C, D, etc.) containing n,, ng, nc, np, etc., the mole fraction
of Ais:

Na

xA= (nww]=nA+nB+nc+. . .) (1.8)

Myotal

Therefore, the partial pressure of a component i in #» mol of a perfect gas
mixture with a total pressure p is:

_ B_T_ _ E — 1.9
Pi—ni< V)—xin( V)—xip (1.9)
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Example 1.1

A 22.4L vessel contains 2mol H, and 1 mol N, at 7',. What are the mole
fractions and the partial pressures of the components in the vessel?

Total no. of moles in vessel = 3

tz = 2/3
xNz = 1/3

Since the molar volume (V) at p, and T, is 22.414 L then:

RT 2molx 83.14mbar Lmol” K™ x273.15K
Py, =hy,— =

v 24141
=2026 mbar
. r
Similarly, PN, = nN?7 =1013mbar
P =pu, + px,= 3039 mbar
Example 1.2

A 500cm’ vessel contains a H,/N, mixture at 500 mbar and T .. If the
partial pressure of H, is 200 mbar what are the mole fractions of H, and

N,?
pV=nRT

200 x 0.5mbarL
n =
®: 7 83.14mbar Lmol' K™ x 273K

=4.41 x 10~ mol

_ (500 —200) x 0.5 mbar L
~ 83.14mbar Lmol K~ x 273K

=6.61 x 107 mol
o = 11.02 X 10 mol
tz = 0.4

ny,

and XN, =0.6

Example 1.3

4 L of methane has a pressure of 500 mbar at 20 °C. What is the mass of
the gas?
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y="RrT
Y

500 x4mbarL x 16 gmol
" 83.14mbar Lmol" K™ x 293K

=131g

Example 1.4

An excellent example of a gas mixture is atmospheric air. At sea level, the
composition of dry air, in volume %, is approximately as follows:

N,, 78.1; O,, 20.9; Ar, 0.9; CO,, 0.03; remainder 0.07.

What is the partial pressure of each when the total pressure is
equal to p, and the temperature is 7,? Calculate the mean molar mass
of air.

Based on the above, 100 L of dry air contains approximately 78.1 L N,, 20.9L
0,,09L Ar, 0.03L CO, and 0.07 L of traces of Kr, He, CH,, etc.

At p,, T,, the molar volume of a perfect gas is 22.414 L mol™'. The molar
composition of 100 L of dry air is, therefore:

N, =78.1/22.414 =3.484 mol
0, =20.9/22.414=0.933 mol
Ar =0.9/22.414 =0.040 mol
Co, =0.00134 mol
remainder =(.00312 mol

Total no. of moles = 4.4615 mol
The corresponding mole fractions are:
xn, = 0.781; x0,; = 0.209 x,, = 8.97 x 107} x¢o, = 3.00 x 107
The corresponding partial pressures at p, are:

Px,=0.781 x 1013.25 = 791 4 mbar
Po,=0.209 x 1013.25 = 211.8 mbar
Par=8.97% 10" x 1013.25 = 9.09 mbar
Peo=3x10%x1013.25 = 0.3 mbar

Mean molar mass:

A_l szz+mO2+mAr+mcoz+...

Ptotal
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my, =3.484mol x 28 gmol™ =97.55¢g
mo, =0.933mol x 32gmol™ =29.86¢
m,, =8.97x107mol x40gmol' =0.359¢
Mo, = 3.00 x 10¥mol x 44 gmol™ =0.0132 g

127.78 ¢

. H e
4.4615mol

=28.6 gmol™

~ 29 gmol™

1.6 KINETIC THEORY OF GASES
A very useful model for the behaviour of an ideal gas is as follows:

 In a volume V, there are N particles of mass m.

« Each particle has a velocity ¢ (strictly, this is a vector with com-
ponents c,, ¢, and c,).

* Values of ¢ cover the complete range between 0 and eo.

+ Particles can be regarded as point masses which exert no force on
each other beyond a separation distance r > R (R is known as the
interactive radius). At r < R there is an infinite repulsive force
between the particles involved. They therefore behave like perfectly
elastic spheres of radius R/2.

* On impact with each other, the velocities of the partners change in
both value and direction.

* Particles colliding with the container walls are elastically reflected,
creating gas pressure (p).

Because they undergo frequent collisions, particles will not have a constant
velocity or move in specific directions such as the x-, y- or z-direction. The
Maxwell-Boltzmann frequency distribution is used to describe the non-
uniform distribution of particle velocities (¢) brought about by collisions.

From the Maxwell-Boltzmann distribution, various velocities may be
defined. These are:

, 2RT
The most probable velocity (c,) = 7m s7! (1.10)
. ‘ _ [8RT

The mean velocity or thermal velocity (c,,, ¢) = Wm 7! (1.11)

{3RT
The root mean square velocity (rms) or effective velocity (c.4) = —A-l—-m s
(1.12)
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A particularly useful quantity in the case of a Maxwell distribution is:

Mean x-component of velocity = 2 (1.13)
RT
= \/ ms™ (1.14)
2nM
T
=36.38 \/—~ms“ (1.15)
M

¢/4 is equal to the mean normal component of velocity relative to any
reference surface. It is numerically equal to the maximum area-related
pumping speed (volume rate of flow per unit area) of an ideal pump for a
gas at temperature 7.

Example 1.5
Calculate the mean velocity of Ar atoms at 20 °C.

_ ‘/8 x 8.314 x 10°Jkmol"' K x 293K
cC=
1 x 39.95kg kmol™!

=394.0ms™’

Example 1.6

The interior of a spherical vessel of radius r = 0.5m is covered with a
monomolecular layer of gas particles each having a cross-sectional area
(Apy) = 107 m?,

What would be the pressure increase if all the particles were desorbed
at a temperature of 300 °C?

Pressure increase (Ap) is given by:
N
Ap=AnkT = 7 kT

where An = the number of particles in the gas phase after desorption.

N = A/A,, where 4 = surface area of vessel
= 4nr*/10 Y particles

N _ 4nr’x10” 3x10”

Vo o4nii3
_3x10°x 1.38x 102 JK™ x §73.15K
- 0.5m

Ap
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_ 3x1.38x 10*JK ' x 573.15K
- 0.5m

=47x 10" Nm?2=0.47Pa=4.7 x 10~ mbar

Example 1.7

Calculate the effective speed of
(1) N, molecules at 1600 °C.
(i1) H, molecules at 4K.

1) Cr=\3RT/Mms™
3 \/3 x 8314 x 10° T mol* K x 1873.15K
- 28 kg kmol™
=1292ms™
.. 3x8.314%x 10 JTkmol? K x 4K
(H) Coff = —~1
2 kg kmol
=223ms’
Example 1.8

At what temperature would:
(i) Ar atoms have a mean velocity (¢) = 500 ms™'?
(i) “He atoms have a mean velocity of 150ms™'?
: 8RT
) t= . /—ms™
M

500 ms! \/8 x8.314x 10° Tkmol "K' x T
ms =
7 X 40kgk mol™
(500’ m’s x 1 x 40 kg kmol™
"~ 8x8.314x 10°Tkmol™ K™
=472K (~ 199°C)
SRT

(1) c= _nM ms

1

150ms /8 % 8.314 x 10*Tkmol"' K" x T
ms =
v n X 4kg kmol™

_ (150)’m’s™ x  x 4 kg kmol™!
~ 8x8.314x10°Jkmol ' K™

=43K
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Wall flux density (area-related collision rate). A measure of the rate
of flow of matter from one part of a system to another is given by the
flux (flow rate per unit area). For the transportation of matter, this is
given by:

nc

IN=7g (1.16)

where 7 is particle number density (n = pkT = N/V), N is number of par-
ticles and ¢/4 is mean normal component of velocity (mean or thermal
speed of the gas in the x-direction).

Effusion of material from a hole. If a gas is present in a container but
that container has a small hole leading to a low-pressure region, the gas
will flow through the hole until the pressure is equal on both sides. This
process is termed effusion.

If the wall has a hole of area A4, then the particle throughput (s™)
would be:

nc pe
=y <4k7>
This is applicable if there are no interparticle collisions, i.e. if the
mean free path is no smaller than the dimensions of the aperture or
slit.
The volume rate of flow (Agy) = volume/time can be obtained:

_N

T n
AV _AN1_Aqy
At Atn n

c

Volume rate of flow = 2 AA (1.17)

Surface-related condensation rate. This is proportional to the number
of molecules incident on a surface

ne
v = — 1.18
JN = Scond 4 ( )

where Sena = surface condensation coeflicient

no. of particles condensed

" no. of incident particles
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At sufficiently low gas and surface temperatures, values of 5.4 = 1 can
be assumed and Equation 1.17 applied.

Example 1.9

A high vacuum chamber contains a liquid N,-cooled surface (4=
400 cm?) to provide a high, in situ, pumping speed for water molecules
desorbing from its surface. Calculate the pumping speed for water
vapour at 50 °C if all the impinging molecules are trapped.

Mean normal component of velocity = ¢/4ms™

_ [BRT | T
c=./——ms =1455 /—ms
M M

Tuos0c =616ms™
Maximum area-related pumping speed per 1 m?
c
=st"1 x 1m?=154m’s™!

=154x10°Ls™
Sicm? =154Ls™!

Sipem = 6160Ls!

Example 1.10

A Knudsen cell was used to determine the vapour pressure of germa-
nium (M =72.6 gmol™) at 1000 °C. A mass of 4.3 x 10~ g was lost through
a hole of radius 0.5 mm in 2 h. What is the vapour pressure of Ge?

Assuming that Ge vapour behaves ideally, then:
. m
pV= A_IRT =g,y (the pV throughput)

where V is the volume flow rate through the hole and m is the mass flow of Ge
through the hole.

_4.3 x 1077
M X 3600

_pVxM
~ RT

gs!'=597x107gs™

e 5.97 x 107 gs™! x 83.14mbar Lmol* K x 1273K
pr= 72.6 gmol™

=8.71 x 10°mbarLs!
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. C
V=—AA
4 -
where ¢ =mean velocity = 145.5\/ TIM

AA = area of the hole
. 609.2ms™ x (5 x 10’ m?

4
=1.196 x 10 m’s™
=0.1196 Ls™!
0.1196 L's™! x pg. mbar=8.71 x 10°mbar L s!
8.7x10°° b
=—————mbar
Pos =75 1196 0%

=7.3 x 10”° mbar

Mean free path (I). With the large number of gas particles present in a
volume of gas at a given pressure, a large number of collisions can occur.
Calculation of the collision frequency allows the mean free path (/) of
the particles to be determined. This is the average distance travelled by a
particle between collisions.

A simple treatment is to regard colliding particles as hard spheres and
a collision to occur whenever the centres of two molecules come within
some distance (d) of each other. With a moving particle a collision
area called the collision cross-section (o) is generated, where o is equal to
nd® if d is the particle diameter. Some examples of collision cross-
sections are given in Table 1.1. If colliding particles are travelling with an
average relative speed \2 €, then the number of collisions a single particle
makes per second is:

z=~/2¢nc (1.19)

where 7 is the particle number density. From this, an expression for /
(=¢/z) can be derived:

=

1
\2no
and, for a single gas:

1

Z=W (1.20)
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Here d = 2r, where r is the radius of the colliding particles. For two
different particles in a gas mixture d = r, + r,. d is sometimes called the
collision radius (R.) to denote an ‘active’ sphere of radius R.. and active
cross-section TR?..

Table 1.1 Collision cross-sections

Gas o/nn?’
He 0.21
Ar 0.36
H, 0.27
N, 0.43
0, 0.40
Co, 0.52

Example 1.11
If the collision cross-section of N, is 0.43 x 1078 m?, what is the collision

cross-sectional radius (d = 2r)?
o = nd>
d=o/n=~(0.43 x 10 ®)m*/n

=0.37x107m
=3.7x10""m

The particle number density (n) = p/kT, hence:

kT
\2pn d?

and

ip— kT 3 RT
p—_\/'2_ch172_\/§7tN,,‘d2

Note that the expression Ip is a convenient way of stating the variation
of / with p for various gases and is commonly presented in tabular form

(see Table 1.2).

(1.21)
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Table 1.2 Values of Ip for a range of gases; T=293 K

Gas Ip (mmbar) (x10°) ref. (a)*
N, 6.4

Air 6.5

0, 6.5

He 19

H, 12.2

Ar 6.8

*Throughout, several sources of data are repeatedly cited as refs. (a, b, ¢ etc.). Details of these are
given in the Bibliography on page 224,

Example 1.12
Calculate the /p value for N, at 20 °C.

___RT
p—\/E“NARi

From Example 1.11, R (=d) =3.7x 107m.
8.314 x 10°Pam’kmol ' K! x 293K

P= 21 % 6.022  10%kmol ™ x (3.7 x 10-%) m?

_ 244x 10° Pam’ kmol™
3,66 x 10? x 10°kmol™ m?

=6.67x 107 Pam
=6.67 x 10 m mbar

Example 1.13

If He has a collision cross-section radius of 2.18 x 107'°m, calculate the
mean free path of He atoms at 10* mbar and 293 K.

i 8.314 x 10* Pam*kmol ' K™ x 293 K
P 2 7% 6.022 % 10% kmol x (2.18 x 1092

=19.2 x 10° mmbar
=19.2 x 10~ cm mbar

lterosx = 192 cm at 10 mbar

The expression given above in Equation (1.19):
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— —_ p
z=4J2 _,,/2 =
= cCnoc = co

refers to the number of collisions made by a single particle per unit
time.
If the total number of interparticle collisions is required, per unit

volume per unit time, this expression is divided by 2 (because x. . . .. x!
and x'. .. .. x are counted as only one collision) and multiplied by #:
Z  =32n (1.22)
1P
“kT

Example 1.14

Calculate the number of collisions per unit volume per unit time between
oxygen molecules in air at 25°C and 1 bar. Assume the radius of oxygen
molecules is 1.78 x 10™'°m.

The collision number (z) for a single O, molecule:
\2¢po
z \/' CHo T

o =nd’ do, =2r5,=2%1.78x 10m
=3.56x10""m

d?=127x 10" m?
. 0=398x%10""m?

¢=145.5~T/M where T=298K and M = 32 gmol™
=444ms™!

From Example 1.4:

Po,= 209.5 mbar (in I bar atmospheric air)
=20950 Pa

V2x3.98x 107 m? x 444 ms™ x 2.095 x 10* N m™
1.3807 x 102 J K x 298 K

zZ=

(Note 1 J=1Nm)

_5.238x 102m’s! Nm™
T 1.3807 x 103 N'm x 298

=1.273x 10°s™"
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1
20,0, 227,

’ kT

y 1.273 x 10°s™ x 20950 N m™
1.3807 x 102 Nm K™ x 298 K

=3.24x10Ps"'m™>
=324%x10"s"'ecm™

Il
NI—

Example 1.15

A system at 230K contains 5 x 10" N, molecules per m®. Calculate the
mean free path if o, ~ 0.43nm?.

n=-—

kT

p=5x108"m3x1.38x 102 NmK™'x 230K
=1.59x 102N m™
=1.59 x 10 mbar

kT
\EPUNZ

138 x 10 NmK™" x 230K
T\2x1.59% 102 Nm=x 0.43 x 10¥ m?

=0.33m
=33¢cm

I =

1.7 TRANSPORT PROPERTIES

The flow of material from one region to another is an example of a
transport process. Transport processes frequently occur in low-pressure
systems and may involve:

mass transfer e.g. diffusion, effusion
energy transfer e.g. thermal conductivity
momentum transfer e.g. viscosity.

1.7.1 Diffusion

Diffusion flux (j,4) (the amount of material passing through unit area in
unit time) is proportional to the number density gradient:

Jug=-—D grad n (1.23)
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ie jdiﬂ".x o< dn/d.x

dn
=D —
dx

The subscript for the flux denotes that the flow of material along the
x-axis is proportional to the gradient along that axis.
The diffusion coefficient D is given by:

D=I (1.24)

W | ol

Example 1.16
Calculate the diffusion coefficient for He in air at 1 mbar at 20°C.

Ip,;; = 6.5 % 10 m mbar (see Table 1.2)

lair,lmbar =6.5x 10_51’1’1

_ T
cHe,293K = 145.5 'A_'lms

=1245ms™!

D=

WS

=0.027m?s™!

As the mean free path decreases with increasing pressure and the mean
speed increases with increasing temperature, D will vary accordingly.

Example 1.17

Calculate the diffusion coefficient for argon at 25 °C and a pressure of (a)
1 x 10™ mbar and (b) at 1000 mbar. If a pressure gradient of 0.1 atm cm™
1s established in a pipe containing Ar, what is the flow of gas due to
diffusion?

(64, =0.36 nm?)

D=—m’s"
j__kT
~\2opm

1381 x10®NmK™"' x 298K
2% (0.36x 107 m? x 0.1 Nm™

(a)
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_412x10?Nm
T 51X 10PN

=8.1 x10”m

ol

T
= 145.5\/——ms‘1
M

So for Ar at 298 K:

397 ms™

Iz 81x10"mx397ms"
3 3

ol
Il

~ D

=10.7m?s™

Jag =—D x —(d(mols)/dx)

where x is the direction of the length of the pipe.

d 1
Jag=-10.7x10*cm?s™ x - M
dx
—d(mol
where _(n_lg_sl =0.1 atm cm™!
X

Given that 1 mol of an ideal gas occupies 24.46 L at 298 K and 101325 Pa, then
24.46 L at 298 K and 0.1 atm contain 1 x 0.1 mol.

—d(mol) 0.1 mol
dx  24.46x 10°cm’®x 1cm

=4.09 x 10 mol cm™

Jag = 10.7 x 10°cm?s™ x 4.09 x 10 mol cm™
=0.44molcm2s™!

(b) At 1000 mbar )
[ =8.1x10%m

¢=397ms"
D=1.07x 10*m?%™!

Jar =4.4x 107 mol cm™2s™!
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1.7.2 Viscosity (Internal Friction in Gases)

If a fluid such as air flows over a flat plate placed with its surface parallel
to the stream, particles in the vicinity of the surface are slowed down by
viscous forces. Fluid particles adjacent to the surface stick to it and have
zero velocity relative to the boundary. Other fluid particles are retarded
as a result of sliding over the immobilised particles. The effects of viscous
forces originating at the boundary extend for a certain distance (3, the
boundary layer thickness). The effects of viscous forces originating at the
boundary are not extensive and the velocity soon approaches free stream
velocity.

When a fluid, with a uniform velocity, enters a tube, a boundary layer
gradually builds up until it reaches the centre of the tube. The velocity
profile is then said to be fully developed and may be assumed not to vary
down the tube. In laminar flow it is developed at a distance / from the
entrance where:

i
— =0.0288Re (1.25)
D

h

In Equation (1.25) / is the entrance or approach length, D, is hydraulic
diameter (see below) and Re is the Reynolds number.

1=0.0288Re D,
D, =4 A/B, where A is the area and B is the perimeter. For a tube of cir-

cular cross-section, D, = tube diameter.
The Reynolds number is given by:

_pvah
n

Re (1.26)

where p is the fluid density, v,, is the (mean) stream velocity, D, is the
hydraulic diameter and 1 is the dynamic viscosity. In long ducts, the flow
is laminar when Re < 2100. There is a transition to turbulent flow at
higher Re (2100 < Re < 10*) and turbulence beyond.

For gases at high pressure / < d, where d is a critical length in the gas
flow, eg the diameter of a tube, flow channel, etc., the expression for
viscosity is:

4 .
n=—Ip (1.27)
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At high pressures, experimental results indicate that the dynamic viscos-
ity of gases is independent of pressure over a wide range (approximately
1 mbar to 50 bar). Table 1.3 lists some values for the dynamic viscosity of
gases.

Table 1.3 Dynamic viscosity (n) of gases at T (K)

Gas 7 (x108kgm™ s (= Pas)
203K (ref b) 300K (ref ¢)

H, 8.8 9.0
He 19.6 20.0
H,0 — 10.0
N, 17.6 17.9
Air 18.2 —

0, 20.4 20.8
Ar 22.3 22.9

Example 1.18
Calculate the dynamic viscosity of helium at 25 °C.

4 .
n=—lIp
e

Values for Ip for various gases at 20°C can be found in Table 1.2 or can be
calculated from:

ip= RT
pﬂ\/EnNAdz

where d is the collision radius (= 2.18 x 107’ m for He (see Example 1.13)).
8.314 x 10* Pam’ kmol™ K™ x 298 K

I o=
PHes°C N2 - 1% 6.022 x 10*kmol™ x (2.18 x 107°) m?

=1.95x102Pam
=1.95% 10“*mbarm

4x1.95%x102Pam

NHe2s°Cc = —
T X Che, 25°C

Cheasec = 145.5VTIM = 1256 ms™
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4%x195x10%Pam
T x1256ms™

MHe, 25°c =

Niezsec = 1.98 x 107 Pas
=1.98x 10°kgms™ since | N=1kgms™

Example 1.19

H, has a dynamic viscosity of 0.908 x 10°Pas at 25°C. Calculate its
Ip value.

4 .
MH,25°c= __ (p)
e

Cy,50c = 145.54298/2mss™
=1776ms™

7 Ny, TC

Ip) =12

(Ip) 4
=1.267x107?Pam
=1.267 x 10*mbarm

The nature of gas flow in pipes, ducts, etc. changes with gas pressure. The
type of flow is defined by the Knudsen number (Kn):

Kn=1Ild (1.28)

where d is some characteristic dimension of the system, e.g. pipe diam-
eter, and / is the mean free path of the gas.

Gas flow is generally divided into three types (see Table 1.4) defined by
the Knudsen number. In continuum flow, whether laminar or turbulent
conditions prevail depends on the Reynolds number.

Table 1.4 The dependence of flow type on Kn

Kn values Flow type
Kn <0.01 Viscous (continuum)
Re <2300 laminar
Re > ~4000 turbulent
0.0l <Kn<0.5 Transitional (Knudsen)
Kn>0.5 Molecular

Re can also be written in terms of gas throughput. For a tube of circular
cross-section, diameter d:
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_4quM

_ 1.29
= RdnRT (1.29)

where g, is the pV throughput (see Section 2.2).

If values of Re are inserted into this expression then the criteria for
laminar flow can be stated in terms of g, and d. For example, flow will
be laminar when Re < 2300, i.e. when:

qp 14

RT
(7)< 1.8x10° 122

Note that it is essential to use units consistently. For n in Pas, R in
Pam®kmol K™ and M in kg kmol™, ¢,, must be in Pam’s™ and din m.

Example 1.20

What values would (%/) have for the laminar flow of H, in a tube at
20°C?
(m for H, at 20°C is 0.88 X 10™°Pa s)
Re zi(fl_pv)_ﬂ_f.
n\ d /NRT

For laminar flow, Re < 2300.

(qpy) 1.8x10°xn x RT
ST e <
d 2.20°C M

- 1.8 x 10> x 0.88 x 10~ Pas x 8314 Pam®kmol' K™' x 293K
2kgkmol™

< 19300 Pam?s™

Example 1.21
Air at 25°C (g,, = 1870mbar Ls™) is being pumped through a DN 40
KF * pipe. Calculate Re if the dynamic viscosity for airis 1.87 x 10~° Pas.
B dxq,, M
wTdnRT
4 x 187Pam’s™ x 29 kg kmol™
T x4.1x1072mx 1.87x 107 Pas x 8314 Pam’kmol K™ x 298 K

= 3634 (flow is turbulent)

* A comparison of nominal widths (DN) with internal diameters for standard fittings used in
vacuum technology is given in the Appendix.
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Example 1.22

The transition from viscous, laminar to turbulent flow starts at about
Re =2300 (no sharp boundary). Calculate the throughput at 25 °C for He
(n=1.98 x 107° Pas, see Example 1.18) for a tube with d = 50 mm.

Rendn RT
T
2100 x < 0.05m x 1.98 x 10° Pas x 8314 Pam® kmol ' K™' x 298 K
B 4 x 4kgkmol ™!
=1011Pam’s™!

=1.01 x 10*mbarLs™

1.8 GAS DYNAMICS

In vacuum technology, some calculations involve the steady flow of fluid
through duct of changing circular cross-section (diffusers, jets, nozzles,
etc.) and the methods of gas dynamics can be applied to calculate pres-
sures, velocities and temperatures. (A criterion for the applicability of gas
dynamics is that Kn < 0.01 although, according to ref. (d), the methods
can be applied even at Kn values up to 0.3.)

A very useful equation to deal with phenomena associated with the
flow of fluids is the Bernoulli equation. It can be used to analyse fluid flow
along a streamline from a point 1 to a point 2 assuming that the flow is
steady, the process is adiabatic and that frictional forces between the
fluid and the tube are negligible. Various forms of the equation appear
in textbooks on fluid mechanics and physics. A statement in differential
form can be obtained:

2d 2 2
_L ?1’ Y (1.30)

where p, p and v are pressure, density and velocity, respectively, and the
subscripts 1 and 2 refer to the initial and final states of the system,
respectively. If the relationship between p and p is known, the integral
can be evaluated and v, can be obtained from v,. In an open system, if a
mass (m) of working substance with volume ¥V, and pressure p, enters the
system and expands to V, > V, (p, < p,), leaving with pressure p, and
volume V, then

(hy = hy) =3(v3 =) (1.31)

where A, and 4, are the initial and final specific enthalpies respectively.
For adiabatic changes in the state of an ideal gas, the following
relationships exist:
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VY T\ "1 bt
-GG -6 a2
1 v, T, P1
where y = ¢,/c, (the ratio of the specific heat capacities at constant pres-

sure and volume),
From the equalities given in (1.32), it can be shown that:

-2

1 1 %
and ——— (‘ﬁ) (1.34)
P2 P1 \P2

Further, the equation of state for an ideal gas can be rearranged to
yield:

o I

E
M
Values of y for a range of gases are given in Table 1.5.

Table 1.5 Generalt and specific* values of y for various gases

Gas v ¥
Monatomic 1.66 1.67 (Ar)
(e.g. He, Ar) 1.66 (He)
Diatomic 1.4 1.41 (Hy)
(eg N,, O,) 1.404 (N,)
1.401 (O,)
Triatomic 1.3 1.28 (N,O)
(e.g CO, N,O)
Polyatomic 1.1 —

+Based on y = (f+ 2)/f where f = number of degrees of freedom (/= 3 for monatomic gases).
*See ref. (h).

It can be shown that if a stagnant fluid (v, =0, T = T)) is expanded
through a jet, from p, to p,, the flow velocity in the streamline is given by:

2 RT. =D\ A
y= (—71 —Aﬂl - (;ﬁ)] ) (1.35)
Y- /1 -

indicating that v depends on T, and the expansion ratio (p,/p,).
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The mass flux density (j,,) in the streamline can be obtained from the
expression [arrived at in the derivation of Equation (1.30)]:

dp
=P (1.36)

Differentiation of Equation (1.35) with respect to v gives:

d 2 M 2y (1+7)y\ 2
e (G- o
dv y—1 RT\|\p, D

A critical condition can be defined where v has achieved the local
velocity of sound (Ma = 1, where Ma is the Mach number = flow velocity/
velocity of sound). At Ma = |, the quantities j,, p and v have reached
critical values, indicated by *,

dp 2\ 2y M\
. e (2N M 1.38
an Jm=P"V dv Py ('Y'f_l) <’Y+1 RT1> ( )

Further useful expressions that can be derived are:

* 2\t
A (—) (1.39)
P \r+1
T* 2
—_— = 1.40
T, v+1 (1.40)
RT, 2y \”
P = (___‘._Y_> (1.41)
M y+1

If a nozzle is considered in which stationary flow is established [where
the properties of the gas (temperature, density, flow velocity) do not vary
significantly over several mean free paths], the continuity equation (the
throughput is the same through all sections) can be written:

Aj,, = Apv = g,, = const (1.42)
where 4 is the cross-sectional area and a function of distance along the
line of flow. j,,, p and v are also functions of distance. If, at a particular
point in the nozzle (at cross-section A4*), v* is reached and Ma = 1,

then:

Apv = A*p*y* (1.43)



Principles 27
From equation (1.38), the mass throughout can be obtained:

R [ I
Gm = AminP1 'Y+1 ’Y+l RTI .

The equivalent expression for p V-throughput is:

4 (L)(ELE) (1.45)
qu'_ min D1 'Y+1 'Y+1 M .

For air at 293K (R = 83.14 mbar L mol™ K™'):

q;)kV =20 Amin )4
where ¢, has units of mbar L s7'if p, is in mbar and 4, in cm?.

Example 1.23

A helium compressor takes in He at a pressure of 15bar, and a tem-
perature of 20°C and delivers it at a rate of 2.4kg h™' at a pressure of
22 bar. The inlet velocity is negligible. The helium in the delivery pipe
(i.d. = 13 mm) is at 120 °C. Calculate the heat transfer between the com-
pressor and its surroundings when the power input to the compressor is
1.8kW. Given C, . = 5.23kJ kg™! K™ and that He behaves ideally.

This can be solved using the steady-flow energy equation:
1 2 2
(hz_h1)+5(vz— W) +g(z—z)=g+w (1.46)

where h,, h, are the specific enthalpies of the gas in state 2 and state 1, v, and v,
are the velocities of the gas in states 2 and 1, g is 9.8ms™, z, and z, are the heights
of the outlet and inlet, respectively, w is work added to the gas/unit mass/unit
time, g is heat added to the gas/unit mass/unit time.

Assume:
=2

and v, =0

Values are required for v, and (4, — h)).
For v,, volume swept out by He in 1's

= Ainlet (m2) X vy (m Sil)
=(1.33x 10*)v, m*s™
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=1 (kgs') X Vy, (m'kg™)
m =2.4kgh”'=6.67x10"kgs™
Specific volume for He is calculated from:

P Vue= RT per kmol He

8314 Pam’kmol™ K x 393K

He = 4 kgkmol™ x 22 x 101325 Pa
=0.37 m’ kg™

So volume flow rate = 6.67 x 107 x 0.37m?s™

_6.67x107x0.37m kg™

and v,= 33210 =1.9ms

1
Term Ev% will be negligible compared to enthalpy change

m(hz—hl)zQ"‘w
(T, - T7) = Q+ 1800 W

2.4kgh?x5230J kg’ K" x 100K =Q +1800W
348.6 W =Q + 1800 W

QO =-145kW

The significance of the above can be illustrated if we consider an orifice
through which gas can expand into a vacuum chamber. If the inlet pres-
sure (p,) is fixed but the chamber pressure can be varied then, on gradual
reduction of the pressure in the chamber, the mass flow through the
nozzle increases. When the chamber pressure is p*, the mass flow reaches
its maximum value (¢¥). Subsequent pressure reduction would not affect
g%. This is known as choked- or blocked flow.

Example 1.24

A vacuum chamber is vented using argon at 20 °C and standard atmos-
pheric pressure. It flows into the chamber via a nozzle of 2 mm diameter.
Calculate (i) the critical pressure (ii) the critical velocity (v¥) and (iii) the
mass flux of the gas.

(1) From Equation (1.39):

p* ( 2 )y/(v—l)
y4 - y+1
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where p, = 1013 mbar and y = 1.66 (Table 1.5)

2 1.66/0.66
*_ [ 2
p (2.66)

=0.488

p*=0.488 x 1013 mbar
=494.5 mbar

(i) From Equation (1.41):
oo (R 20"
M y+1

~ (8314 Pam®kmol™? K™ x 293K x 3.32)1/2
B 40 kg kmol™ x 2.66

=275.7ms™!
2 \Vo-D 2y M 12
A
(111) Gm minP1 ('Y + 1) ('Y 1 RTI)
A =3.14%x10° m?
5 \M066 (3735 ]
G = (3.14 % 109)m? x 101 325 Pa x (—) 2.1
2.66 2.66 60900 m*s

=934 x 10" kgs™!
=0.93gs™!

Example 1.25

Air at 20°C and 1 standard atmosphere pressure is required to expand
through a valve at a rate of 18.7gs™ into a large chamber at 10 mbar.
Assuming the inlet velocity is negligible, calculate the diameter of the
orifice of the valve.

From the previous example, the critical pressure for air at 1013 mbar is
535 mbar. This means that flow through the valve is choked until the chamber
pressure increases to 535 mbar.

Under choked conditions, the maximum flux of gas through the valve is g¥:

am=A"Jj3
2 \Vo-D 2Y M 3
qrt = Avalve Do <—) (— : _>
v+1 v+1 RT,
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So A =0.0187kgs7/(101325Pa x 0.63 x (3.73 x 103)(ms ™)
This gives: A =7.86 x 107° m?
hence dyice = 10 mm

A useful result that can be obtained from the choked and non-
choked throughput equations is the time to vent a vacuum chamber to
atmospheric pressure through an orifice or a short duct:

V o jly+1
e = g\/ (147)

ap vy

where 7., is the venting time (s), V is the volume (L) and C,, is the
molecular flow conductance of an aperture (¢/4) which for air at 20°C =
11.6 Ls™ cm™ (ref. R.G. Livesey, p. 81 in ref. (f)). This assumes an
isothermal process. In fact, with rapid venting, the resulting chamber
temperature often exceeds that of the initial temperature of the venting
gas being introduced.
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Gas Flow

2.1 INTRODUCTION

Chapter 2 begins by defining essential terms in vacuum technology — gas
flow rate, pumping speed, conductance, etc. It also emphasises a basic
assumption for calculation — that continuity is established in a system
(what enters must eventually leave). Simple equations are stated and their
use demonstrated.

In Chapter 1, the types of gas flow that could be established in vacuum
systems were defined. This chapter deals with the quantification of
viscous and molecular flow for simple, model systems (pipelines of con-
stant, circular cross-section, orifices and apertures, ezc.). These are never-
theless useful, and worked examples are presented to encourage users
to quantify existing or proposed systems and to provide reassurance
that calculations are not only relatively straightforward but very useful
indeed.

Flow in the range between viscous and molecular types (sometimes
termed Knudsen flow) is also mentioned but quantified only for tubes.
It is, however, an additional check for vacuum technologists who tend
only to look at the limiting cases to obtain upper and lower values for
parameters.

2.2 DEFINITIONS

Gas flow rate (gas flux) is expressed in various ways in vacuum tech-
nology. The symbols ¢ and Q are commonly used and Table 2.1 contains
four definitions.

The useful quantity, pV-throughput (g,,), must be associated with a
specified temperature if the true gas flow rate is to be defined.

Pumping speed (typical units Ls™; m’h™') generally refers to the
volume rate of flow of gas entering the vacuum pump. Manufacturers
state the pumping speed of a pump at the inlet of the pump (S, in this

31
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Table 2.1 Expressions for gas flow rate

Quantity Equation Typical units*
A 2.1 kgs™
Mass flow rate G = om @D Es
m A.t
pV flow rate 4 =pV: mbar Ls™, Pam®s™
(pV-throughput) AV (2.2)
P
. ¢
Volume flow rate g, =V m*h™, Ls™
A 2y
A
Molar flow rate® q,=n mols™!
_An .4)
At

L
* Expressions such as L/s, —and Ls™ are equivalent.
s

m
®nis defined in p¥ = nRT where n = o

book). As pipework, valves, efc. present a resistance to gas flow, the
effective pumping speed (S.4) represents the local volume rate of flow of
gas. S.;1s always smaller than S,

The relationship between S, and S, is given by:

—=—— (2.5)

where C,, refers to the total conductance of all the pipework, valves,
filters etc. between the system and the pump(s). (The inverse of flow
resistance is the conductance.)

The conductance of a component (by analogy with Ohm’s law) is given
by

_ qu
pressure difference across the component

(2.6)

The units of conductance depend on the units used to express
throughput.

For pV-throughput, C is expressed in Ls™ or m*h™.

In Figure 2.1, a chamber of volume ¥V at a uniform pressure p is
connected to a pump via a tube of conductance C. (The numerical
value of C depends on the type of flow in the system.) The pressure is
maintained against a gas flow g, ;, entering the system. g,,;, may arise in
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Gpv,in

TSy

Po\ / So

Figure 2.1 Schematic diagram of a basic vacuum system
Note: The symbols used in this book are generally according to 1SO3753:1977 (BS
5543:1978): see the Appendix on p. 225.

various ways. It may be due to leakage, added process gas, outgassing
from the system and any added substrates or permeation through the
seals, or any combination of these.
In vacuum technology, it is usual to assume that there is continuity
throughout the system and the throughput is the same in all sections.
From a steady-state flux balance of the flow entering the system and
the flow into the pump, S; can be defined as:

Sup= T2 @7
p
and
qu,pump =p X Seﬂ' (273)

To obtain an effective pumping speed of 90% or more of S, rearrange-
ment of the relationship between S, S; and C,, yields:

Se__ 1

S, S,
* ()
Cot

and shows that C,,, has be to larger than S, by a factor of 10.

The contribution to C,, of the conductances of the individual com-
ponents depends on whether they are connected in series or in parallel.
For series connection:

(2.8)

l—] L
C, Cs

] —
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— = —t— ... (2.9)

For parallel connection:

1
[—

L |
e
r ]

Ca=C+C+Ci+. .. (2.10)

Formulae exist to allow conductances to be calculated for simple
shapes, e.g. straight tubes of circular cross-section. For complex items,
e.g baffles, or for a series of components, it may be better to calculate the
conductance from the pressure difference established across the con-
ductance under conditions of steady gas throughput. Manufacturers
often state values for the conductance of valves, baffles, efc. in their
literature. These values refer to the conductance under conditions of
molecular flow ( p-independent) for N,.

Example 2.1

A vessel at 20 °C is connected to a vacuum pump (S, for air = 25 m*h) via
a DN25 tube. The length of the tube is such that the pumping speed of
the pump is reduced by 20%.

(a) If the pressure in the vessel is 2 mbar, calculate the minimum
conductance of the tube.
(b) What is the nature of gas flow in the tube under these conditions?
(a) Ser= Sy — 20% =20m’*h

1 1 1
S eff SO Ctube

Cune=100m¥h (= 28 Ls™)

(b) Gas flow is defined by Kn = I1d (see Table 1.4, page 22).
To find /, p (the mean pressure) in the tube must be found.
From Equation (2.6):

qp V,tube — rube(Ap )tube

Gop1uve = Pin S (continuity equation)
=2mbar x 20m’/h
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=11mbarLs™

(4p)ure = 11 mbarLs™ /28 L/s

= 0.4 mbar
If P, =2 mbar
P, =1.6mbar

and 17 = 1.8 mbar

For air at 20 °C, Ip ~6.5 x 10~*m.mbar. (see Table 1.2, page 15)
At 1.8 mbar:

1=6.5x 10~ cm mbar/1.8 mbar
=36x10"cm

Kn=36x10"cm/2.4cm
=1.5%x107

Flow is, therefore, continuum (viscous) flow.
From Equation (1.29):

o g,y M
ndn RT
4x 1.1 Pam’s™ x 29 kg kmol™

T x24x10%mx 1.87 x 10~ Pas x 8314 Pam’ kmol K x 293K
=38

Flow is viscous, laminar.
Another expression for Re is:

g(mbar L/s)

Re = (k) B

where, for a tube of circular cross-section, k = 261.5 and B = 2nd (perimeter

of tube).
Using this gives:

Re =37

Example 2.2

A vacuum chamber is pumped by a turbomolecular pump (S,=250Ls™).
Connected to the chamber via an aperture is a mass spectrometer for
gas analysis. The MS is maintained at 2 x 10 mbar with a turbo-
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molecular pump with an effective speed of 50 Ls™. Ar is admitted to the
main chamber to maintain the pressure at 5 X 10 mbar. Calculate the
aperture conductance.

Inthe MS, g,, =p X S;z=2x 10" mbar x 50Ls™ =10~ mbar L s™
From the conductance definition:

4ap = Cyp (Ap)
_Y=
ap Ap
B 10 mbar L s
T (5% 107 = 2% 10%) mbar

B 103 mbarL s™
"~ 5% 103 mbar

=0.2Ls"

Example 2.3

In a vacuum chamber at 20°C, the rate of water vapour desorption
is 5 x 10?mbarLs™. The chamber has an overall leakage rate of
1 x 10?mbarLs™. An attached turbomolecular pump (TMP) has an
effective, gas-independent speed of 1500 Ls™.

(a) What pressure can be achieved?

(b) It is proposed to work at 1 x 10¥mbar by fitting a liquid-
nitrogen-cooled (LN,-cooled) trap inside the chamber. If the gas
loads remain the same, can this be achieved?

(a) qp Viot = qp V,outgas + qp V.,leakage
=5%x102?mbarLs'+1x102mbarLs™
=6x102mbarLs™

Achievable p,,,

= qp V,tot/Seff
Prot =4 x 10° mbar

(b) qp V,tot = qp V,outgas + qp V,leakage

=6x 10?mbarLs™

The LN,-cooled surface will only remove water vapour. The non-condensables
will be pumped by the TMP.
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Prot = Peond + Pron-cond

5% 10?mbarLs™ . 1 x10?mbarLs™
Sarn, 1500Ls"

Dot = =P ..+6.7x 10 mbar

The proposed pressure is exceeded by the contribution from the non-
condensable gas load (6.7 x 10mbar), i.e. the proposed pressure cannot be
reached.

Example 2.4

In Example 2.3, the given leakage rate has been reduced to 1 X
10 mbar Ls™. Can the original objective now be achieved and, if so,
what should be the minimum surface area of the cold trap?

@it =5x 107 mbar Ls™ +1x 10° mbar Ls™

5x 102mbarLs™ 1x 10°mbarLs™

= +
Prot Sarin, 1500Ls™
» 5x 10?mbarLs™ .
1 x 10 mbar = +7x 107" mbar
Sef’f,LN2

_5x 102mbar Ls™!
LN 3% 107 mbar

=1.7x10°Ls™

The LN,-cooled trap will only condense water vapour. The area-related
pumping speed of the trap for water is (from Equation (1.13)):

_4c
LN, — 4
B 293
tuo =145.5 /=
c—‘;ﬁ ~146.8ms"
_L7x10°Ls™
™7 146.8ms™!
_ 17x10°Ls’
" 14.7Ls"'cm™
=11565cm?®

Example 2.5

In a drying process, an air + water vapour mixture at 65 °C is produced
with a total pressure of 80 mbar. If the mass flows of the vapour and air
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are 2.5kgh™ and 0.15kgh™', respectively, what are the partial pressures
of air and water vapour in the mixture?

qu,tot = qu.a_ir + qp V.H,O
qp Vair — Pair V= (mair/Mair) X RT
vno =PuoV = (mHQO/MHZO) X RT
Iﬁ — qp V,air — mai[/Mair
Pt Gpvain t Qovno Wl My, + Wiy o/ My o

and Puo _ 457 H,0 - mHo/ My o
Pt Dovaie T Qovio  Maid My + g o/ My o
Dair 150 gh™'/29 g gmol™

80mbar 150 gh™/29 g gmol™ + 2500 gh™'/18 g gmol™
Pair = 2.9 mbar

ptol =pair +pH:O
So  puo=77.1mbar

2.3 VISCOUS (CONTINUUM) FLOW

2.3.1 Viscous Flow in Tubes and Ducts

Relatively straightforward solutions can be obtained for the viscous flow
of incompressible fluids in ducts of constant cross-section flowing at
relatively low velocities.

Compressibility in gases can be ignored if (Ma)* << 1 where:

gas flow velocity

= 2.11
. local velocity of sound @11

For example, Ma <0.3 meets the above criterion for incompressibility.

2.3.1.1 Circular Cross-section Pipes. In contrast to nozzles and
apertures, the calculation of gas flow through tubes (! >> d) has to take
the effects of gas viscosity into account. For smooth-walled tubes,
gas fluxes less than ¢*/3 and laminar flow conditions, the well-known
expression for p V-throughput, can be obtained:

n_d* (pi—p>
- L (AP 2.12
o 128nl( 2 ) @12

where p, = upstream (higher) pressure, p, = downstream (lower) pressure
and 1 = dynamic viscosity.
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Note: a tube is regarded as smooth if the surface features on the wall do
not exceed 1%d and Re is less than 10°.

(i —p3) . .
The term in Equation (2.12) can be expressed as:
+P2) _
(prpy x 2222 > 22— apxp

where Ap = pressure difference and p=mean pressure. So (from Equation (2.6)):

co =4 (2.13)
tube"lzgn lp .

For air at 20°C, = 18.2 x 10 mbars (1.82 x 107 Pas), the equation
for q,, becomes:
d* (py — p3)

G = 1357 5 mbar L s™ (2.14)

For Equations (2.14)—(2.18), / and d are in cm and p in mbar.
For other gases at other temperatures:

Cgas = Cair.ZO °C X I]_‘;lil‘_l_olg (21 5)
gas, T
where
d4
Ciraooc =135 7 pLs™ (2.16)

Under some circumstances, choked flow can occur in a tube under
viscous flow conditions. For laminar choked flow of air at 20 °C, the
critical pressure p¥ is given by:

2

d ,
p¥=23 —l-pg 2.17)

The p V-throughput under choked flow conditions, is given by:

d4 2 %2
dpr= 13)57@0—2~’3—)mloarLs-I (2.18)

if d and / are in cm and p is in mbar.
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Example 2.6

Air is removed from a chamber at 5.1 mbar using a pump with an inlet
speed of 100m® h™'. If the pipework is 10m x DN63, confirm that the
flow is viscous, laminar and calculate the effective speed of the pump at
the chamber.

p at the pump inlet (p,,,,) Will always be lower than the pressure in the chamber
(pch)'
Calculate Kn using / p = 6.5 x 10> cm mbar; it will be confirmed that the flow is
viscous.
An evaluation of g,,/d for air 20°C assuming g,, ~ 5 x 27.77mbar Ls™" gives
a value of 20, well below the value where turbulence starts. The flow in the tube
is, therefore, viscous, laminar.

Choking will not occur since, from Equation (2.17):

23x7°%x5.1°
¥ o

=000
=2.9mbar

mbar

: *
Le. p*<pa

From Equation (2.16):

d* (paw+p
Coure = 135— -—""‘2)
tube l ( 2

=324 (pCh +ppump)
2

With a relatively high chamber pressure and a tube of large diameter, it can be
assumed that:
Pe™Ppump and P = Smbar

Cype =324%x 5L
=1620Ls™

1 1 1 1 1

= + = + L
S Sy 1620 27.77 1620
Se=27.3Ls" (98.3m*h™")

S—l

Example 2.7

Air at 20 °C 1s evacuated from a chamber using a rotary vane pump (S, =
240m* h™') via a 10m x DNG63 tube. If the pressure at the pump inlet is
6 mbar, calculate p, (pressure in the chamber) and S.g.
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Re can be calculated from Equation (1.29). Using the above values, together
with the value of n given in Example 1.21, a value of Re = 455 is obtained.
Therefore, viscous, laminar flow is established in the pipework.

d4
Ctubc = 135 7@)

_ 135x 7 (pch +ppump> L
10° 2

+
=324 (p———°h y ”“‘“P) Ls™
S, =240m*h™' = 67.77Ls
From Equation (2.7a):

Gov, pump = S0 X Ppump = 67.77 L's™ X 6 mbar
=400mbar Ls™!

From Equation (2.6):
g,v = Cue X (P ~ Ppump) = 400 mbar L s™' (continuity equation)

400 mbar Ls™ +
mbar LS =324 (pch pgumg)
(pch —ppump) 2

tube =

800

EZ = (pc2h _ppufnp)

2.5 =(p&-36)

P = 6.2mbar
Also
Seﬁ chh = SO prump
400
Seﬁ' = L S
6.2
Sy =64.5Ls(232m’h™)
Example 2.8

A vessel containing air at 30 mbar and 20°C is evacuated through a
DN10 pipe of 1 m length using an 18 m*® h™' pump. What is the effective
speed of the pump?

Flow through the pipe is under viscous, laminar conditions (see Example 2.6 for
typical assessment). From Equation (2.17), the onset of choked flow would
require a pressure:
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d2
p* = 237 pczh

~2.3x1 x 30?
100

=~ 21 mbar
This value will not be needed in the present calculation since, with the pipe of

the given dimensions, p,,,, will be almost 30 mbar.
From Equation (2.16):

d4
IubL 135 7
_135x 1*cm* x 30mbar |
B 100 cm
=40.5Ls"
1 1 1

SeH SO Ctube
Sy =45Ls"' (16m°h™)

For turbulent viscous flow in smooth tubes:

©x20  d*pi-p)]” " 7
e )
16 x3.2 2/ M Tm

For air at 20 °C, this reduces to:

& (ps-p\”
2

= 134d( ; 2) mbar Ls™ (2.19)

when / and d are in cm and p is in mbar.
For choked turbulent flow:

3002 k27
d°(ps — p3 )) (2.20)

= 134d( 7

where

d3 2\ 44
451 <ﬂ>
. 2]

=T (2.21)
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2.4 MOLECULAR FLOW

Molecular flow occurs under conditions where Kn > 0.5 — the mean free
path of the particles exceeds the smallest dimension of the flow channel.
Under such conditions, with thin-walled orifices, for example, gas par-
ticles will pass through almost without collision. With pipes and ducts,
however, this is not the case. Particularly for low Kn values (1-10) of
the particles that enter the duct, some may reach the exit whilst the
remainder return to the entrance after a number of collisions with
the duct walls. What is important about such collisions is that, on colli-
sion with a wall, the particles are regarded as being immobilised for a
very short time before emerging in any direction with equal probability
(according to the cosine law). This describes diffuse or random scatter-
ing where no particular direction is favoured. To describe this pro-
cess, the concept of ‘transmission probability’ (Pr) was introduced by
Clausing.

In the case of an orifice, Pr = 1. For other types of pipes and ducts
Pr < 1. A significant part of assessing molecular flow in ducts involves
the estimation of Pr. An initial assumption is that molecules arrive at the
entrance plane of a duct with an isotropic velocity distribution. Con-
ductance under molecular flow conditions is independent of the pressure
but obviously the throughput is proportional to the Ap as stated by the
definition of C (e.g Equation (2.6)).

2.4.1 Conductance of an Aperture

If it is assumed that Pr = 1, the molecular flow conductance is directly pro-
portional to the rate of impingement of particles on the aperture area (A4)

4
Cp=74 (2.22)

For air at 20°C,c=462.5ms and ¢/4 =115.6 ms™.
The area-related conductance can be derived as 115.6 m*s™ per m” or:

C

aj

paira0ec = 11.6 Ls™ cm™ (2.23)

2.4.2 Conductance of Ducts and Tubes

Generally, the conductance of a tube or a duct can be regarded as the
conductance of the tube/orifice opening (C,,) multiplied by a probability
factor representing the proportion of particles leaving the exit of the
conductance:
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Cuve = Cop X Pr (2.24)

We shall consider two general cases.

2.4.2.1 Molecular Flow Conductance of an Orifice with Significant Wall
Thickness (t).

¢
Cp= ZA”’ Pr (2.25)
JK thickness (t)
aperture
P T~diameter (d)
p1 p2

Let ¢t be small compared to 4. If p, > p, (in the appropriate pressure
range) the particle flux through the aperture (area 4) from p, to p, will be:
[

qN.ap = n]Z Aap

(2.26)
If, however, the same particles collide with the walls of the aperture, then
the number of particles arriving at the wall will be:

1 E 4,
qN wall = 2 4 wall

since only half the space will contribute to particles interacting with the
wall. Further, on desorption, there is an equal probability of returning
to the entrance or leaving, so only half these particles may return to the
entrance:

1 _

qN wall = 4 4 Awall (2 27)

The net particle flux through the orifice will be:

qN net qN ap qN,wall (228)
nc 1 ¢
= f Aap Z nl4f wall (229)
n, 1 Ayay
=— A (1-—— 2.30
St e
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Since A4,,, = perimeter (k) x wall thickness

=hxt
_ne (1 1h_{)
qN.net - 4 ap 4Aap
n,c
:—‘TAap Pr (2.31)
1 ht
where Pr = (1 ———)
44,

For a circular aperture, A, = ndt and 4,, = 1% so

l 2nr t)

It
Pr= (1— = ~> (2.32)
2r
2.4.2.2 Molecular Flow through Tubes of Constant Cross-section. The
conductance is determined by the rate at which particles enter the tube/
duct and the probability that these molecules will be transmitted through
the system.

According to Wutz et al. (ref. (d), p. 109) Pr is proportional to the ratio
of a ‘transmitting’ area (4,), and an ‘obstructing’ area. The latter is
proportional to the total surface area, i.e..

Ay

Pr=—2t_
" A v I

where 4 is the perimeter (circumference for a circular section tube) of
the transmitting surface and / is length, giving & x / = total wall surface

area.
( Ih\™
Pr={1+ —)
Ay

although further factors are introduced to take into account that A, is
generally larger than the actual cross-section (4) and the obstructing
area is smaller than the wall area (4 x /).

A formula which is widely used can be obtained from the above
considerations:

3 lh)’1

C =C,l1+—— 2.33
tube/duct ap ( 16 4 ( )
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For a tube of circular cross-section, this yields:

3N
Ctube = Cap (1 + —> (2.34)
8r

Depending on the ratio (/r), the above equation may require consider-
able correction (ref. (d)). A correction factor (§) is therefore introduced in
the probability expression:

3N
Pr=(1 +§;> g (2.35)

which is given in Figure 2.2 as a function of (/r).

112 / \\\

/ \

1.08 7 N

106

1,04

' N

102 1/ \X
) / \\

1,00

\\

2 4 681 2 4 6810 2 4 s8w0' 2 4 6810°
ir

10

Figure 2.2 Correction factor (&) for use with the expression for the conductance of a tube
with circular cross-section

(Reproduced from ref. (d), p. 109, with permission)

A shorter expression can be obtained for ‘long’ (/ > d) tubes:

3!
Ctube,long = Cap 1 + Z C_i)
ncd®
= 2.
12/ (2.36)

For air at 20 °C, this further approximates to:

d3
Clubejong = 12.1 TL s when dand /are in cm. 2.37)
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Example 2.9

A turbomolecular pump with a DN 63 ISO-K inlet has a pumping speed
for N, of 115Ls™. It is to be connected directly to a system used for
obtaining outgassing data. For this application, the effective pumping
speed of the pump is to be reduced to 50 Ls™ by inserting a plate with a
circular aperture in the flange. Calculate the diameter of the aperture.

1 1 1

C. 50 115

ap

C,,=88.5Ls"

Also, from Equation 2.22, C,, = i A.
From Example (1.9):
Tn,0:c=471ms™
C,,=11.8Ls" em™ x 4 cm’
A=17.52cm’
d=3.1cm

Example 2.10

A turbomolecular pump with an inlet speed S, = 55Ls™ (independent of
gas type) is connected to a system by a 2m DN63 ISO-K pipe. Compare
the values for C,,,. obtained using Equations (2.35) and (2.37) and find
the effective pumping speed (S.g) in both cases.

From Equation (2.35):

Ctube = Cap X | 3 l) &
+22
4d
where & is obtained from Figure 2.2.
Using Equation (2.23), i.e.:
Copair =11.6 Ls" cm™

ap,air —
soif A, =nd*/4=38.5cm’
then C,=446Ls"
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C 446 !
= X —
tube ( 3 200)
l+——1¢§
4 7
From Figure 2.2;
[ 200
-=—and £ =1.04
r 35
Cupe =19.1Ls™
From Equation (2.37):
121d° ) )
wubelong = ] Ls™ for air, where / and d are in cm.
=20.8Ls™"
P
e, TMP — 1 1

(5+e)
S 0 Ctube

=14.2Ls"(26% S,) using Equation (2.35)
=15.1Ls%(27%) using Equation (2.37)

Chapter 2

Conductance may be calculable for fairly simple geometries but with
complex vacuum components such as baffles, filters, valves, etc., it is not
possible to calculate conductances analytically. Conductances of such
objects are usually determined by measuring the pressure difference (Ap)

across the object at a known throughput (g,,):

9pv, TN, = LobjN, (Ap)

Manufacturers of vacuum components often state conductance values
(for N, or air, under molecular flow conditions) for such products. If a
conductance value, either calculated or measured, is known for gas A, its
value for gas B (at the same temperature) is readily calculated. For

example, under molecular flow conditions:
Cobj,A = Cap.APr

where

[V T \»
Copa= AT and ¢, = 145.5 (ﬁ>

A
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Therefore, as:

Cobj,B = Cap,BP r

then
Cobj,A _ (My)
Cobj,B (MA)
or
My\"
Cobj.B = Cobj,A E (2-38)

Example 2.11
A DNA40CF gate valve has a high vacuum conductance for N, of 220 L s™.
What is the conductance for Ar?
28
C —Ls™!

valve,Ar = valve,N, 40

=184Ls™"

2.4.3 Molecular Flow through Components

In many applications, it is often necessary to attach pumps to systems via
elbows or valves, or to shield devices to protect them from thermal radi-
ation or X-rays. Some examples are given below.

2.4.3.1 Elbows, bent tubes. The use of right-angle bends in tubes of
circular cross-section is widespread in vacuum technology. Calculations
show that a tube of constant diameter with a right angle bend and sec-
tions /; and /, leading to and from the bend, will have a transmission
probability equivalent to that of a straight tube of length L =1/, + /, to
within a few per cent.

In the case of curved tubes having a total length L, the transmission
probability can be regarded as that of an equivalent straight tube of
length L.

2.4.3.2 Baffles. The use of baffles (louvres/chevrons) is of significant
practical interest. Baffles are used to reduce backstreaming with diffu-
sion pumps and also to reduce thermal radiation in cryopump applica-
tions. They are also used to minimise the effects of X-radiation generated
in, for example, electron beam welders.
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In Figure 2.3, gas transmission probabilities (Pr) are shown for both

chevron (a) and louvre (b) baffles.

4
T I T R " %
© CALCULATED POINTS !
™ EXPERIMENTAL POINTS 18 -
© €0° CHEVRON p
B 43¢ CHEVRON }
|__ 4 30° CHEVRON 0.3

Probability, Pr

AlB 10 EXP.
Ahd LA LA R R
A e
| @ CALCULATED POINTS -84 I ]
EXPERIMENTAL POINTS i
0.8 |2 80° Louvae A
: ® 45° LOUVRE
A 30° LOUVRE
. 0.6 — —
o
2z
g ’*________e—:-ig;‘-‘-"“
S 04— [ LERLE a_
o 4 e«30° }
0.2 —
ol L o+ | 4+ | 4 |
AL.
: 2 ; . BE%

A/B

Figure 2.3 Molecular gas transmission probabilities of baffles
(Reproduced from Levenson, Milleron and Davies, Vide 1963, 103, 42)
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Example 2.12

A turbomolecular pump (S, = 200Ls™ for N,) is fitted to a mass
spectrometer via 200mm of pipe with a diameter of 102 mm (DN100).
Calculate the pumping speed of the TMP at the mass spectrometer.

The conductance of such a pipe is given by:
Cuupe = Cop X Pr

where Pr is given in equation (2.35).
An approximation can be obtained by assuming C,, for the connecting tube
can be calculated from Equation (2.23):

Cap,air.20 oc = 1 16 L S_1 Cm_z

nd?
A =—=81.7cm?
4
3
Pr ( +——) g
For the tube:
20
llr=—=4
5
From Figure 2.2, £ =1.12:
Ctube = 948 X

(1 +——) 1.12
410.2

=343Ls"
1 1 |

=4 —
S Sy 343
Here

S, =200Ls"
Sy=126Ls"

2.5 KNUDSEN (INTERMEDIATE) FLOW THROUGH A TUBE

The region of Knudsen flow is characterised by Kn values between
10~ and 0.5.
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For long tubes of uniform circular cross-section, the equation for the
pV-throughput obtained by Knudsen is given (ref. (d")) as:

1+ M d (0+p)
m d“(pl p3) 1 [2rRTd? RT N 2
9o = += - Pi—p) (2.39)
128 n 2 6 M 1 104 M d(pl 2)
RT n 2

where / and d are the length and diameter of the tube in cm, p, and p, are
the entrance and exit pressures in mbar, 1 is the gas viscosity and M is the
relative molar mass (in kg .kmol™).

For air at 20°C:

d*1+189p

d4
Q= (135 PP 121 235_d) (p, - p,)mbar Ls™ (2.40)

where d and / are in cm and p in mbar.
Equation (2.39) can also be written in the form:

d3
Cuvexn =121 f () L s (2.41)
Ctube.Kn = Ctube,molec. X f @d) (2'42)
where
1+ 200pd + 26205%d>
f o= 1 +235pd
for

Cue in Ls™, dand /in cm, and p in mbar.
If pxdis<10?mbarcm, f (pd) — 1
If pxdis>1mbarcm, f (pd)=0.85+11.15pd
For intermediate values, the full expression of Equation (2.41) must be

used. A plot of f (pd) vs pd is shown in Figure 2.4 which can be used in
Equation (2.41) to find conductance values.

Example 2.14

In a system used for studying reactive intermediates produced by micro-
wave discharge, reactants are pumped through the discharge region via a



Gas Flow 53

20

fpd
N\

: /

P
//
1 —//
1072 2 4 6 8 10" 2 4 6 8 1
pd{mbar cm)

Figure 2.4 Variation of the function f (pd) with (pd) for air at 20 °C
(Reproduced from ref (d") with permission)

tube (d = 12mm, / = 25cm) at a sample pressure of 0.1 mbar, to the
detection region which is maintained at a much lower pressure. Calculate
the transit time through the tube.

Assume that the mean pressure (7 ) in the tube is 0.05 mbar.
From (Table 1.2):

Ip s 20ec = 6.5 % 107 cm mbar

! =0.13cm

I 013

L2 o
d 12cm

Knudsen flow is established (see Table 1.4)
From (2.42):
Cuuven = Cuubemotec X f (P4)
From (2.37):

12.14°

tube,molec — l

=0.84Ls™"

Ls™
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f (pd) can be obtained from Figure 2.4 with (pd) = 6 x 10> mbar cm giving f (pd) =
1.5

Cupexn =0.84x 1.5Ls™
=126Ls™!

From Equation (2.6):

qp Vv = “tubeKn X Ap
~0.13mbarLs™

At 0.05 mbar, rate of flow = 2.6 Ls™ = 2600 cm?®s™

2600 cm3s™ 2600

= C
Agecm® 1,13

=2300cms™

-1

Flow velocity = ms

Time for 25cm=11ms

Example 2.15

A right-angled, bellows-sealed DN250 ISO-K valve has a molecular flow
conductance for air of 2700 Ls™'. Calculate its conductance for Ar. If a
mean pressure of Ar of 5 x 10~ mbar is established in the elbow, what is
the conductance?

Ctube.air =2700L S_l
From Equation (2.38):
M. \%
C' r:Cvaveairx —=
valve, Al lve, ( MA,—>

@ -1
Cvalve.Ar = 2700 x E Ls

=2299Ls™!
With 7 in valve = 5 x 10~ mbar, / can be calculated.

Ipass0-c = 6.8 x 107 cm mbar
I =1.36cm

Kn =1/d=0.05

This indicates that Knudsen flow is established in the valve, so from Equation
(2.42):
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Cvalve.Kn = valve,molec. X f (ﬁd)

From Figure 2.4, for (pd) = 0.13mbarcm, f (pd) = 2.1:

C =2700Ls™" x 2.1

valve,Kn,air —

=5670Ls™

C, = 5670 x ?
valve,Kn,Ar — 40

=4828 Ls™



CHAPTER 3

Pumps and Pumping Systems

3.1 INTRODUCTION

Vacuum pumps, either singly or, more usually, as part of a pumping
system, create and maintain the conditions appropriate to a required
process. Each of the types of vacuum pump available has a characteristic
working range in which it is effective. Outside that range, shortcomings
in performance become apparent.

In this chapter, those pumps that are frequently encountered through-
out the range of vacuum pressures are dealt with (see Table 3.1). Where
necessary, to support the calculations, the operating principles and
pump characteristics are reviewed. With gas-transfer pumps operating
in the HV/UHV range (typically diffusion or turbomolecular pumps),
continuous operation of backing (forevacuum) pumps is required for
efficient performance. In such cases, the combination is considered.

Important characteristics of vacuum pumps include the ultimate pres-
sure (p,), the inlet pumping speed (S,) and the variation of the latter
with pressure. The type of pump or combination of pumps chosen for an
application depends on the gas load to be handled and the base pressure
to be achieved in a given time. Other important factors include the clean-
liness of the pumping system and, with some systems, the absence or
otherwise of vibrations.

An accepted criterion for cleanliness in a vacuum system depends on
analysis of the residual gases it contains. A system is clean if:

2 pin<1% po
where M > 40 (but excluding M =44 (CO,)), p; ,, is the partial pressure of

fragments of mass-to-charge ratio M and p,, is the total pressure in the
system.

56
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Table 3.1 Pressure ranges for vacuum pumps for chemical applications

Pressure range (mbar) Pump type

10 to 107 Qil-sealed rotary pumps
Rotary vane/rotary piston pumps
1-stage, p, ~ 107 mbar
2-stage, p,, ~ 107> mbar
Dry pumps
Piston pumps, p,,, ~ 1-3 x 102 mbar
Diaphragm pumps
I-stage, p,, ~ 100 mbar
2-stage, p,,, ~ 8 mbar
Hook-and-claw and related pumps
P ~ 3-8 X 107 mbar
Liquid ring pumps + gas ejectors®
Pu ~ few mbar

107 to0 107 Diffusion pumps®®
Turbomolecular pumps®®
107 t0 107" Cryopumps (cryopanels)

Turbomolecular pumps*

Diffusion pumps®*

Sputter ion pumps

Getter pumps
Evaporable (titanium sublimation)
Non-evaporable

*For high gas throughputs at low pressures, Roots pumps can be used to boost their performance, as
long as Sgoos! Shacking 15 acceptable (see Section 3.2.3).

*In certain applications such pumps are usually used in combination with cryosurfaces at ~100°C
to =196 °C to enhance the pumping speed for water vapour.

¢Used in combination with suitable backing pumps.

4Rarely used.

3.2 VACUUM PUMPS (ROUGH-MEDIUM VACUUM RANGE)

3.2.1 Oil-sealed Rotary Pumps

Such pumps are gas-transfer pumps. They are used extensively both
to back high-vacuum pumps and to act as devices for achieving
pressures in the rough-medium range in activities such as distillation,
drying, etc.

The role of the oil in these pumps is to seal (isolate low pressure gas
entering via the inlet from higher pressure gas at the outlet), lubricate
and transfer heat. It also allows high degrees of gas compression to be
achieved.

For gas-transfer pumps generally, the compression ratio (k) can be
defined as:
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k :poullel (31)
Pinict

With oil-sealed rotary pumps, it is possible to achieve values of k of
10° to 10°.

1 ) S W IL[L
DSSB\ﬂ > = >
” 7 rd 7’

= i ’
Lo
% / JPT=T ]
5 1 #4 [ s658
3 ! '
9)' 10 l
P i
[ l
45 : |
€ w 1 ;
o T

12 !

LA o 10° 10? 0! 10° 10' 10?2 ©?

Pressure (mbar)

Figure 3.1 Pumping speed (volume rate of flow) as a function of pressure (S,=65n’ h™')
for single-stage (S-) and two-stage ( D-) rotary vane pumps: without gas ballast;

----- with gas ballast

(Manufacturer’s data for S65B/S65B rotary vane pumps manufactured by Leybold Vakuum GmbH)

The S, vs p characteristics of typical single- and two-stage oil-sealed
rotary pumps are shown in Figure 3.1. For the single-stage pump, S, is
almost constant from atmospheric pressure down to about 1 mbar. At
lower pressures, the pumping speed decreases with increasing rapidity
until the ultimate pressure ( p,,) is reached where S,=0. Generally, p,, for
a single-stage pump is about 10~ mbar; 10~ mbar could only be achieved
by placing a cold trap between the pump and the vacuum gauge to
condense oil/water vapour. With two-stage pumps, .S, is constant down
to 107 mbar before it begins to decrease. Such pumps, with cold traps,
will achieve p,, = 10~ mbar.

Oil-sealed pumps are sources of potential problems in vacuum sys-
tems. Misused, or inadequately trapped, they can cause significant con-
tamination of high vacuum (HV) and ultra-high vacuum (UHYV) sys-
tems (Figure 3.2). In systems containing reactive gases and/or abrasive
particles, the pump fluid is highly susceptible to attack or change unless
carefully selected and protected by efficient filters and barrier gases. Fur-
ther, because of the high degree of gas compression, oil-sealed pumps
cannot deal with certain vapours (e.g. water, ethanol) which may con-
dense in the pump during compression.
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Figure 3.2 RGA of components at the inlet of an oil-sealed rotary pump contaminated with
pump oil. Masses 28*, 41 and 43, 55 and 57, 67 and 69 etc. are due to hydrocarbon fragments
occurring at mass intervals 14 (-CH,—); * Mass 28 is frequently due to N, from air-in-
leakage

Example 3.1

A two-stage, oil-sealed rotary vane pump is used to back a turbo-
molecular pump via a DN25KF line (see below). Under normal working
conditions, the pressure in the backing line is (2 to 6) x 10~ mbar. Would
the TMP become contaminated by the backing pump?

| _—system
v

| DN25KF backing line

TMP| ()
—@ P forevacuum
RvP| (O >—

In this case, if it is assumed that the /p values at 293K of such fragments
(Figure 3.2) can be calculated using Equation 1.21 with d (collision cross-
section radius) at 4 x 107" m (see values for M =40, 44 in Table 1.1), then
Ip=5.69x 107 Pam.
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Therefore: )
at 2 x 10~ mbar, /=3 cm
at6x 107 mbar, /=1 cm

As the diameter of the backing line is close to /, certainly at the lower pressure,
oil-backstreaming is a possibility.

Since the fully accelerated TMP will have a high compression ratio for mass
fragments with M > 40 (see Section 3.3.2), this may be of little consequence if
the TMP runs continuously. If, however, the TMP is operated intermittently,
contamination could be a problem.

If contamination is undesirable then the following precautions can be taken:

« gas can be admitted to the backing line so that p,,, = 10" mbar. This value
would be close to the operating limit of a classic TMP;

» an adsorption trap (activated Al,O;) can be fitted to the backing line.
Maintenance of this trap is then necessary.

* atrap incorporating a heated combustion catalyst can be fitted.

Condensation of vapours can cause severe problems with oil-sealed
pumps. By the use of gas ballast (a continuous, controlled admission of
air or inert gas to the pump), this can be significantly reduced. The gas
ballast increases the pressure in the pump chamber to 100 mbar just
before compression starts. The compression ratio k is thereby reduced
to ~10 to 15:1, and vapours which might otherwise have condensed may
remain in the vapour phase.

The amount of gas ballast (GB) required is given below:

Gy batiast = S0 Do I:pcx —Ds (1 + _pl—ﬂ (3.2)
Ds pvap‘]
where ¢, b = amount of ballast entering the pump (usually = 0.1 S, x
Do (see manufacturer’s data)) where S, = inlet pumping
speed of the pump in Ls™)
po = atmospheric pressure (or the pressure of other gas at
the GB inlet if inert gas is being admitted)
Puaps = Pressure of vapour in the mixture to be pumped
p, = saturated vapour pressure of the vapour being pumped
at the temperature of the coolest part of the pump
(usually the exhaust). For a ‘warmed-up’ pump, this
temperature can range from 60 °C to 70 °C.

Do = the pressure at the pump exhaust (~ 1.1 to 1.3bar
increasing to about 1.5bar for pumps with exhaust
filters)

p, = the pressure of non-condensable gas at the inlet
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The presence of a permanent (non-condensable) gas load together
with the condensable vapour means that a smaller amount of gas ballast
is required to pump vapour. The worst situation arises when no per-
manent gas is initially present. Under such conditions, from Equation
(3.2):

p vap, |

(pex—ps) (33)

qp V ballast = Sl)
S

The maximum pressure of vapour that a vacuum pump, under ambi-
ent conditions of 7 = 20°C, p = 1013 mbar, can take in and transport is
called the vapour tolerance of the pump. Since water vapour is the most
commonly encountered vapour, pump manufacturers usually quote the
‘water vapour tolerance’ for their pumps. The vapour tolerance can be
obtained by rearrangement of Equation (3.3):

0.1 S, x ]
Paps =B £ (3.4)
SO (pex_ps)
where p,.., = vapour tolerance if no permanent gas is initially

present.

Where water is the vapour to be pumped, the water vapour entering
with the ballast air has to be accounted for and so Equation (3.4)
becomes:

(ps_p w,a)
(pcx_ 14 s)

water vapour tolerance = 0.1p, X (3.5

where p,,, = the partial pressure of water vapour in the ballast air.
Table 3.2 lists values for p, of water vapour over a range of tem-
peratures.

Table 3.2 Saturated vapour pressure (p,) for water over a range of temperatures

T(°C) p,(mbar)
0 6.1
20 234
30 42.4
60 199.2
65 250.1
70 311.6
75 385.5

Reproduced from ref. (e).
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Example 3.2

A two-stage oil-sealed rotary vane pump (S, = 65m?h) has achieved its
normal running temperature.
(a) If the exhaust temperature is 70 °C and dry air is used as the ballast
gas, calculate the water vapour tolerance if p, = 1013 mbar.
(b) If the ballast gas is atmospheric air at 20 °C and Relative Humidity
(RH) = 50%, calculate the water vapour tolerance.

(a) From Equation (3.5) and Table 3.2:

311.6
Water vapour tolerance =0.1p, (——-——) mbar
P — 311.6

If there are no exhaust filters, then assume p,, = 1100 mbar

311.6
water vapour tolerance = 0.1 x 1013 x (——) mbar
1100 -311.6

=40 mbar

(b) From Table 3.2, the partial pressure of water vapour at 20 °C and RH = 50%
is 11.7 mbar.

Wat ol 0.1 (312—11.7)

I =0. —_—

ater vapour tolerance Po 1100312
= 38.6 mbar

Example 3.3

A single-stage rotary vane pump (S, = 25m*h™) is used to remove
residual water from a vacuum vessel which has been cleaned, washed
with demineralised water and drained. The pump is fitted with an oil-
mist filter. If the exhaust temperature is 75 °C and ambient air (7= 20°C,
RH = 50%, p, = 1013 mbar) is used as the ballast gas, calculate the
maximum amount of water that can be handled by the pump. (Assume
that the pump is directly connected to the chamber.)

Assume p,, = 1400 mbar
ps. water, 75°C = 385'5 mbar
From Equation (3.5):

385.5-11.7

1400 — 385.5
=37.3mbar

water vapour tolerance = 0.1p, ( )mbar



Pumps and Pumping Systems 63

The maximum amount of water that can be handled:

(4,v1,0max = Sexr X Water vapour tolerance)
= Sy(m*h™") x water vapour tolerance (mbar)

25
=—Ls"'x37.3mbar
3.6

=259.0mbar Ls™
From Equation (2.4):  pV = —Z—; RT
_ 257mbar Ls™ x 18 g gmol™
m =
83.14mbar L mol K™ x 348 K

=0.16gs™
=0.58kgh™

Example 3.4

Ethanol is to be pumped with an oil-sealed rotary pump with an exhaust
pressure of 1.3bar. Calculate the vapour tolerance to ethanol if the
pump temperature is about 60 °C and atmospheric pressure is 1000 mbar.

Table 3.3 Saturated vapour pressures (p,) for some organic compounds over a
range of temperatures

p,(mbar)
SubstancelT°C 5 20 25 50 100 500
1,4-Dioxan -17.2 -6.1 239 38.6 79.9
Ethanol -15.7 —6.4 7 17.9 29.7 62
Isopropanol -10.6 -1.6 11.7 22.7 344 66.4
Methanol —-28.9 -20.1 -7.0 39 159 48.4
Toluene -8.7 -1.8 17.2 30.5 45.3 87.5

From Table 3.3 ethanol has a saturated vapour pressure p, of 500mbar at
62 °C (~60°C). From Equation (3.4):

ethanol tolerance = 0.1p, ( P >
Pex — Ps/

= 63 mbar

In the absence of gas ballast, the likelihood of condensation occurring is
significant unless a permanent (non-condensable) gas is present. The
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ratio p,,,,/p, can be obtained from Equation (3.2) with q,; .y = 0.
Rearrangement gives:

-1
ot (ﬁ - 1) (3.6)
I4! Ps

by inserting relevant values of p,, and p,, the critical ratio p,,,,/p, can be
calculated.

Example 3.5

A mixture of water vapour and air is to be removed from a vessel using
an oil-sealed rotary pump. If the exhaust temperature is 65°C and the
pump is not fitted with an exhaust filter, calculate the critical partial
pressure ratio which should not be exceeded if condensation is to be
prevented.

The pressure ratio is given by Equation (3.6).

Taking p, = 250.1 mbar, p,, = 1.3 bar, then:

Mz(woo 1)-‘

Pair 250 -

=0.24
P _ 19
ptm

This indicates that the vapour pressure of the water should be less than 19% of
the total pressure and less than 24% of the permanent gas (air) pressure.

Example 3.6

A turbomolecular pump (Sy, = 1150 Ls™ at 10° mbar) is fitted with a
purge gas inlet that directs 36 sccm N, into the TMP to protect the
bearings and motor housing. The purge gas passes to the backing line. If
the TMP requires a backing pressure of 107 mbar, calculate the size and
type of backing pump if purge gas is being admitted and (a) the TMP is
working at p,, < 107 mbar, (b) it is maintaining 102 mbar (Spyp =
700 Ls™).

(a) If the TMP has p;, < 107 mbar, the maximum throughput will be obtained
at 107 mbar.
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9o mp = 1150 Ls™ x 10 mbar
=1.15mbarLs™'

qp V.purge — 36 scem NE

_ 36 cm® x 1013 mbar
- 10°x 60's

=0.61 mbarLs™

Gpvior = (1.15+0.61)mbar Ls™
=1.76mbar L

which must be handled by the backing pump at 10~ mbar. The minimum speed
(S of this pump is given by:

_ dpvee 176mbar L s7!

in —

S

Dhack 107" mbar

=17.6Ls'(=63m’h™)

This pumping speed is achievable using a two-stage oil-sealed rotary pump. If a
dry pump, such as a hook-and-claw pump is required, then a Roots + dry pump
combination would have to be used because of the limited p,, of the dry pump
(see Figure 3.3).

(b) At 10 mbar, Spyp=700Ls"
¢,vrvp = TmbarLs™
AS G,y puge=0.61 mbar Ls™
Gprior = 1.61 mbar Ls™
To maintain 107" mbar, S, for the backing pump should be 76.1Ls"

(~275m*h™"). This is achievable with, say, a Roots + two-stage oil-sealed rotary
pump combination e.g Sgee, = 500m’h™, S, = 60m’ h7'.

3.2.2 Dry Pumps

Because of the problems that can potentially arise with oil-sealed pumps,
there is an increasing trend to use dry pumps in many applications.
Various types are available including Roots pumps backed with suitable
pumps (see Section 3.2.3), multi-stage Roots pumps, screw-, hook-
and-claw- and scroll pumps. Dry piston pumps and diaphragm pumps
are also available but their pumping speed range is restricted. The
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characteristics, particularly S, and p,, of some types of dry pumps, and
their applications are summarised in Table 3.4.

Table 3.4 Characteristics and Applications of Dry vacuum pumps

Pump type

Parameter Claw Screw Scroll Piston Diaphragm
S,(m*h™")  25-100 250-2700 20-50 14 (3-stage) 0.6-5.0
range to 40 (2-stage)
P (mbar) 4-6x 10" 4-6x10° 102 46x107 0.5-8.0
Applications Roots backing  Large-scale ~ TMP Roots backing Drying
(Sioc =150~ chemical backing ~ TMP backing Distillation
500m*h™')in  applications Clean Clean systems  Rotary evaporators
a range of systems TMP (wide-range)
applications backing
TMP backing

Clean systems

The pumping speed vs pressure curves for hook-and-claw pumps and
a multi-stage dry piston pump are shown in Figures 3.3 and 3.4,

respectively.
100 — - —
~ 100
A '\r\___‘
= // | T~L1150
E, /" 8 5 Tl 25 a
g /
o 10
a g I
2 [
e ! /
a 4 /
£ !
3
o 2
1 468 2 -1 0 1 2 3
10° 10 10 10 10 10 10

Pressure (mbar)

Figure 3.3 Pumping speed curves for four-stage hook-and-claw pumps (S,,,, = 100, 50 and
25m’ b)) at 50Hz



Pumps and Pumping Systems 67

60

S0

40

30

50 Hz with Bypass-Valve
60 Hz with Bypass-Vaive

1 50 Hz with smm-vaﬂ-’/f

ON SR
L 60 Hz with Softstart-Valve

Pumping speed (m3 h~1)

20

0.01 0,1 1 1o 100 1000
Intet pressure (mbar)

Figure 3.4 Pumping speed characteristics of a four-stage dry piston pump (S .. =
30 (60 Hz) — 40 (50 Hz) m? ™)

3.2.3 Roots Pumps

Roots pumps must be combined with a backing pump/pump-set for
normal vacuum applications. Used in combination with any of a range
of backing pumps (oil-sealed rotary, dry, liquid-ring) Roots pumps allow
higher pumping speeds and lower pressures to be achieved than can be
obtained by the backing pump on its own.

Selection of the backing pump is determined by the application, major
factors considered being;

the required pumping speed/pressure
the nature (condensable, corrosive, etc.) of the gas load to be handled
the cleanliness requirements of the system.

The relative pumping speeds of the pumps (Sgeow/Seeck) 1S largely
determined by requirements for:

good volumetric efficiency for the combination
restriction of the pressure difference across the Roots pump (see
below).

Because commercially available Roots pumps have fairly large pumping
speeds (e.g. 250m*h™" up to several thousand m* h™"), their use in general
chemistry is restricted. They are, however, appropriate for use in
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large-scale vacuum distillation, solvent recovery and the handling
of large quantities of specific gases in, for example, He recovery and
plasma-enhanced processes.

A Roots vacuum pump has two symmetrical impellers, contra-rotating
(at 50 or 60 Hz) inside a housing (see Figure 3.5).

1 intake flange 4 Exhaust Hange
2 Rotors f 5 Casing
3 chamber  (vOL.=V')

Figure 3.5 Cross-section of a single-stage Roots pump

There are small internal clearances (< 1 mm usually) between the
rotors and the housing and between the rotors themselves. Relatively low
pressures (in the medium vacuum range) can, however, be achieved.
Importantly, there is no oil sealing in the gas-handling part of the pumps.

The nominal (theoretical) pumping speed (S,,) of a Roots pump is:

Sth=4XnXV

where n = rotational speed of the rotors and V= volume of gas isolated
from inlet (Figure 3.4).
The theoretical gas throughput of a Roots pump is therefore:

qu./h = Sthin (37)

Because of the clearances within a Roots pump, internal leakage can
occur, reducing the amount of gas handled so that:

qp Veff = Qp Vith — qp ¥, int.leak (38)

where ¢, 000 = gas throughput due to internal leakage.
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This is made up of two gas sources, so:

Ypvintieak = Cgap (pout - pin) + Sb X Pout

where C,,, = the conductance of the internal clearances

S, =volume rate of flow of gas transported by adsorption (on
forevacuum side) — desorption (at inlet side) by the
impellers

(Pou — Pin) = pressure difference across the Roots pump.

An important characteristic of a Roots pump is its k, value. This is the
ratio of the pressures at the outlet (p,,) to the inlet (p;,) of the pump
under zero throughput conditions:

ko = (@) (3.9)
Pin /o

k, for a pump depends on the shape of the rotors and the clearances
between the rotors and the housing. It is found by measurement as a
function of p,,, and is usually given by the manufacturer. It is dependent
on gas type. k, is measured by closing the inlet to the Roots pump
and admitting gas between the outlet of the Roots and the inlet of the
backing pump as shown in Figure 3.6. It’s variation with p,, is shown
in Figure 3.7. The internal gas transport (¢,y,.ca) €an be expressed as a
function of &, at various p,,, values.

l——-closed for k, measurement

:\/p : *}Z (7P

oHoq

O

Figure 3.6 Measurement of k,
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Figure 3.7 Variation of k, with p,,. for a 2000w’ ™' Roots pump handling air

The net pumping speed of a Roots pump is obtained from the follow-
ing expression:

k (pou )
Segroots = St T (3.10)

ko(Pout) + '—'SL_ -
Sback(pback)

The mechanical efficiency of the Roots pump (i.e. S.g roor/ Sin) 1S given by:

S, k
n=g=—g (3.11)
~th k() + th 1
Sback

The ratio (S.4/Sy.c) 18 known as the staging ratio or gradation.

If the pumping speed vs pressure characteristic of a Roots pump +
backing pump is required, the calculation starts by assuming values for
Pou and obtaining values of S,,, corresponding to p,, from S, vs p
curves (usually provided by the manufacturer of the backing pump)
where in this case, p = p,..

The staging ratio can then be obtained from Sy, values and k, from
the manufacturer’s data.

The volumetric efficiency of the Roots pump is thus determined,
leading to S 4. As:

pin‘seﬂ\ = poutSback
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S back (pout)

then = Pou
Din = Pout S

(3.12)

where Sy, (Pou) indicates that Sy, is a function of p,, and therefore needs to be
obtained as above.

Roots efliciencies of about 70% or more can be achieved if &, > 20 and
Si/Spack < 10. Although such values for the staging ratio are satisfactory
in the medium vacuum range, lower values are desirable if there are large
variations in operating pressures or if the Roots pump is working where
k, 1s small.

The ultimate pressure of a Roots blower/backing pump combination is
approximately that of the backing pump divided by the compression
ratio (k,) for the Roots pump at this pressure. In practice, however, the
calculated value should be multiplied by a factor of 4 to 5 to take into
account performance deficiencies of the backing pump.

Relatively high compression ratios can be achieved with Roots pumps
at high vacuum pressures but there is a maximum pressure difference
(Ap..) at which they can be satisfactorily operated. This is determined
predominantly by the temperature rise of the gas at the exhaust of the
pump. Pump manufacturers specify Ap, ., in their data for Roots pumps
and it refers to continuous operation of a pump with no additional
control features such as by-pass valves and similar devices.

To prevent overheating, such pumps are usually switched on using
pressure switches and Ap,,, determines the pressure at which the Roots
pump can be switched on:

AP inax
Pswitch on = (3 13)
Sth _ 1

S back

A safe value for the cut-in pressure can be calculated using &, = 15 (ref.
W. Schwartz, p. 507 in ref. (f)).

Example 3.7

A Roots vacuum pump with a theoretical pumping speed (S,,) of
500m’h™" is backed by a dry pump designed for the chemical industry.
Under working conditions, the dry pump has a speed of 50m*h™'.

(a) What is the effective speed of the Roots pump when k; is 20?
(b) What are the inlet and backing pressures if a gas flow of
20 mbar L s™ is handled?
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(a) From Equation (3.11)

Ser=MSy =

With &, =20, S, = 500m* h! and S, = 50m*h™":

N = 0.69 (69%)
Sy =345m’h (95.8Ls™)

(b) With g,, =20mbarLs™ and S;=958Ls™"
_ 20mbarL s
Pn= 958 L
=0.21 mbar
_ 20mbar L s~
Pou= Sback L S_l

_20mbarL g!
~ 139Ls*

= 1.4mbar

Example 3.8

A Roots pump (S, = 150m*h™") is backed by a directly connected dry
piston pump. Calculate the pumping speed of the combination given the
data in Tables 3.5 and 3.6, provided by the manufacturer.

Table 3.5 Pumping speed (S,) vs pressure for the dry piston pump

p (mbar) Sy (m* ™)
20 39
10 40
5 40
1 40
0.5 35
0.1 20
0.08 16

0.06 13
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Table 3.6 k, values for the Roots pump

DPrack (Mbar) k,
20 15
10 22
5 30
1 39
0.5 35
0.1 20
0.08 18
0.06 18

Sef’f. Roots = T X Slh

ko
T] =
kg S
o+ -1
Sback
Tabulating the above data:
Dpack (mbar) Dry SlfSoack Ky at Poei n Sey=
pump n'S,
So(m? i) (n’ b
20 39 3.9 15 0.84 126
10 40 3.75 22 0.89 134
5 40 3.75 30 0.92 138
1 40 3.75 39 0.93 140
0.5 35 4.3 35 0.91 137
0.1 20 7.5 20 0.76 114
0.08 16 94 18 0.68 102
0.06 13 11.5 18 0.63 95

From the continuity equation:

Pin X Seﬂ'.Roots = Poack X SO.dry

Pin = Poack X

An additional Table can be drawn up showing p,, for the Roots pump and the
corresponding S
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plmck (mbar) Seff Roots (mj hil) SU,dry (m3 1171) Pin (mbar)
20 126 39 6.2
10 134 40 3.0

5 138 40 1.5

1 140 40 0.29

0.5 137 35 0.13

0.1 114 20 0.018

0.08 102 16 0.013

0.06 95 13 8x 107

Note: In this example, Sirroos represents the pumping speed at the
entrance to the Roots pump. Additional connections to the system will
further reduce S, roos DECause of conductance losses.

Example 3.9

It is proposed to use a distillation system working at about 5mbar to
separate thermally sensitive material from crude process material. The
distillation system is to be evacuated with a Roots pump (S,;, = 500 m*h™)
connected to a dry backing pump with a pumping speed of 200m*h™".
The Roots pump is to be switched on at 50 mbar.

(a) If k, for the Roots pump at this pressure is 12 and, according to
the manufacturer, the maximum pressure difference across the
Roots pump should not exceed 80 mbar, evaluate the suitability
of the proposed system (in terms of the allowable Ap,,,, and the
efficiency).

(b) If the backing pump has an ultimate pressure (p,,) of 8 mbar,
estimate p,,for the combination.

(c) Since warming of the pumped gases will occur in the Roots
pump, calculate the temperature rise if the process is polytropic
(see below) and the predominant gas load at 50mbar is air at
333 K (polytropic exponent # = 1.2).

(a) At the proposed switch-on pressure, the efficiency of the Roots + backing
pump combination is given by Equation (3.11):

Ko
n=———
S .
ko th,Roots 1

S back
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12
500

12+—-1
200

=0.89 (efficiency is high (> 75%)

Scff, Roots — 500 m3 h71 X 089
=444m’h™!

The actual pressure difference (py, — pi) can be calculated by using the
continuity equation to evaluate py,:

Pin Seff.Roots = Phack Sback
50mbar x 444m’*h™
200m’*h!

Poack =

=111 mbar

Ap = (111 - 50) mbar
= 61 mbar (below manufacturer’s allowable Ap,..)

The system has a high efficiency and will work within the limits of the Roots
pump.

(b) If the backing pump has an ultimate pressure of 8 mbar, p,, of the combin-
ation will be = p/kg roots 8t Pur-
If k, at 8 mbar = 26 then
Py =0.31mbar
In practice, this calculated value should be multiplied by a factor of (4-5) so
realistically p.:

pu=0.31 mbar x5
=1.5mbar

(¢) In practice, many processes take place neither isothermally (pV = con-
stant) nor adiabatically (p}'* =constant) but polytropically where they
approximate to a law of the form pV" = constant, where 1 < » < y. In
positive displacement pumps, both vapours and perfect gases obey this
type of law.

For any polytropic process, we can write:

& _ <—V—2>n
D2 Vi
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RT .
If the gas is perfect then pV = RT and, substituting p = 7 into pV" =

constant, we get:
TV™! = constant

or

W = constant

(5) _ (&)[n-])/n
T, N4

In this case, the subscript 1 refers to Roots outlet conditions and subscript
2 refers to Roots inlet conditions.

(n-1)/n
Tout = T; (&E)

in

0.2/1.2
T. =333K (’ﬂ)
pin

111 0.2/1.2
=333 K(—)
50

\

=333K x1.14
=380K

AT =47K

3.3 HIGH/ULTRA-HIGH VACUUM PUMPS

It is now increasingly common to have high-vacuum systems based
on turbomolecular pumps (TMPs), turbomolecular pumps + cryo-
surfaces, or cryopumps. Diffusion pumps were extensively used in the
past and remain fairly widespread in laboratory applications. However,
for industrial purposes their use appears to be restricted to systems
requiring very high pumping speeds (S,= thousands of Ls™), particularly
where substantial amounts of particulates are handled.

High-vacuum gas-transfer pumps (diffusion pumps, TMPs) must be
combined with suitable backing pumps to work satisfactorily, and due
consideration must be given to the sizing and specification of the latter.
Typical pumping speed vs pressure curves for high-vacuum and backing
pumps are shown in Figure 3.8.
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) High-vacuum
pump

Backing
pump

pumping speed

|
|
|
Il
I

1

D Pco,max P2
inlet pressure

Figure 3.8 Backing-pressure requirements in the changeover from roughing- (backing) to
high-vacuum pumps

(Reproduced from W. Schwarz, in ref. (f), p. 507; reprinted by permission of John Wiley &
Sons Inc.)

In Figure 3.8, on the curve marked ‘High-vacuum pump’, it can be seen
that the region of constant pumping speed (S,,,,) with inlet pressure leads
to a region with declining pumping speed as the inlet pressure increases.

Further, on the curve marked ‘Backing pump’, at low enough inlet
pressures, the pumping speed is low but increases to a constant level with
increasing inlet pressure.

In the operation of high vacuum systems, initial pump-down involves
the evacuation of the system from atmospheric pressure using a suitable
roughing pump. Often, this is the same pump as that used to back the
high-vacuum pump. A critical activity in the pump-down sequence
involves switching from the backing (forevacuum) pump to the high-
vacuum pump. It is inevitable that this switch-over will take place in the
pressure range where the pumping speed of the high vacuum pump
is declining. To minimise the effect of switch-over on the vacuum system,
a pressure should be chosen (i) where the S, of the high vacuum
pump is = Sy of the backing pump (p.om. i Figure 3.8) and (i) the
backing pump must be able to maintain a low enough backing pressure
to maintain satisfactorily the operation of the high Vacuum pump. In
Figure 3.8, the switch-over pressure (p,) is greater than p,, ... This would
cause the backing pressure to rise because Syyy is so low, possibly
causing a change back to the backing pump. The cycle may be repeated
several times. If a switch-over pressure (p,) is selected then, although the
roughing time may be extended, S,y Will be higher, bringing about a
more rapid fall in chamber pressure.
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3.3.1 Diffusion Pumps

Operation. In a diffusion pump, the pump fluid is heated so that a
vapour pressure of 1-10mbar is established in the boiler. The vapour
rises in the jet assembly where it is expanded through nozzles and enters
the space between the nozzle and the cooled wall of the pump at
high supersonic velocity. Pumping action is based on the transfer of
momentum in collisions between the high speed (several times the speed
of sound) pump fluid vapour molecules and particles that have entered
the vapour jet:

A possible problem with diffusion pumps is that of backstreaming
whereby pump fluid molecules emerge, particularly from the top jet,
in the direction of the chamber, where they can condense. Oil con-
tamination can be significantly reduced by the use of baffles (cold-cap,
shell) and traps between the pump and the system.

Pumping speed. The pumping speed of a diffusion pump as a
function of the inlet pressure follows the shape of the general curve in
Figure 3.9.

|

Ultimate | ' | Overload
- pressure % Operating range | range

range
@ I
Q.
@ ! !
g ‘ '
5 | |
§ | |
a | {

| 1
e

pressure

Figure 3.9 General variation with pressure of the pumping speed of a high vacuum pump
(Reproduced from W. Schwarz, in ref. (f), p. 525; reprinted by permission of John Wiley & Sons Inc.)

In the operating range, the pumping speed of a diffusion pump is
relatively high and constant. The decline in the pumping speed in the
high vacuum region as the ultimate pressure is approached is given by:

S=Smax(1—&”~t) (3.14)
P
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where S, = the maximum pumping speed (the plateau)
pue = the ultimate pressure of the pump (at sufficiently low
backing pressures, this is determined mainly by the vapour
pressure of the pump fluid at the temperature of the walls,
baffles and traps near the pump inlet)
p = system pressure.

At the high pressure end of the S vs p,,. curve, (here labelled, overload
region; also known as the forepressure break-down region), S declines
from S,,, until a critical pressure is reached in the backing line (critical
backing pressure or forevacuum tolerance) which, if exceeded, causes the
pumping action of the diffusion pump to cease.

Example 3.10

The diagram below shows a manually operated, diffusion-pumped high
vacuum pump set.

(a) Identify the components numbered in the diagram and describe
their function where necessary.

(b) Describe the sequence of operations to pump down the system if
the latter is vented to atmosphere but pumps 1 and 2 are working
and connected by valve 4.

SYSTEM

10 9

288

e
1"—1“%!—%
O

>_._

=
l

A __l
‘ (LN} ()]

s

]

AV4
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(a) 1= Diffusion pump 6 = High vacuum valve
2 = Forevacuum pump (here, a 7 = Cooled shell baffle
two-stage, oil-sealed rotary 8 = Cold-cap bafile
vane pump); also used as a 9 = Pirani gauge on system to
roughing pump indicate the pressure to open
3 = Pirani gauge to monitor the valve 6
backing line pressure 10 = High vacuum gauge on system
4 = Backing line valve 11 = Venting valve

5 = Roughing line valve

(b) * Valve 11 is closed.

s After closing valve 4, valve 5 is opened and the system is roughed out.
(During this operation, it is necessary to monitor the backing line pres-
sure (gauge 3) to ensurc that it remains below the critical backing
pressure.)

s The system pressure is also monitored (gauge 9). When it reaches an
appropriate level (see Figure 3.8 and associated comments), valve 5 is
closed and valve 4 is opened and the high vacuum valve (valve 6) is
opened.

s The monitoring of gauge 3 is continued.

s When gauge 9 indicates a sufficiently low pressure (usually (1 to 5) x
107 mbar), gauge 10 can be operated.

Note: Tt is usual to have a combined gauge accepting signals from the
gauge heads 9 and 10 and automatically switching from 9 to 10 and vice
versd.

Example 3.11

A diffusion pump has a pumping speed of 1000Ls™ at p,, < 10~ mbar,
falling to 400Ls™ at 10 mbar. The critical backing pressure for the
pump is 4 x 10" mbar.

(a) Calculate the minimum size of the backing pump if the diffusion
pump is brought in at 10~ mbar.

(b) If the diffusion pump was brought in at 10~ mbar, what would be
the minimum size of the backing pump?

(a) At 107 mbar, the throughput of the diffusion pump is:

qmax :pin X Self.DP
=107 mbar x 400 Ls™

=4 mbarLs™!



Pumps and Pumping Systems 81

From the continuity equation:
Qmax = eff,back xpcrit

Based on the above an approximate value of S 4, can be found:

qmax

Seff, back —
crit
_4mbarL s
"~ 0.4mbar
=10Ls" (-36m’h™)

Since the pumping speed of the backing pump may be declining, a series of
curves has been calculated for possible backing pumps (200m’h7,
100m*h™, 50m*h™ and 25m’*h™) showing the variation of throughput ¢
with backing pump inlet pressure (Figure 3.10). Marked on the curves are
P for the diffusion pump and g,

pcn’t
10° T
L]
of
eF
10" 1// {_
ZTZ 14 lfﬁ)——
4 mbar.Ls™ - 4 ///’ ~<<— Qmax
:T-\ /Z/X/ A
5 AV
B 10 7 AN
£ Y //‘F
o
//J//
B} %
10 AA y,
o 7/ |4
47
)

057 107 10~ \ 10°
inlet pressure (mbar)
pcn‘t

Figure 3.10 Variation in throughput with inlet pressure for backing pumps with a range of
pumping speeds: (1), 200w k75 (2), 1000 K7 (3), 50m’ 1" (4), 25w’ ™!
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From this, it can be seen that pump (4) cannot handle the gas load with-
out the pressure rising above p.;,. Pump (3) can deal with the gas load but
the pressure established is too close to p.; (take into account some perform-
ance decline of the backing pump). Realistically, only pumps (1) or (2)
would suffice.

(b) If the diffusion pump was only operated at p,, < 10~ mbar:

Guax = 10° Ls™' x 10~ mbar
=1mbarLs™!

In this case, all four pumps would maintain p,,, < p.; (2 x 10™ mbar for
pump (4)) but pumps (3) and (2) (50m*h™" and 100 m*h™') would easily be
sufficient.

Example 3.12
The diagram below shows a conventional diffusion-pumped system.

—p— -®

X

Oox—

For this system, the following are known:

* pumping speed of the diffusion pump for air at pressures below
10*mbar = 3000 L s™
* conductance of the baffle above the DP = 3000 Ls™
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« conductance of the high vacuum valve (DN 250 ISO-K, right-
angle) =2700 L™

What is the effective pumping speed of the diffusion pump at the
chamber?

r_r.r
Seﬂ' SO Ctot

1 1 1
—_— +

Ctot Cbatﬂe CHV valve

1 1 1

= + —
Cot 3000 2700

Co.=1421Ls"

1 1 1
L
S, 3000 1421
S =964Ls™

Example 3.13

The maximum permissible backing pressure (the critical backing pres-
sure, p..;,) for a diffusion pump (pumping speed = Syqpp) is 2 X 107 mbar.
If the pump is used only at inlet pressures (p;,) of 10~ mbar or below,
calculate the speed of the backing pump (Sy,q) in terms of Seg pp.

Also calculate the minimum pumping speed of the backing pump if a
500 Ls™ diffusion pump is to be used only at pressures (a) < 10~ mbar
and (b) 10~* mbar.

If Q is the throughput of the pump at the chamber, then:

Q =Pin SeFf‘DP

This must be handled by the backing pump whilst maintaining py,ing tine < Perit-

Le. ppn SeIf,DP = Sback Perit

Pin Seipp
Perit

Sback 2

(a) If  p,=10"mbar and p; =0.2mbar
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then Spuu =5%x 107 Sqpp

Space 5% 107 x500Ls™
=2.5Ls"
=9m’h™

Usually, a two-stage pump with a pumping speed ~ 20% higher, i.e. about
11 m*h™ would be chosen if the backing line had adequate conductance.

(b) At p,, = 10 mbar, using the above formula, the backing pump should be a
two-stage pump with speed = 1 m*h™. However, if unexpected gas sources
occur, the backing pump would be insufficient. Usually, however, a backing
pump which is the next pumping speed up in the manufacturer’s range is
selected.

With diffusion-pumped systems such as that shown schematically in
Example 3.12, there is a gas throughput from the backing port of the
diffusion pump even with the high vacuum valve closed. Experience
shows that this amounts to ~ 2 x 10?mbarLs™ and is generally
independent of the pumping speed of the diffusion pump. During
extended periods of chamber roughing, when the backing line valve is
closed, it is possible that the backing line pressure could approach
Pei- For this reason, a small ‘holding’ pump may have to be fitted to
Maintain Pp,eine < Porie- Whether or not a holding pump is necessary can
be determined and, if so, its size can be estimated.

Example 3.14

A diffusion pump (S, = 3000Ls™") has a maximum permissible for-
evacuum pressure of 0.6 mbar. There is a length of tubing, 1 m x DN63
ISO-K, between the diffusion pump backing port and the backing valve.
If the usual pressure in the backing line is 2 x 10 mbar, calculate the
length of time the diffusion pump could be isolated from its backing
pump with the inlet valve closed.

Volume of backing line between the DP outlet

and the backing valve =nx (3.5cm)* x 100cm
=3850cm? (3.85L)

With

volume X pressure rise

¢in=2x 10 mbar Ls™, the allowable time = .
¢i, (from backing port)

_ 3.85L x (0.6 - 0.02) mbar
2% 107°mbarLs™

=1117s (18.6 min)
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Example 3.15

In Example 3.12, the diffusion pump is to be operated for 1 h with an
inlet pressure of 10 mbar with the backing pump switched off (and
the backing valve closed) to eliminate the effect of vibration from the
backing pump on the system. Calculate the volume of the backing line to
achieve this if the critical backing pressure of the DP is 0.6 mbar.

Gas flux emerging from backing port of DP (g,,,,..,) is given by:

Dpv.iot = 4py.DP inlet T 4pV,DP generated

Gpv 10t = PinSerpp + 2% 107" mbarLs™
=1x10"mbarx964Ls!'+2x 107 mbarLs™
=9.6x107mbarLs™ +2x 10~ mbar Ls™
=12x10?mbarLs™

If the acceptable pressure rise in the backing line is approx. 0.6 mbar (actually,
Porit — pback,normal)5 then:

- qu,tot X Al

Ap
_12x 102 mbarLs™ x3600s
- 0.6 mbar

V

=72L

Obviously, a separate backing volume must be incorporated into the backing
line.

3.3.2 Turbomolecular Pumps

A turbomolecular pump is a multi-stage, bladed turbine in which the
rotor is driven at high rotational speeds so that the peripheral speed of
the blades is of the same order of magnitude as the thermal velocity (¢)
of the gas particles to be pumped. The combination of a rotor and stator
disc is one stage in a TMP. Pumped gas is compressed along the rotor-
stator assembly and passed to a backing pump/pump-set for further
compression to atmospheric pressure.

Turbomolecular pumps made up solely of bladed stages are often cat-
egorised as ‘classic’ turbomolecular pumps. Those with compound
rotors, consisting of bladed- and drag stages, are often referred to as
‘wide-range’ or ‘hybrid’ TMPs.
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a = blade angle d = blade distance t = blade thickness

Figure 3.11 The parameters of turbomolecular pump blades

Turbomolecular pumps are highly-regarded as ‘clean’ pumps. They
can be regarded as having constant pumping speed when normal
rotational speed has been achieved. Important characteristics of turbo-
molecular pumps are the compression ratio and pumping speed. The
compression ratio for a particular gas (A) is given in Equation (3.15):

kA — P forevac (3 1 S)

pA,inIel

i.e. the ratio between the partial pressure of component A at the fore-
vacuum flange and that at the inlet of the TMP. The maximum com-
pression (K., or k,) is found at zero throughput.

The value of (K,,,,, ko) is also given by:

K., = ugx/c (3.16)

where ¢ is the mean velocity of gas being pumped, g is a factor dependent
on rotor—stator geometry, u is the rotor blade speed and x is the number
of stages in the TMP.

As © o« M, where M is the molar mass of the pumped gas, the
dependence of K, on M is marked, and typical values are given in Table
3.7.

Table 3.7 Variation of K, for various gases

Gas Range of K, values®
H, 10% to 10°
He 10° to 107
N, 5% 10° to 10

*Value depends on manufacturer of pump.

The increase of K, with M means that heavy molecules have a low
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probability of backflowing through the TMP, hence the ‘cleanliness’ of
turbomolecular pumps.

From Equation (3.16), logK.,, =< VM

For ‘classic’ turbomolecular pumps, K, ,, is also dependent on the
forevacuum pressure, decreasing at values of pg, ... = 107 mbar (the pres-
sure at which the mean free path of the gas becomes less than the blade
distance (see Figure 3.11)).

Over a large range of inlet pressures, the pumping speed of a turbomo-
lecular pump remains constant. When the intake pressure increases to
the 107 to 10~ mbar range, the pumping speed begins to decrease mark-
edly, because of the transition from molecular flow to other flow regimes.
Turbomolecular pumps can, however, maintain their rotational fre-
quency at inlet pressures up to 1 mbar and therefore deal with relatively
high intake pressures for reasonable periods of time (a few minutes).
Although the pumping speed of turbomolecular pumps for lighter gases
is lower than that for N, and air (owing to the lower pumping probability
of the lighter gases), the inlet aperture will have an increased conduct-
ance for lighter gases. This gives rise to a pumping speed for H, and He
which is reasonably close (0.8-0.9) to the speed for N,.

Example 3.16

For the measurement of the compression ratio (k) of a turbomolecular
pump, a test volume was attached to the pump inlet vie a CF-flange.

Phy

®

i —_® Prorevacuum

The test volume was fitted with a suitable ionisation gauge and test gas
was admitted to the system via a variable leak valve fitted to the backing
line of the TMP. The system is shown in the diagram.
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Measurement of the compression ratio was carried out after the sys-
tem had been pumped down to its base pressure (p,.. < 10 mbar). By
opening the variable leak valve, the test gas (in this case H,) was admitted
to the backing line and after equilibrium had been established, py,cxin, and
Puv Were measured.

(@) If pryevac = 5 X 10 mbar and py,y = 1 x 10 mbar, what is the value
for ky?

(b) The amount of H, admitted was increased so that pg .. = 6 X
10~ mbar and p,,= 3 x 10 mbar. What is the new value for k;;?

(c) Why is there a difference between (a) and (b)?

(d) Why is ky;_ of interest on TMP-pumped systems?

(a) According to Equation (3.15):

kH :M
pH:Hv

_5x 10~ mbar

1% 10 mbar

= 5000

_6x 102 mbar
3% 10 mbar

=2000

H;

(b e

(c) As py, in the backing line increases, backflow in the TMP increases.

(d) In baked high and UHV systems, outgassing of H, (significant with air-
melted metals) from the system occurs. ky; and py, in the backing line will
determine the lowest attainable pressure in the system.

Example 3.17

Using the same experimental set-up as described in Example 3.16 but
with a different type of turbomolecular pump, ky, = 8 x 10° was obtained
With Py jorevac = 5 X 107 mbar. If H, had been admitted instead of N, to
the same forevacuum pressure, estimate py_yy.

According to Equation (3.16):

log ks < VMg,
log ky, \/_2‘8

=—==3.74
log ky, 2
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3.74 log ky, = log ky,

=8.903
log ky, =2.38
ky, =240
Ky, = PH, forevac
Pu, nv
5x 102 mbar
Pu,pv = -—2—46—

=2 x 10 mbar

Note: pyy was measured with an ionisation gauge, the reading of which is gas-
dependent. The estimate of py; v would not, therefore, be shown on the gauge
and an appropriate correction factor must be applied (see Chapter 5).

Example 3.18

A UHV chamber for LEED studies is evacuated to ultra-high vacuum
with a combination of pumps consisting of a turbomolecular pump
(backed with an oil-sealed rotary vane pump) and a titanium sublimation
pump (TSP). When the chamber is evacuated by both pumps, a total
pressure of 4 x 10~ mbar is achieved and residual gas analysis shows that
this consists of 50% Ar + 50% H,.

On reaching 4 x 10 mbar, the valve to the TSP is closed. The chamber
pressure rises to 8 x 10 mbar.

(a) Calculate the new partial pressure of H, in the system.

(b) If the effective pumping speed of the turbomolecular pump is
100 Ls™ (independent of gas type), calculate the pumping speed
of TSP for H,. Calculate the pV-throughput of H, and Ar into
the chamber.

(a) Noble gases will not be pumped by the TSP (see Section 3.4.2).
Initially:

P =4 x 107 mbar consisting of 50% Ar + 50% H,

=Part Pu,
=2x 107 mbar + 2 x 10° mbar

On isolation of the TSP, the pressure rises to § X 10™ mbar,
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Ap =8 x 10 mbar — 4 x 10~ mbar
=4 x 10~ mbar

As the TMP is not an efficient pump for H,, the pressure rise is predomin-
antly due to H,.

new py, =2x 10" mbar + 4 x 10~ mbar
=6x 10~ mbar

(b) Initially:

Pio=4x 107 mbar =p,, + py,,

_ v.A 4pvh,
4 % 10 mbar = f]" ~+ o,
eft, TMP Seﬂ:'l'MPJr Set{TSP

For Ar:
__Dprar
Pr=T00 L
Gpyar =2 107 mbar x 100 Ls™!
=2x 107" mbarLs™
With the TSP closed off:
]) - qu.Ar + qu‘]-[:
100l s
2x 107" mbar Ls™!
8 x 10~ mbar = l S + q/"’~Hz_l
100L s~ 100 L s
8 x 10" mbar Ls™ =2x 107" mbarLs™ + ¢,
¢pyn.=6x 10" mbarLs™
Initially,

2x 107 mbarLs™! . 6x 107 mbarLs™!
100Ls™ 100Ls™ + SeiTse

6x 107 mbarLs™
100 L s + Seprsp

Sr}ﬂ:TSP = 200 L S_]

As 4 x 10 mbar =

2 x 10 mbar =
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Example 3.19

Investigations were carried out on a small turbomolecular pump
intended for use in a helium leak detector (see Chapter 4). Measure-
ments at 24 °C of K|, . for a suitably backed nine-stage pump with a
blade circumferential speed of 200 m s™' yielded a value of 254.

(a) Calculate the compression ratio for N,.
(b) If the maximum volume flow rate for the pump can be expressed as:

S = A(T/d)[1 — exp(—ulo)][1 — exp(—gu/c)]

where 4 = area of the inlet flange (r = 24 mm) and g is the geometric
factor, calculate Sy at 24 °C if the conductance between the
connection flange to the measurement chamber and the plane of the
inlet rotor is 160 L s™' for N, (set-up as figure in Example 3.16).

(a) From Equation (3.16):
K.« = explgzu/c)
Here z=9, u=200m s}
From K,,,,, g can be calculated if ¢ is known:
t=1455(TIM)
 Crenork = 1253.8 m s
g = In Ky peaorx X (€/z1)

1258.8 ms™

=5.54 x ————
9%x200ms™

g=3.86

Substituting this value for g in Equation (3.16),

.86><9x20()ms‘1)
4739ms?!

= exp(14.66)
K

_ 6
max.N,, 297K — 2.3x10

Kioxn20k = eXp(3

(b) Sy = A(€/d)[1 — exp(—u/O)|[1 — exp(—gu/c)]

where 4 =18 cm?, ¢=473.9ms™
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Substituting the appropriate values

18 cm?
S, = —1%%1— x 118.5 m s '[1 — exp(=200/473.9)][1 — exp(3.86 x 200/473.9)]
— 18 x 10 m? x 118.5 m s™'[0.34][0.80]
=0.058 m*s™*
=58 Ls™!

If Connection = 160 L 8™, Styipchamber 18 Calculated from:

1 1 1
= +
Sowper S8 LsT 160 L s

Simpn =42.5Ls™

3.3.3 Cryopumps

Cryopumps produce very clean (see Section 3.1) vacua. They have high
specific pumping speeds and can easily attain HV/UHYV pressures. Cryo-
pumping involves the removal of gas particles by means of surfaces
cooled to 80K or below. At sufficiently low temperatures, all gases,
with the exception of He, condense to form a solid phase although the
resulting pressure depends on the temperature of the condensate. A
temperature of 20 K will achieve UHYV levels for gases except Ne, He and
H, (D,). A phenomenon that enables the removal of the latter group of
gases is cryosorption whereby the adsorption of the difficult-to-pump
gases on a porous solid (such as activated charcoal) at 20K or below
readily occurs. For example, activated charcoal at 20 K will give an
equilibrium pressure with H, of about 5 x 107 mbar; at 10K, a pressure
of ~10™*mbar is established.

To achieve temperatures low enough for effective gas removal, two
methods are generally used. One involves the use of a cryogen, e.g. liquid
N,, liquid He ec. The other method uses a cryocooler in which a suitable
gas (usually high purity He) is involved in an expansion-compression
cycle. Commercially exploited cycles include the Gifford-McMahon
cycle (see ref. (g), p. 114). Cryogen-based pumps range from simple LN,-
cooled traps to large continuous-flow cryopumps using liquid-He-cooled
surfaces to remove gases and having pumping speeds for N, in the range
10° to 10" Ls™'. Gifford McMahon-type refrigerators, although having
relatively low cooling power (typically, for a two-stage cooler, the first
stage operates at temperatures between 30 and 80 K with a power of
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10-100 W; the second stage operates at temperatures between 8 and 20K
with cooling powers in the range 2 to 10 W) are more convenient to use in
routine applications for pumping speeds up to ~ 10*Ls™.

3.3.3.1 Heat Loads in Cryogenic Systems. In any cryogenic system, the
heat load transferred to the cold surface determines the refrigeration
capacity required to maintain the low temperature. Analysis has shown
that the thermal loads received by a surface at cryogenic temperatures are
due to:

1 Thermal radiation (Q,,,)
An unshielded cryosurface (area A4, temperature 7, emissivity €,
receives from the surrounding vessel wall (corresponding values A4,,
Tw’ 8w)'

Qua=SfAS(T5—T?) (3.17)

where ¢ = Stefan—-Boltzmann constant
=5.671 x10*Wm?K™

I L 1 .
and f=a radiation emissivity factor = ———  if 4 encloses 4..

I 4./1
EH
g, A\g,
With cryosurfaces, it is convenient to reduce € as much as possible by
polishing or gold-plating (& ~ 0.03). The accumulation of condensate
changes ¢ considerably, however, and, for condensate films a few
millimetres thick, it can increase significantly and approach 0.9 (¢ for a
black body =1).
2 Heat load due to gas condensation (Q,.,4)
This involves the heat that must be extracted from the gas to cool it to
the trapping temperature and the enthalpy of condensation (or heat of
adsorption) that must also be removed. This quantity increases with
gas throughput.
3 Heat load due to the thermal conductivity of the gas (Qy.)
There are gas particles between the cryosurface (7,) and the warm
surroundings. This quantity is negligible at low pressures but must be
taken into account above 10~ mbar.

Qtol = Qrﬂd + Qcond + ch.c (318)

Of the terms in Equation (3.18), Q,,; predominates. It is extremely high
when the cryopanel is surrounded by surfaces at normal ambient
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temperatures but can be reduced significantly by surrounding it with a
shield at, say, approximately 80 K.

Example 3.20

The enthalpy difference between liquid He (LHe) and its vapour at 4.2 K
is 20.9kJ kg™'. In a LHe cooled cryostat, 5 L. He per hour are evaporated
at 4.2 K. What is the cooling capacity of the cryostat (the density p of He
at4.2K is 124.8 kgm™)?

The evaporation of 1 kg LHe requires 20.9 kJ.

Preask = 124.8 kgm™
=0.1248kg L™

Enthalpy difference between LHe and He vapour at 4.2 K

=20.9kJ kg x 0.1248 kg L™
=2.61kJL"

Evaporation of 5L/h of LHe

=261x5kJh!
=13042Jh™"
=36Js"
=36Wat4.2K

Example 3.21

The transfer of heat to liquid cryogens gives rise to loss of cryogen.
Calculate the result, in terms of volume of liquid cryogen lost, of the
dissipation of 1 W into: (a) LHe at 4.2K, (b) LN, at 77.4 K. The enthalpy
difference between LN, and its vapour at 77.4K is 160.9 KJ L™

(a) From Example 3.20, the enthalpy difference between LHe and He vapour at
42K is 2610J L', The dissipation of 1W (1 Js™') would give rise to the loss
of I L of LHe in 2610s.

{b) The enthalpy difference between LN, and its vapour at 77.4 K is equivalent
t0 160.9 x 10°J L™ or 160.9Jcm™.
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The dissipation of 1 W is therefore equivalent to the loss of 1cm?® in
160.9s or:

3600
160.9

=224cm’h’

cm’h™

Example 3.22

A major problem in the design of cryopumps is that of reducing the
thermal load falling on the cryosurface.

(a) A flat cryosurface (A4,) at 20 K is faced by a parallel wall at 300 K.
Calculate the radiant flux if .= 0.5.

(b) In practice, 4. would be shielded by a baffle (4,) at about 80 K.
Calculate the radiant flux when 4, = 4_and ¢, =0.1.

(a) From Equation (3.17):

de :f.ACG(T\:t - Tﬁ)
1

1 A4./1
b
g, Ay\&,

W W

where f=

If 4, > A_then Equation (3.17) can be written for this example as:

0.0 = £, A.5(300" - 20H W
=054, m*x 5.671 x 10°* Wm™? K™ x (300* - 20" K*
=0.54,m*x 5.671 x 10 Wm™ K™ x 8.099 x 10°K*
=230 W m™ (very high for practical use)

Note: 1f 4.=A4,, T,=300K and ¢, =0.5:

Oy =/ A:5(300* — 20) W

1
and f= "

1
el
0.5 \0.5
=0.33

0., =0.33 4.5(300* — 209 W
=152Wm™
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(b) From Equation (3.17):

Qrad :.fAcG(T‘g - T‘:)
S
1 A4./1
I
g Ay \&
.
1 1
—+{—-1
0.5 (0.1 )
=0.09

0., =0.094.x 5.671 x 105 W m= K- x (80° - 20 K*
=0.094,%x5.671 x 10°*Wm=K™*x4.08 x 10’K*
~0.094. % 2.3 W m
=0.21 Wm™ (~ 0.1% of the unbaffled value)

where f=

f=

Example 3.23

An experimental liquid helium condensation cryopump has been con-
structed as a model for a large-scale pumping system to be used for
handling high H,/D, gas loads.

In the model pump, a LHe cryopanel (90 cm x 90 cm) made of silver-
plated stainless steel is shielded at the rear by a parallel LN,-cooled
wall, polished on the panel side and, facing the vacuum system, by a
LN,-cooled chevron baffle (with a gas transmission of 20%). The He
cryopanel is supplied from a stainless steel LHe reservoir (4 = 1.75m?),
wrapped in Al foil and protected by a LN, radiation shield of equal
area.

(a) From the information given, calculate the approximate pumping
speed for (i) H, (i} N,. _

(b) Estimate the thermal loading on the LHe surfaces (panel, reser-
voir) in the absence of gas loads.

(a) Area of cryopanel at 4.2 K =90cm x 90 cm = 8100 cm?® (0.81 m?),

(1) From Equation (1.13):
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For H, at 293 K, using Equation (1.15):
%{ =36.38 - m s
=440.27ms™
o Sy =44Ls' cm™

For an unbaffled cryopanel, 4, = 8100 cm®
Sy, =3.57x10°Ls™
For a baffled panel (20% transmission):
Sien=71000Ls™

(ii) The area-related pumping speed for N, on the 4.2 K panel can be similarly
calculated.
For N, at 293 K:

N,
4
Sy,=11.8Ls" em™

=117.68 ms™

For the baffled 4.2 K panel (20% transmission):
Sn.er= 19000 Ls™

(b) Thermal loading on LHe surfaces
Panel
Qua =/ AS(TT* = (4.2)Y W
1

1 AC< 1 )

—+——-1

€ Ap\g

For the silvered cryopanel (4.2 K) and the radiation-shield walls facing the

4.2 K surface, let £ =0.1. Let 4, and A4, be the areas of the 4.2K panel and
the radiation shield, respectively. Let A, = 24..

f=
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0.0 =0.069 % 0.81 m? x 5.671 x 10° Wm2 K~ x (77* - (4.2)") K*
=0.1W

Reservoir
Qrud :fAresG(le - Tr‘cls)

where subscripts ‘sh’ and ‘res’ apply to the radiation shield and the
reservoir, respectively.

0.a=fx1.75m*x 5.671 x 10* Wm?K™*x (77¢ - (4.2)") K*

fe 1

T A,es(l )
— ey
sres Ash €sn /

If € =€n=0.1and 4,,=A4,
f=0.053
Q,.0=0.053x 1.75m? x 5.671 x [0 Wm K™ x (77* = (4.2)) K*

=0.185W

Total thermal loading (without gas load) on the LHe-cooled surfaces

= Qrad.panel + Qrad.res
=029W

(This would give rise to a He loss of 400cm’h™'.)
g

3.3.3.2 Characteristics of Cryopumps. Important characteristics are:

(i) pumping speed

(ii) ultimate pressure

(iii) starting pressure

(iv) crossover pressure

(v) up-time (before regeneration is required)

Pumping speed. So far, the maximum area-related pumping speed (colli-
sion rate, S,) has been used in calculations. For a cryopanel built into a
chamber with 4., < A umver» the pumping speed is given by:

S=ACSA(1<1 Jﬂ) (3.19)
14
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where A, = area of the cryopanel
S = the maximum area-related pumping speed
a = the probability of condensation (at sufficiently low tem-
peratures, o = 1 for all gases)
P = ultimate pressure (see below)
p = pressure in the chamber

Ultimate pressure. This refers to the lowest pressure that can be reached
in a system with negligible gas sources. For cryocondensation, a situation
is reached where the condensation flux density is equal to the evapor-
ation flux density. If 4, < A, wa» this corresponds to the ultimate
pressure giving:

T,
Puit = Ps E (320)

where p, =vapour pressure of the condensate at 7, (see Table 3.8)
T, =temperature of the cryopanel
T, =temperature of the vessel (= T,

Table 3.8 Vapour pressures (in mbar) at temperature T(K) for a range of gases

T (K) required for p(mbar)

Gas 10710 107 107 107 107 10° 10’

H, 2.98 3.47 4.17 5.22 6.78 9.3 1.4
N, 21.0 23.5 26.8 31.1 37.0 46.3 53.0
Ar 235 26.6 30.3 354 42.7 53.5 61.3
CH, 28.0 31.7 36.5 43.0 52.2 66.1 76.1
Xe 44.8 50.4 57.7 67.4 81.0 101.8 116.2
CO, 68.0 75.6 85.0 97.2 1133 135.8 151.3
H,O 129.2 143.5 160.8 183.4 2128 252.9 280.2

(Reproduced from R.A. Haefer, Kryovakuumtechnik, Springer-Verlag, Berlin, 1981, pp. 126-127)

Starting pressure. In principle, a cryopump could be started at atmos-
pheric pressure. However, a thick layer of condensate of gases, easily
removed by pre-evacuation, would be formed, restricting the capacity of
the cryopump in its working phase. Further, at p > 10~ mbar, the ther-
mal conductivity of the gas would present a high heat load to the
cryosurface.

Crossover pressure. If a refrigerator cryopump is attached to a vacuum
system via a valve and the pump is already cold, the crossover pressure
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represents the maximum pressure of gas at 293K on the system side
which, when admitted to the pump, does not increase the temperature of
the cryopanel above 20 K.

An empirical relationship (see ref. (e), p. 57) gives:

Crossover —

35.
< 7Q2mbar (3.21)

where Vis the system volume (in L) and Q, is the second stage refrigerat-
ing power at 20K (in W).?

Example 3.24

In a chamber, a source of Xe ions produces a mass flow of 1.0mgs™. The
pressure in the chamber must be maintained at 5 x 10 mbar at 293K
using cryopumping. Assess the specifications of such a system.

From Equations (2.1 and 2.4):

RT
=y
1x107gs' x 83.14mbar L gmol K™ x 293K
qu.Xe =

131.1 ggmol™
=0.186 mbar Ls™

To maintain 5 x 10°mbar in the presence of this throughput, the minimum
pumping speed required is (from Equation (2.7)):

Se _ qp V. Xe

§=

_ 0.186mbar L g7
5% 10 mbar

=37200Ls™ (say 40000 Ls™)

The temperature interval corresponding to a vapour pressure for Xe in the range
107 to 10  mbar is 58-51 K (see Table 3.8). Taking into account the temperature
gradient normally associated with thick (few mm) condensate layers, we con-
clude that a temperature of 50 K or lower must be established on the pumping
surface.

The area-related pumping speed achieved by a cryopanel can be calculated
from Equation (3.19):
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». [T,
S=AS,0a/1-2 —)
p VT,

If it is assumed that a =1, 7, = 293K, T.= 50K and that p > p_, then S= A4S,
and from Equation (1.15):

295 .

S\ =36.38 m’s'm™
131.1
=544Ls" " em™

For a pumping speed of 40000 Ls™, the minimum required cryopanel area for
an unshielded pump would be 4_= S.;/ .S, = 7400 cm?® This value is certainly a
lower limit since it ignores desorption from the vessel walls, small leaks, ezc. It
would be better to have 4. = 9000 cm” which is about 20% higher.

For an unshielded pump with thermal radiation from the walls at 293 K fali-
ing on the cold surface, Equation (3.17) states:

Qrad :fAcG(T\i - Ti)
1

1 A < 1 )

—+—(—-1

g. A,\g,

If e =0.5 4,> A_and ¢, =0.1 then Equation (3.17) yields:

Orua = €. A:5(293% - 50
0,4 = £ X 41.7mW cm™ for an unbaffled panel

If =05
O =~190 W for an area of 9000 cm?

where f=

Single-stage cold heads are available with a refrigerating capacity of ~50 W at
50 K. This application would require four such heads (and associated He com-
pressors). From the point of view of both temperature and pumping speed, this
is not an appropriate application for a liquid-cryogen-based cryopump.

A possibility to reduce the number of cold heads/compressors would be to
shield the 50 K panel with a LN,-cooled baffle. This, however, would reduce Sy,
owing to transmission restrictions, thus requiring an equivalent increase in A4..
Further, the cost of a LN,-cooled baffle and LN, have to be considered. An
unexpected problem is that, at ~80 K, p,. is ~ 10~ mbar. If the sticking coef-
ficient of Xe is significant then this may limit the minimum attainable pressure in
the system.

Example 3.25

The cryopanel in a refrigerator-cooled cryopump is at 7, = 14K. The
pumping speed of the pump is 5000 Ls™ for N,. The vapour pressures
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of various gas condensates are given in Table 3.8 at the applicable
temperatures.

(a) What is the lowest partial pressure achievable by cryocondensa-
tion for N, and H,?

(b) The cryopanel at 14K 1s surrounded by an optically-tight baffle
at 80 K, which reduces the pumping speed by a factor of 2. What is
the conductance of the baffie for N,?

(c) Estimate the area of the cryopanel (14 K) which would give an
inlet pumping speed of 5000 L s if the N, particles collide with
the 80 K baffle before approaching the cryopanel.

(d) From Table 3.8, list those gases which would be pumped by the
80 K bafile to give a pressure below 107 mbar.

(a) pn, < 107" mbar; py. > 10 mbar (ca. 70 mbar)

(b) S;=5000Ls™" .. S,=10'Ls"
Thus, from Equation (2.5):
Coume = 10*Ls™
(c) From equation (1.15) the area-related pumping speed:

z
Sa= 3 m’s”' m™

For N, entering at 293 K:

San.=36.38 //2—9—3— Ps'm™
AN, = 0. V28ms m
=11.77Ls cm™
For N, at 80 K:
San.=6.15Ls" cm™
To achieve 10*Ls™

B 10*L !
“ 6.15Ls'cm™
=1626cm’

(d) CO,, H,0
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3.4 OTHER HIGH/ULTRA-HIGH VACUUM PUMPS

The remaining vacuum pumps to be discussed in this chapter fall into
a group which remove gas particles from systems by sorption effects
such as adsorption, chemisorption/gettering and implantation. They
tend to be used on systems where any contamination of the vacuum
by pump fluids, lubricants, etc. must be avoided. However, those pumps
that remove gas particles exclusively by temperature-dependent gas
adsorption on molecular sieves or Al,O; (adsorption pumps) will not be
discussed.

In high/UHV pumps where the pumping action is based on sorption
effects, the removal of gas is brought about essentially by chemical reac-
tion (gettering) at the surface of materials such as titanium. With some
getter pumps, reactive metal surfaces are freshly generated during pump
operation either by evaporation (as in titanium sublimation pumps) or by
sputtering (as in sputter-ion pumps). With non-evaporable getter (NEG)
pumps, the passive layer which is formed during reaction with gases such
as O,, N,, H,0, is removed by degassing in vacuum.

3.4.1 Sputter-ion Pumps (SIP)

The pumping action of a SIP is based on sorption processes initiated by
gas ions formed in a Penning discharge (see Chapter 5) maintained by a
strong (flux density 0.1 to 0.2T), homogeneous magnetic field. Ions
impinge on parallel cathode plates made of a getter material such as Ti
and sputter the getter which adheres to nearby surfaces within the pump
and adsorbs reactive gases. Gas ions with sufficient energy will also
implant themselves within the cathode. This is the process by which
unreactive species such as noble gases are removed.

Example 3.26

The electrode system of a diode-type sputter-ion pump is shown in the
diagram below.

(a) Identify items in the diagram marked A, B, K1 and K2 and 1-5.
(b) Briefly explain the pumping mechanism.

(a) A =anode (Penning cell); B = Magnetic flux line produced by a permanent
magnet attached to the outside of the pump; K1, K2 = cathode plates (T1 in
contact with the pump walls).

1 = electron (spiral track); 2 = ionised gas particles; 3 = sputtered Ti; 4 =
implanted (buried) gas particle; 5 = gas particle incorporated into sputtered
Ti.
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K2

(b) lons generated in a Penning discharge (a sputter-ion pump can consist of a
large number of such cells) impinge on the cathode plates and sputter Ti.
The amount sputtered is roughly proportional to the pressure in the pump.
This material adheres to the surfaces of the anode and between the sputter-
ing regions of the opposite cathode and getters reactive gases. Some ionised
particles have sufficient energy to penetrate well into the cathode (ion
implantation). This mechanism of pumping is effective for all types of ion
(including noble gases). However, as cathode sputtering proceeds, such par-
ticles are released giving rise to gas instabilities whereby the gas pressure
increases significantly with a frequency of a few seconds or minutes. This
effect reduces the noble gas pumping speed to about 1-3% of that for N,. A
significant increase in both the speed and stability for noble gas pumping is
achieved with the so-called triode SIP (see Figure 3.12).

! +
B -—— =2 F
% o8 e Titanium atoms
ea O Gas molecules
=z @ lons
o) © Electrons
A Ancde cylinder
Q/‘ ez (same as in the diode
e pump)
\%gﬁ/ N B Magnetic field
za F  Target plate
(pump housing)
2 &8 e8 O OB 2 N as the third electrode
ez K Cathode grid

A K

Figure 3.12 Schematic diagram of the electrode system of u triode-type sputter ion pump
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In the triode-type SIP, the Ti cathode is in the form of a grid and
behind this there is a collector (target) plate at anode potential. The
greater efficiency for pumping noble gases is due to the fact that the
geometry of the system favours grazing incidence of the ions from the
discharge on the cathode grid. Compared to perpendicular incidence,
this increases both the sputtering yield and the number of ions that are
neutralised and reflected. The latter travel to the target plate with high
energy and implant themselves but with negligible sputtering. Ions which
are not neutralised cannot move against the electrical field between K
and F and return towards K. Because sputtering is less at F, the re-
emergence of implanted particles is much reduced. This results in an
enhanced pumping speed for noble gases (20-30% Sy).

The pumping speed of a sputter-ion pump depends on the type of gas
and the pressure. The S(p) curve is mainly determined by the discharge
conditions and it reaches a flattish maximum around 10 mbar.

The nominal pumping speed of a sputter-ion pump is given by the
maximum in the pumping speed curve for air (the corresponding pres-
sure must be stated).

For air, N,, CO, and H,O(v}), S is about the same. S, relative to S, for
other gases for a triode pump is given in Table (3.9).

Table 3.9 Pumping speed of a triode SIP for a range of guses compared to S

aty

Gas Relative pumping speed
H.* 140-150%

H,O 80%

CH, 100%

Otbher light hydrocarbons 60-120%

0, 80%

Ar 25%

He 30%

“Atp <5x10°mbar
H. Henning, in ref. (f), p. 317.

Continuous use of SIPs is restricted at pressures exceeding 107 bar
(owing to cathode heating and degassing). They can be switched on at a
starting pressure, the rule of thumb for which is:

S
Paun=(0.01-0.02) (3.22)

when p is in mbar; Sisin Ls™; Visin L.



106 Chapter 3

This expression is satisfactory for triode pumps but should be reduced by
a factor of 10 for diode pumps.

Example 3.27

A gas stream (10°°Pam®s™) consisting of 10% H, in Ar is admitted to a
small chamber connected to a triode SIP with a pumping speed for air of
10 Ls™'. Estimate the total pressure in the system.

10°Pam’s™ =10  mbarLs™
According to Table 3.9, for triode SIPs:

S, = (140-150%) S, = 14-15L 5"

So=25%S,, =2.5Ls"

Piot =Pu, T Par

n. , dac _ 10°*mbarLs™ . 9% 10°mbarLs™
S, Sar (1415 Ls™ 2.5Ls™!

=(7.1-6.75) x 10 mbar + 3.6 x 10 mbar
=3.7x 10 mbar

Example 3.28

A chamber is fitted with a triode SIP with S, = 100 Ls™". A gas mixture
containing 5% CH, + 10% O, in N, is admitted. If a total pressure in
the chamber of 10®mbar is required, calculate the flow-rate of the gas
mixture if all other gas sources can be neglected.

Pt =Pcn, + Po, + Px, = 1 %X 10 mbar

@+QO3+([N:

“Son, So. S
5%107%¢, 0.1 0.85¢,
e s s
S, =Sy
So,=0.85,;
SCH4=Sair

1 x 10°mbar =5x 107%q,, + 1.25x 107¢,, + 8.5 x 107¢,,,
=10.25x 10 Ls™'g,, mbar

¢ =9.76 x 10°mbar Ls™
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Example 3.29

A spherical UHV chamber has a volume of 15L and is to be pumped
down to 10 mbar in 12h with a diode SIP. The gas load (mainly water
vapour) after 12 h has been estimated as 1.2 X 10 mbar Ls™".

(a)

(b)

(¢)

(a) Calculate the required pumping speed of the SIP.

(b) Calculate the maximum pressure at which the SIP can be
started.

(c) If the only available pump to evacuate the chamber to the SIP
starting pressure is a two-stage oil-sealed rotary pump, what pre-
cautions should be taken?

According to Equation (2.7),

S, eff = @
P

_l2x 10°°mbarLs™
I x 10 mbar

=120Ls™

According to Equation (3.22),

S
Psare = (0.01- 70.02)-1; mbar for a triode pump

120
=(0.01-0.02) x —1—5— x 0.1 for a diode pump

=8x 107 to 2 x 10> mbar

A pressure below 8 x 10~ mbar would be preferred because switching on the
pump at 10 mbar would initiate a glow discharge which, with a diode
pump, would exist throughout the pump housing since the pump wall is at
cathode potential. This discharge can even spread into the chamber being
pumped.

To ensure cleanliness in the system, oil vapour must be prevented from
entering both the UHV chamber and the diode SIP. The latter type of pump
is strongly affected by oil and when contaminated, starts up slowly and has a
reduced S. It would be recommended to valve off the SIP when it is not in
use and to provide the oil-sealed pump with a foreline adsorption trap or
catalytic combustion device.



108 Chapter 3
3.4.2 Getter Pumps

3.4.2.1 Titanium Sublimation Pumps. These are fairly simple devices
consisting of a stainless steel pump body containing the evaporation
source and, usually, a screen collector for the evaporated material (ref.
(g2)). They exploit the adsorption of chemically-active gases at the sur-
face of the getter film. The characteristics of adsorption are frequently
expressed in terms of the sticking probability (s) as a function of sur-
face coverage (often expressed in particles cm™). Depending on gas
type, when one or more monolayers have been formed, the sorption
speed falls rapidly and a new surface must be formed by further
evaporation.

The sorption characteristics of Ti are dependent on the deposition
temperature of the getter film. Good results are obtained by deposition
at 77 K because the film formed is more porous (i.e. has a higher surface
area) than those formed at, say, room temperature.

Sticking probabilities as a function of monolayer formation are given
in Table 3.10.

Table 3.10 Sticking probabilities (s) for various gases on Ti films at 77 K and
300 K as a function of coverage (0)

Gas Coverage (0)

0.5 1 2

s(77) s(300) s(77) s(300) s(77) s(300)
0O, 1.0 0.8-1.0 1 1 0.8 0.9
N, 0.7-1.0 0.3 0.005 0.003 — —
H, 0.2-0.4 0.01-0.06 0.03 0.02 — —
CcO 0.95-1.0 0.7-1.0 0.8 0.2 0.1 —
CO, — 0.5 — — — —

Data taken from ref. (d), p. 269, B. Ferrario, in ref. (f), p. 294.

Where gases are simultaneously pumped, some can displace others.
Gupta and Leck (Vacuum, 1975, 25, 562) found that O, can displace all
other gases, CO can displace CH,, N, and H,, and H, can displace N,
and CH,.

Example 3.30

The collecting screen inside a TSP is 14cm in diameter and 18cm in
length. In addition, at the base, there is a circular plate of the same
diameter as the screen and cooled by heat conduction.
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(a) If the screen is cooled to 77 K and covered with a fresh Ti layer,
calculate the pumping speed for N, at 20 °C.

(b) If the inlet to the pump is DN125 but all the other conditions are
the same, calculate the speed of the pump at the inlet.

(Based on Example 8.10, p. 298, ref. (d") with permission.)

From Equation (1.17) and (1.18) the volumetric flow of gas onto a wall
(area=A)is:

Ac
ql,zj

For a getter surface with a sticking probability (s), the pumping speed (.S) is:

sAc
S(,=SqV=T (3.23)

(a) For N,, the sticking probability for Ti at 77 K is, according to Table 3.10, 0.7
to 1.0 (say 1.0). The area (A4) of the collecting screen is:

2

nd
A=—+nmndl
4

n(14)

+(mx 14 x 18cm?)

=154+ 792 cm’
=946 cm?

50:1.0><946cmz><iLs-1

From Example 1.9:

T
t= 145.5\/——m s
M

117.7ms”

ol

So S=11.8Ls'em™
S,=11.8 Ls™ cm™ x 946 cm?
=11163Ls"
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(b) If the pump opening is DN125 (127 mm), its conductance for N, is given by
Ac/4 (Equation 2.22):

C,,=11.8Ls"em™ x 4,,cm’
=11.8Ls" em™x 127 cm’

=1499Ls™
| 1 1
i + _—
SefT,TSP SO Cdp
Gyt S,
Sl)Cap

¢ _SCp _NMI63Ls!x1499L 5"
T C,+ S, (1499 +11163)Ls™

=1322Ls"

Example 3.31

N, molecules (radius = 1.84 x 107'°m) are adsorbed on the surface of a
Ti layer. Assuming that they are hexagonally close-packed, calculate
the amount of N, (in units of mbar L) adsorbed per unit area of the
Ti.

The area of the base of a unit cell of hep spheres of radius r is 237 If
N, molecules are spherical then the area (A4) of the base of a unit cell of N,
molecules is:

A=23x(1.84x% 10" m’
=1.17x 10" m’

The number of N, molecules occupying 1 m? of surface as a monolayer is:

1
—=8.5x%x10"
A

~ 10" molecules

As N, =6.022 x 10* mol™
the amount of adsorbed gas

=1.6x 10 molm™

pV =nRT
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For 1 mole:

pV=RT

=83.14mbar Lmol” K™ x T(K)

At 273K:

pV =2.27 x 10*mbar L mol™
Amount of adsorbed N,

=0.36 mbar L (m™ of monolayer)

Example 3.32

In Example 3.30, the inlet speed of the TSP was calculated as 1322 Ls™
based on a Ti surface area of 946 cm”. If the TSP is working at 10~* mbar,
N,, calculate how long it will take to cover the Ti with a monolayer.

qin,TSP :pin X Seﬁ
=10"mbar x 1322 L5
=1.32x 103 mbarLs™

From Example 3.31, the amount of N, required to form a monolayer on
946 cm?” Ti is:

0.36 mbar L m™ x 0.0946 m> = 0.034 mbar L

time for monolayer formation is 2580 s

Example 3.33

Given the radius of an adsorbed H, molecule is 1.2 x 107"°m and H,
adsorbs on Ti in a hexagonally close-packed layer, calculate the length
of time that will result in the coverage of 946 cm’ of freshly deposited
Ti at 300 K with half a monolayer of H, if a TSP is working at 10~ mbar
at 300 K.

Working as for Example 3.31:

AHz,uds = 2@(1 2 X 10*10)2 mz
= 5 X 10—20 m2

Number of molecules m™

__
T5x 107

=2x10"
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Amount of H, per m* of Ti surface

2x 10"
Ny

=3.3x 10" mol

As in Example 3.31, but at 300 K:
pV =2.49 x 10 mbar L mol™
Amount of adsorbed H,

=33 x 10°molm™2x 2.49 x 10*mbar L mol™
=0.82mbar L adsorbed on Ti

For 0.5 ML (monolayer):

Amount=0.4] mbarLm™
=0.039 mbar L adsorbed on 946 cm? Ti

Based on 946 cm?of freshly-deposited Ti at 300 K:

From Table 3.10, s (300 K) = 0.01-0.06 (dependent on experimental conditions).
Using the expression for ¢ in Example 1.9, T }; yp0c = 1782ms™

Sy =(0.01-0.06) x 946 cm* x 44.5 L s cm™
=(420-2526)Ls™!

For H, at 300 K,

AT
c, =25
PT g
=127cm?x44.5Ls em™
=5652Ls™"

N

eff

— SOC‘apV LSiI
Cpt Sy
=387-1725Ls™
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qpvn, at 107 mbar = 3.87 x 10” mbar L s7'~1.73 x 10*mbar L s™
Adsorption time for half a monolayer = 930-210s

Actually, it is likely that adsorbed H, will not remain at the surface but diffuse

into the interior so that the surface coverage may remain low (0 < 0.5) for a
much longer time than that predicted.



CHAPTER 4

Gas Sources and Attainable Pressure in
Vacuum Systems

4.1 INTRODUCTION

It is impossible to eliminate all sources of gas in vacuum systems. Even
in the best-designed and operated static systems at very low pressure,
small leaks are present and slight outgassing occurs, and the resulting gas
load has to be dealt with by the system’s pumps. The usual sources of gas
are indicated in Figure 4.1, and some general comments should be made
before more detailed discussion in later sections.

Leaks Process
Gas
Vacuum vessel
\4 \ 4

Internal gas sources ~¢—{Permeation

(desorption, outgassing etc)

Evolved gas

Vacuum process structure
and elements

A

o ——— e e
SV )

T

Vacuum
Pumps
i

Figure 4.1 Gus sources in vacuum systems

Back-streaming

1 Leaks. No system can be free of leaks but leakage must be reduced to
the extent that it no longer adversely affects the performance of the
vacuum system.

114
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2 Outgassing. Any material that has been exposed to gas, particularly
atmospheric air, will adsorb or otherwise entrap that gas. Under
reduced pressure, not only do the inner walls and associated com-
ponents contribute to the gas load but also any substrates or material
being processed.

3 Permeation. The metals and alloys normally used in vacuum systems
can be regarded as impermeable to air even at high temperatures. In
some circumstances, however, the permeation of H,, He, O,, air, etzc.
through elastomers, glasses and some metals must be considered.

4 Process gas. In, for example, flow-reactors, sputtering systems and sys-
tems with flowing purge gas, gas is deliberately introduced. In such
cases, the pumping system must deal with this gas load, in addition to
1-3 above, to maintain the pressure.

4.2 LEAKS

A leak is a flow path in the boundary of a system that allows a fluid to
pass from a region at one pressure to one at a lower pressure. Generally,
with vacuum systems, leaks introduce ambient air, thereby impairing
the performance of the system and causing severe problems with air-
sensitive materials and processes. Leaks are often subdivided into ‘real’
and ‘virtual’ leaks. A ‘real’ leak may exist because of cracking in poly-
crystalline materials as a result of strain in a component. It may also
arise because of careless handling of components, leading to radial
scratches on flange surfaces or the contamination of gaskets, O-rings,
ete. They can also arise through misuse, ageing or thermal degradation
of seals. ‘Virtual’ leaks arise from trapped volumes within a vacuum
chamber. The term is often also applied to the emission of gas from the
internal walls of a system on the components contained in the system
(see Section 4.3).

The flow of material through a leak can generally be described by the
equations of flow described in Chapter 2. In reality, however, the leak
may be a tortuous path of ill-defined length and diameter in which the
nature of the gas flow is imprecise. Nevertheless, some estimates of
leakage based on ‘model’ systems give an idea of the amount of leakage
which occurs through a leak of a given size.

Example 4.1

A human hair is trapped across an O-ring on a vacuum system where the
internal pressure is 10~ mbar and the external pressure is 10’ mbar. The
temperature is 20°C. Leakage of air into the vacuum system is
occurring.



116 Chapter 4

(a) If the trapped hair is a leak that can be regarded as a uniform
tube of 70 pm diameter (the approximate diameter of a human
hair) and length = 8 mm (see Example 4.22) with the above pres-
sures at the exit and entrance, respectively, what is the nature of
the gas flow across the leak?

(b) Estimate the leakage (gy).

(a) The type of flow can be determined by Kn (Equation 1.28).
From Table 1.2, for air at 20 °C:

Ip = 6.5 x 107 mmbar
=6.5x% 107 cm mbar

At the leak inlet, p=10"mbar

~1=6.5x10%cm
As d=70pum (7 x 107 cm),

int
"=

_6.5x 10%cm
7% 10%cm

=9.3x10™

As Kn < 0.01, viscous flow will predominate.
At the leak outlet, p = 10 mbar:

/=65cm
Kn=9286

i.e. molecular flow would predominate and no uniform flow would be estab-
lished across the leak.

(b) If it is assumed that viscous, laminar flow of air occurs in the leak then,
according to Equation (2.14):

d4 ei' - V'zic
g =1 357 (P%) mbar Ls™

AS deC <I)CX|.’

_135x(7x 107! (lO()O2

0.8 2
=0.2mbarLs™

) mbar Ls™
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It is probable that, at the leak exit, because the pressure is so low, choked flow
will be established. For air at 20 °C, the critical pressure (p*) at which this is
established is given by Equation (2.17):

d2
p = 2-37]9;(1

In this case:

*

7% 107
=235 X100

% 1000> mbar
= 140.9 mbar

The pV throughput under choked flow conditions is given by Equation
(2.18):

d4 6)2( -p*
g = 1355 L)
/

=0.198 mbarLs™
~0.2mbarLs™!

mbar Ls™

This is almost identical to the above value, therefore choked flow can be
ignored.

If it is assumed that molecular flow occurs in the leak then, according to Equa-
tion (2.37):

12.1d° 0
Ls

leak —

with d=7x10%cmand /=0.8cm

Crue=5.19%10°Ls"!

qL= Clcak X (pext - pvac)
=5.2x 10" mbarLs™

The actual air in-leakage is between 0.2 and 5.2 x 10 mbar Ls™, according to
the above.

(Note: In the authors’ experience, it is nearer the lower value.)
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Example 4.2

A leak in a vacuum chamber can be considered to be a cylindrical pore
with a diameter of 3um and length 2mm. If the external pressure is
10’ mbar and internally there is a ‘vacuum’ (p internally is negligibly
small), calculate the air in-leakage (¢,) at 20 °C.

As in Example 4.1, Ip (air) = 6.5 x 10~ m mbar.
At the high pressure side of the leak:

[=6.5%x10%m

as d =3x10°m

{
e Kn=2.2x 107 (viscous {low)
¢

If it is assumed that viscous, laminar flow predominates:

d4 cit B 13
g =135= (E—pi) mbar Ls™
/ 2
Since Do = 10° mbar
and Pt = 0

gL =2.7x 10 mbar Ls™

Since leaks cannot be eliminated in vacuum systems, it is necessary to
establish a leakage limit. A practical expression of this is that leakage
should not exceed 10% of the minimum throughput for the system or:

qlcak‘lot < O] qp V.min.system
< 0'1 Phoase X SclT at Phase (4' 1)
Example 4.3

A system at 20 °C has to achieve 10~ mbar after prolonged pumping with
a turbomolecular pump (S.; = 300 Ls™", independent of gas type). What
is the maximum allowable leakage?

From Equation (4.1):
qlmk,ml < 0‘1 Phase X Scﬂ

Gmax = 0.1 x 10" mbar x 300 Ls™
=3x10®mbarLs™

Note: If there are n leaks of equal leakage rate, an individual leak should
not exceed ¢,,,./n.
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Leakage rates are generally expressed in units of pV throughput (see
Equation 2.2 and comments). Mass flow rate (Equation 2.1) and molar
flow rates (Equation 2.4) can also be used. Conversion factors for
leak rates (¢,,..) and mass flow rates are often given for gases in their
standard states (p,, 7,). In practice, the difference between room tem-
perature and 7, is not significant when compared to the uncertainties
that can occur in the measurement of leakage.

Example 4.4

A system has air in-leakage totalling 5 x 10*mbar Ls™ at 20°C. Cal-
culate (a) the amount of leakage expressed in normal cm? per minute (b)
the leakage in kgh™".

(a) p, (normal atmospheric pressure) = 1013.25 mbar

S5x10*x10°

Atpn  Gpravee=""Jg5oocm's

=493 x10%*cm’s™
=2.96 x 102 cm® min™

. RT
(b) Gy =pV =M
- (N xM
m=—————
RT

_ 5x 10" mbarLs™ x 29 ggmol™
" 83.14mbar L gmol™ K~ x 293K

=595x107gs™
=2.14x10%kgh™

The typical indication of a leak in a vacuum system is the inability of the
system to achieve the usual base pressure even after prolonged pumping.
Before carrying out an actual leak test using a search gas, the order of
magnitude of any gas sources (including leakage) should be established.
For this purpose, a pressure-rise test is useful. After evacuation, the sys-
tem is isolated from its pumps. For a volume, V, initially at a pressure p
but rising by an amount Ap over a length of time A¢, the amount of gas
initially in the system (p V) changes by A(p V). This is equal to the amount
of gas, g, but it is frequently assumed to be the leakage g, , taking place
in time ¢:

A(pV)=qL At
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For a chamber with a constant volume, V-

A(pV)=VAp
d y o 4.2)
an = —_— .
qL Az

Example 4.5

A diffusion-pumped vacuum system with a chamber volume of 0.75m? is
isolated from its pumps. The pressure increases from 2 x 10~ mbar to 5 x
107" mbar in 10 minutes.

(a) What is the leakage rate, assuming no other gas sources.

(b) After repairing a significant leak, the system could be evacuated
to 5 x 10 mbar with the diffusion pump (S, = 2000 L s™"). What
leakage remains?

(a) From Equation (4.2):

Ap
==
q. Af

_ 750 L x 0.498 mbar
- 600 s

=0.62mbarLs™

i
Scﬂ

g, =5x 10 mbar x2x 10°Ls™

(b) p=

Example 4.6

The total leakage on a system (¥ =20L) is 107 mbar Ls™. If the system
is isolated from its pumps at p = 1 x 10~ mbar, how long will it take
before the pressure has increased to 10° mbar? (Assume no other gas
sources except leaks.)

Ap
=y-£
o At
A
At = Vx—p
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_20L x99 x 10~ mbar
~ 107mbarLs™
=198000s (55h)

The calculated value for g, based on a pressure-rise test (Equation 4.2)
may not be solely due to leaks. Depending on the pressure range
involved, ‘virtual’ gas sources will also be involved.

To determine whether the pressure rise is due to leakage only, it
must be repeated in different pressure ranges. If, at starting pressures
<10 mbar, a rapid pressure increase is observed which decreases with
increasing pressure, eventually levelling off before atmospheric pressure
is reached, this indicates outgassing/evaporation. If Ap/At remains
constant up to pressure of 10s or 100s of mbar, leakage is taking place. In
practice, both outgassing and leakage occur simultaneously.

Example 4.7

A stainless steel high vacuum system (¥ = 15L) has been pumped for
36h and the pressure is 1 x 107" mbar. A pressure-rise test, starting at
107 mbar, shows a pressure of 1.5 x 107 mbar after 20 min. Calculate the
amount of gas entering the chamber and comment on the source of the
gas.

Pressure rise (Ap) = (1.5 x 107 — 1 x 107"y mbar
=1.5x 10~ mbar

At =20 60s
Ap
. —
qgas At

1.5x107°
- 15x (")
1200s

=1.9x 10" mbarLs™

After 36 h pumping, the amount of outgassing from the walls of a clean cham-
ber of this volume (S = 0.3 m? for a spherical chamber) should be low compared
to leakage (see Section 4.3). It is likely, therefore, that this pressure rise is due
predominantly to air in-leakage.

If pressure-rise measurements indicate that a search for a leak is
worthwhile then it is likely that helium will be used as a search gas and
a commercial mass-spectrometer leak detector (MSLD) will be used
as a selective helium detector. In practice, with a leaking system, air
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in-leakage is of concern. If helium is used as a search gas, the indi-
cated leakage will be different to the air in-leakage. Depending on the
nature of gas flow in a leak, the relationships between the leak rates
for different gases (assuming identical temperatures) are given by the
expressions:

For viscous, laminar flow:

qL.gas 1 - M (43)

qL,gas 2 ngasl

where 1 = dynamic viscosity.
For molecular flow:

qL,gasl \/ gas2 (4'4)

qL,gas7 gasl
where M = relative molar mass.

Example 4.8

A vacuum chamber has a leak which can be considered to be a cylin-
drical pore with d=3 um and /=4 mm.

(a) If the external pressure is 10°mbar and, internally, there is a
pressure of 10~ mbar, calculate the leakage (g,) for air at 20 °C.

(b) Calculate the amount of leakage if the chamber was surrounded
by He under identical conditions.

(a) As stated in Example 4.1, leakage can be calculated having established the
flow type. At the leak inlet, /,,, = 6.5 x 10°cm (cf. Example 4.1). With d =3 x
10%cm, Kn=2.2x%x 102

If viscous, laminar flow predominates in the leak then, according to
Equation (2.14):

d ext pvac 1
Guai = 135— ] 5 mbarLs

As p... 1s negligible compared to p,,:

135(3x 107%* (1000z
0.4 2

=1.37x 10 mbar L™’

Gy aic = ) mbar L s™
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Again, as shown in Example 4.1, molecular flow would predominate at the
leak outlet.

Under these conditions:

d3
Co = 12.1 -l—Ls“l

=82x10"Ls
Grar =8.2% 107 mbarLs™

The actual leakage would be between these extreme values.
(b) For viscous laminar flow, from Equation (4.3):

(IL air n He
qL.He Nair

At 20°C (see Table 1.3):

Nue = 19.6 X 10kgm™ s
N = 18.2x10°kgm™'s 2

With He entering,

qL air X Nair

He

diie =

18.2x10°kgm™s™
19.6 x 10°kgm™ s

=1.37x 10°mbarLs™ x 0.93
=1.27x10%mbarLs™

=1.37x10mbarLs™ x

For molecular flow, from Equation (4.4):
qL,au‘ \/ M, He
qL He alr

q =q \/ air
LHe — YL,air
My,

=8.2x10"mbarLs™"' x2.7
=2.2x10%mbarLs™

Example 4.9

A component is attached to a vacuum system (¥ = 100 L) via an isolation
valve. The free volume of the component and its connection to the valve
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is 40 cm®. With the valve open, the base pressure in the system and the
component is 10-* mbar. The component has a leak of 2 x 10 mbar Ls™

(a) If the valve to the system is closed for an hour, what pressure will
be established in the component?

(b) If the system’s pumps are isolated and then the valve opened
quickly, to what level will the pressure increase?

(a) If the component isisolated at a pressure of 1 x 10 mbar, the amount of gas
initially present = 0.04 L x 107 mbar
=4x10%mbarL
(negligible compared to the amount in-leaking)
With leakage = 2 x 10"°mbar L s entering the component, after 1 h
the amount of gas present in the system

=2x 10" mbarLs™ x 3600s
=7.2x102mbarL

In 40 cm® (0.04 L) this would give a pressure of:

7.2x 1072mbarL

0.04L
= 1.8 mbar

(b) On isolation from the pump, the amount of gas present in the system

=1x10°mbar x 100L
=10"mbarL

(negligible compared to the amount in the component)
On opening the valve to the component, 7.2 X 10~ mbar L enters the
system.

From: Pcomp X Vcomp = Pcomp + syst X Vcomp + syst
= Peomp + sy X (100.00 + 0.04 L)

~7.2x10”mbar L
pcomp+ syst ]0004L

=7.2x 10" mbar

A very convenient way of detecting and measuring leaks is to use a tracer
gas (such as He) and a selective tracer gas detector, such as a helium leak
detector. In addition to the mass spectrometer, MSLD include a high
vacuum pumping system of definite pumping speed.
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With vacuum systems, the accepted method (‘vacuum’ method) of
leak detection/measurement is to evacuate the object/system under test
and with the MSLD coupled via its inlet port, apply He externally and
observe the response from the MSLD.

There are two procedures:

(1) for leak localisation — the test object is sprayed methodically on the
outside with He. This finds leaks, but total leakage cannot be
measured.

(ii) for evaluation of total leakage — the test object is connected to the
leak detector and a definite concentration of He is applied to the
outside by surrounding it with an enclosure (usually a plastic bag)
which is purged before admitting helium.

With MSLDs, it is usually necessary to establish a low pressure (0.1 to
a few mbar) at the inlet before quantitative leakage measurements can be
made. The pumps in MSLDs used to establish high vacuum conditions in
the ion source are frequently used to provide some pumping capacity
(usually quite low (~ 1 Ls™)) at the LD inlet. With small test objects (for
example components with volumes < 1 L), evacuation to the test pressure
in a reasonable time may be possible just by connecting the leak detector
inlet directly to the object. In most cases, however, the size of the system
is such that auxiliary vacuum pumps with larger capacity than those in
the LD have to be used at the same time. This reduces the sensitivity of
the leak test. For testing vacuum systems, either new equipment or as a
maintenance and/or fault-finding procedure, the MSLD may be con-
nected either directly to the chamber or to some appropriate point in the
pumping set of the system.

Example 4.10

A portable helium leak detector has a pumping speed for He of 1 Ls™ at
its inlet. It is connected directly to a chamber which has its own pumping
system. To reduce the test time and also maintain a low enough pressure
for the connection of the leak detector, the chamber’s pumping system
(S.t ne = 100Ls™) is used in the test. If the chamber has a leak equiva-
lent to 10°mbarLs™ He, calculate approximately the leak rate (g;,)
which would be shown on the MSLD.
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g =1x10"mbarLs™

A leak detector shows a signal proportional to the incoming flow of tracer
gas.

TOtal ﬂOW iIl system (qL) =pHe Seﬁ.He + pHc SLD,Hc

Flow to leak detector = py, Sip

Flow to leak detector Pue Sip
Total flow (g.) _pHc Ser+ Pue Sip
SLD
=g ——— 4.5
qmd qL Seﬂ-+ SLD ( )
. N 1Ls™
=1x10"mbarLs™ X —————
100Ls" +1Ls

=10"mbarLs™

Example 4.11

The high vacuum system shown below has a leak of 1 x 10 mbar Ls™. It
has various ports (shown as 1, 2 and 3 in the diagram) where a leak
detector can be connected.
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1x10°mbar L s' ——»

— 1

i

Spp=20,000 L s™

2

@) —’_1 , Shoos=1,000 m3h™" (278L s7)
O
!

Siotary=200 m*h™ (56 L ')

The leak detector has the following characteristics:

s lowest detectable He leak rate =1x10""mbarLs™
* maximum allowable inlet pressure = 0.5 mbar

+ pumping speed at inlet =1Ls"

* maximum throughput =10"mbarLs™

Assess the effect on its sensitivity of attaching the LD at the various
possible positions. Assume that the effective pumping speeds are the
given pumping speeds and independent of gas type.

Position I Direct connection to the chamber.
From Equation (4.5):

1Ls!
2x10*Ls'+1Ls"

Gina=1x10"mbar Ls™ x

=5x10""mbarLs™

This is not normally the most effective connection point because the
sensitivity is reduced enormously (Spp > S;p) and in this case the
indicated leakage is close to the lowest detectable leak rate.

Position 2 Connection between the DP and the backing pump.
In this case the Roots pump is part of the backing pump set.
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1Ls™

X 10 mbarLstx———5
Tind S 8 Ls + 1Ls

since 1000 m* bt =278 L g™
Gina = 3.6 x 10 mbar Ls™

Position 3 Connection between the outlet of the Roots pump and the inlet to
the rotary pump. Here, two situations may arise:

(1) the pressure at the connection point is below 0.5mbar. In this
case:

I1Ls™!

ma=1x10"mbarLs™" x —————
Fna T Sl T+ ILsT

=1.8x 107 mbarLs™

(2) the pressure at the connection point is above 0.5 mbar. In this
case a throttle must be inserted between the system and the
MSLD. The throttle can then be adjusted to give the maxi-
mum throughput acceptable to the MSLD (10~ mbar Ls™). The
indicated leak will then depend on the amount of gas handled by
the DP. For example, it is not unexpected for a 20000 L s~ diffu-
sion pump operating at 10~ mbar to have Spp ~ 1800 Ls™' (see
Figure 3.9 and Example 3.11). Therefore g,,, = 18 mbar Ls

ind _ 4pV,MSLD.max
qL qpv.0p

10" mbarLs™

So, a =1 x 10" mbarLs™ x
© Gina L s X e mbar L s

=5.6x 10 mbarLs™"

In leak detection, as rapid a response as possible is required from the test
object-leak detector arrangement. It is generally assumed that the sig-
nal from the leak detector in the presence of He builds up exponentially
(and decays in a similar manner after He investigation stops). In such a
case, the response time (¢) is expressed in terms of a time constant (t).
For an increase in signal to 63% of its equilibrium value:

<

[63%:’[ =§ (46)

where V' is the internal volume of the test object and S is the pumping
speed for He of the arrangement.
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For 95% of the steady-state signal:
V
tog = 3v =3 (4.7)
For the steady-state signal:
14
lss=5T= SE (4.8)

Example 4.12

The chamber in Example 4.11 has a volume of 5m®. The volumes of the
diffusion pump and the connecting line to the chamber are 100 L and
660 L, respectively. The volume of the connection between the Roots and
diffusion pumps is 10 L. Calculate the response time for 95% of the final
signal on the leak detector when it is connected in positions 1 and 2.

V
From Equation (4.7) the response time to 95% signal (#y5,) 1s 3—5.
In position (1):
. 3_If_ 3x(5000L +660L)
TS T (2% 10°Ls + 1Ls™)
=09s

In position (2), the response time would include the above time and the add-
itional time:

3(100L+10L)
(78Ls' +1Ls™)

=09s+1.2s
=2.1s

t95% = 0.9 S+

4.3 OUTGASSING

Any material which has been exposed to — or manufactured in — atmos-
pheric air will have gas adsorbed on the surface, or dissolved or absorbed
in the bulk. On evacuation, therefore, the walls of a vacuum system and
the components and material being processed inside will tend to re-emit
this gas. This phenomenon is generally termed outgassing.

It is not possible to predict outgassing behaviour from even a detailed
knowledge of surface composition, and so a considerable number of
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measurements have been made on the range of materials likely to be used
in the fabrication of vacuum systems or to be processed within them.
Outgassing from a surface decreases with pumping time. A relatively
simple formula can be used to describe measured data.

At constant temperature, the time-dependence of outgassing follows
the relationship:

. a A 4.9
Gos = 1y (4.9)
where ¢, is the throughput due to outgassing
A is the geometrical surface area
a;, 1s a fit parameter identified as the specific outgassing rate
after 1h
a 1s the exponent of decay. It is the negative slope of the
outgassing curve presented as a log/log plot of /A4 vs time

For metals, ceramics and glasses, this formula is applicable for times up
to 100 h or more. With polymers (e.g. PTFE, Nylon, ezc.), a single set of
parameters for Equation (4.9) may be insufficient to fit the observed
behaviour over a given time interval and the further use of Equation
(4.9) with other parameters may be necessary. Values of o cover a range
from 0.2 to 1.2 but a = 1 or 0.5 are frequently found. The former value
is shown for metals, glasses and ceramics and indicates desorption
predominantly from the surface of the material. The value of 0.5 is
associated with plastics and elastomers and indicates diffusion-
controlled outgassing from the bulk.

Polymeric materials generally show higher outgassing rates than
metals and ceramics. At room temperature it is accepted that, for
materials previously exposed to ambient air, 80% or more of the out-
gassing flow is water vapour. Apart from water, however, some polymers
release volatile organic compounds.

For a vacuum system made of and/or containing various materials,
the overall outgassing flow is the sum of the contributions from all the
materials. Thus:

g =alh,1Al a4, ay; A;
CHMET g/ Th)  (#/1h)*=  (¢/1h)*®

(4.10)

where a,,; and o, are the fit parameters for material 1, a,,, and a, are the
fit parameters for material 2 and so on.
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Some values of a;, and a are given in Table 4.1

Table 4.1 Some outgassing parameters for various materials

Material ay o
(mbar Ls™ cm™)
Stainless steel
baked 7> 120°C 5x 107 1
electropolished 5x 107 1
no special treatment 3x 107 1
Al and Al-Mg alloys 6x107° 1
Mild steel 5x107 1
PTFE 6x107 0.6
PVC
hard 1x10° 0.5
soft 1x107 0.5
Example 4.13

The walls of a vacuum system have a surface area of 4m”. The specific
outgassing rate (a;;,) is 4 x 10*Pam*s'm™ and a = 1. If it is assumed
that there are no other significant gas sources, calculate the pumping
speed necessary to achieve 10~ mbar after 55 min.

From Equation (4.9):

) _4x10”Pam’s' m” x4m’
qoutg,iimin - (55/60)1

=1.75x 107 Pam’s™
=17.5%x 10 mbarLs™

If p=10"mbar
then S= Foug
p
_17.5x10” mbarLs™
B 10~ mbar
=175L5s""
Example 4.14

A typical outgassing rate for austenitic stainless steel is 9 X
10®* mbar Ls™ cm™ after 1 h pumping at room temperature. What would
be the outgassing load in a chamber made of the same material having a
surface area of 0.9 m?, after 3 h pumping?
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a,=9x 10 mbarLs" cm™; assume a = 1
. 9 x 10®*mbar L s! em™ x 9000 cm?
qoutg‘Sh = (3/1)1

=3x10%x9x 10°mbarLs™
=2.7x10"*mbar Ls™

Example 4.15

A sample of an aluminium alloy to be used in the manufacture of a UHV
system has a degassing rate of 5 x 10" mbar Ls™ cm™ after pumping
for 10h.

(a) Estimate the value of the specific outgassing constant.
(b) Calculate the amount of outgassing after 6 h for a spherical
chamber having a volume of 56 L.

. a4
Toue= 11y

if o =1 then, for 4 =1 cm?

(a)

Aih = Goutg,10n X 10
=5x 10" mbar L s cm™

(b) Volume of spherical chamber = 56 000 cm’
_Anr’
3
r=23.7cm

Area of chamber = 4ny?
=7058 cm®

7058

QOutg =dyy X 6
=5x 10" mbar L s'cm™ x 7058 cm?

6
=59%x10°mbarLs™

Example 4.16

A vacuum system, made of stainless steel, has an internal surface area of
3m?. In the chamber, there are several electrical connections insulated
with PTFE. The polymer surface area is 0.3 m? If the outgassing con-
stants a;, and a are 3 x 107" mbar L s cm™ and 1, respectively, for stain-
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less steel and 6 x 107" mbarLs cm™ and 0.6 for PTFE, calculate the
total outgassing flow rate (¢,,,) for the system after (a) 1 hour (b) 3 hours
(c) 6 hours pumping.

3x 107 mbarLs'em™? x 3 x 10*cm?

(a) qoutg,ss,lh = (1/1)1 =9 x 10'3 mbar L S_l
6x 107 mbarLs em™ x 3 x 10° cm?
Qoug PTFE 1h = /s =1.8x 107 mbarLs™

q'outg,lm =10.8 x 10”7 mbar Ls™

3x 107 mbarLs cm™? x 3 x 10*cm?

(b) qoutg,ss,}h = (3) =3x 10—3 mbar L S“l
) 6x 107"mbarLs™ em™ x 3 x 10°cm?
Qoutg PTFEIN™ (3)%

_18x 10 mbarLs™
B 1.933

= q‘outg,lo( =3.93%x 10> mbar Ls™

=9.3x10*mbarLs™

3x 107 mbar Ls'em™ x 3 x 10* em?

(C) qoulg,ss.éh = (6) =1.5x% 10—3 mbarL S”I
. 6x 107" mbarLs ecm?x 3 x 10°cm?
ouig PTFE L™ (6)°°

_18x10“mbarLs’
) (6
qoutg.tot =2.11x 10_3 mbar L S_l

=6.1 x10*mbarLs

Example 4.17

From the data calculated in Example 4.16, estimate what proportion of
the total gas load after 1, 3 and 6 h is evolved from the PTFE. Comment
on the result.

PTFE contribution to total after 1k, == 17w,
contribution to total aiter . _10_8x10"3— (0]
0.93 % 10
fter 3h = ol = 24
atter 3.93x10° "
0.61 x 10~
after 6h =~ = 29%,

2.11x 107
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This indicates that, with time, gas evolution from PTFE (mostly water vapour)
becomes an increasingly important gas source. This behaviour is typical of
polymers and elastomers.

Example 4.18

A laboratory system is pumped by a turbomolecular pump (S, =
600 Ls™") to 6 x 10°mbar in 30 min.

(a) What will be the pressure and pFV throughput after 1 h pumping
if the outgassing exponent (o) = 1 and other gas sources are
negligible?

(b) What pressure will be reached after 12 h?

At 6 x 10°mbar, ¢,, to the pump is given by:

G=pX Seg=6x10°mbar x 600 Ls’
=3.6x 10° mbarLs™

(a) If g,, (above) is due to outgassing then, from Equation (4.9):

3.6x 10" mbarL s =222
(30/60)'
a,A=18x10"mbarLs™
After 1h: ¢y=1.8x10"mbarLs™'
and e 1.8 x 10 mbar Ls™
600Ls"
=3 x 10 mbar
(b) After 12h: qpv= Mmbar Ls™
(12/1)
=1.5%x10*mbarLs™
and » :l.5>< 10~ mbar. Ls™

600Ls™!
=2.5x 10" mbar

4.4 PERMEATION

All materials show some permeability to gases. In vacuum applications,
gas transmission involves three stages:
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(1) adsorption of gas on the high-pressure side
(i1) diffusion through the material
(ii1) desorption of gas on the low-pressure side.

The process is strongly temperature dependent although, even at high
temperatures, the metals and alloys used in the fabrication of vacuum
systems can be regarded as impermeable to air. The highest permeability
for a gas through metals is usually observed with H,, e.g H, permeates
significantly through Pd.

The permeation of air through some elastomers can be significant and
is shown in Figure 4.2.

permeation conductivity, kperm (mbar. L s'mm.m> bar“)

1w0e L]
o 20 40 60 80 100 150 200
wall temperature T, (°C)
<«1/T,

Figure 4.2 Permeation conductivity for some elastomers in the presence of air

(Reproduced from ref. (d), p. 509 with permission of Fr. Vieweg & Sohn Verlagsgellschaft mbH,
Wiesbaden)



136 Chapter 4

At constant temperature and for gases such as O,, N, and H,O which
permeate as molecules, the permeability of a material can be expressed as
a permeation flow rate (¢, perm):

A
qu.pcrm = kprrm ;(Pl—l’j) (4-] ])

where A is the cross-sectional area through which permeation takes
place, k., is the permeation conductivity (by analogy to thermal con-
ductivity (Adam in (ref. (d), p. 506)). d is the thickness and p,, p, are the
high pressure and low pressure values, respectively.

If kperry 18 in units of mbar Ls™ mmm™bar™. 4 in m’*, d in mm and p in
bar, then ¢, has units of mbar Ls™'.

For a gas such as H, that dissociates on adsorption, Equation (4.11)
must be modified so that:

Al
qu.perm = kpern ; (pl: _pl':) (41 ld)

Example 4.19

The permeability of borosilicate glass to He is about 3 x 10 mbar
Ls' mmm™bar™ at 20°C. Its permeability is due to its quartz content,
quartz having a high permeability to He. A system is fitted with 5 x
DNI100CF observation windows made of borosilicate glass (thickness =
6 mm).

(a) Calculate the permeation throughput of air (containing 5 ppm
He) into the system via the windows if the system is evacuated to
negligibly low pressure.

(b) During prolonged leak checking in which excessive He was
used, the concentration of He in air close to the windows
increased to 10° ppm. Calculate the He throughput into the
system.

Ignore leaks in both cases.
(a) From Equation (4.11):

3x10%mbarLs'mmm™barx 4m>x 5x 10" bar

qp V,perm = 6 mm

5xmx10.22cm?

Awindow = 4 =409 sz =0.041 m:
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. 3x10%%x0.041 m?x 5x 107 »
Gpv perm = 6 mbarLs

=1x 10" mbar Ls™ (negligible)

(b) From Equation (4.11):

3 x 10°mbar L s mmm™bar x 0.041 m? x 107 bar

6 mm

qp V.perm =

=2.1x10"mbarLs™

The permeation of He through quartz glass is exploited in He leak
detection. Test leaks have many applications including the calibration of
MSLD (Section 4.3) and the assessment of the sensitivity and response
time of the system.

Example 4.20

A test leak (shown below) consists of a quartz diffusion barrier of length
70 mm, internal diameter (&) 10 mm and wall thickness (d) 1 mm. If the
reservoir contains 400 mbar He and discharges into a vacuum via the
vacuum connection flange, calculate the leakage at 20 °C (k,.,, quartz
glass = 5 x 10° mbar L s mm m™ bar).

vacuum
connection
flange diffusion wall
! < - « J .| ~stainless
\\@ﬁ\\\ G Teoynvn o V) steelbody
shut-off-valve helium reservoir
Surface area of quartz glass = nd’/ = 22cm? d = 1 mm
. . » B 22m?® 0.4bar
Gpp perm =5x 10" mbar L s mmm™ bar X X

10 1 mm
=4.4x10®mbarLs™
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Example 4.21

A He permeation test leak has a nominal value of 3.5 x 10 mbar L s™ at
23°C. It has a reservoir (200 cm®) filled with He at 400 mbar. How long
will it take before the leakage has fallen by 10%?

att=0=3.5%x10"mbarLs!
att =¢=3.15%x 10 mbarLs™'

qp V,perm
qp V,perm

In this time, the reservoir pressure has fallen from 0.4 bar to 0.36 bar.

Assuming that loss of He can be modelled as a pumping process, then:

Gprae0=3.5x10"mbarLs™ =p, _,x S;z=400 S zmbarLs™

3.5x10°
then Seﬂ=WLS
=8.75x 10" Ls™

The time taken for the pressure in the reservoir to fall from 0.4 to 0.36 bar can be
calculated from the standard expression:

eff Pi=:

{ 02L . 400
8.75% 107 L £360

~0.2x2.303x0.0458
- 875x 10
=241 %107 x 10's

=2.41x10%s
=7.6 years

Example 4.22

According to Figure 4.2, k., for air for an FPM elastomer (e.g. Viton)
at 30°C is (7.5 = 2) x 10° mbar Ls” mmm™bar. For a DN250 com-
ponent attached to a vacuum system by an O-ring (normal diameter =
5mm; in compressed state, assume an elliptical cross-section of height
(h) 2.5mm and width (d) 8 mm), calculate the permeation flow rate
through the O-ring.

. A
qp V,perm = kperm ; Ap



Gas Sources and Attainable Pressure in Vacuum Systems 139

1
=(7.5%2)x 10 mbar L s mmm™bar X td’o_ine X Hoging X gmm‘I x 1 bar

82 x0.25 1
=(7.5%2)x 10> mbar L s'mmm™bar x ——1—04——m2 Xgmm“ x 1 bar

=(1.9%0.5) x 10°mbarLs™

Note: d' pyys =261 mm so nd’ =82 cm.

Example 4.23

A cylindrical vacuum chamber (d = 0.75m, / = 3m) has demountable
ends sealed with O-rings (uncompressed diameter of O-ring material =
5mm; dimensions in the compressed state as in Example 4.22). The
chamber is fitted with 10 x DN40 KF O-ring sealed feedthroughs
(diameter of O-ring material in the uncompressed state = 3 mm; on com-
pression O-ring material assumes an elliptical cross-section with height
2mm and width 4mm). All O-rings are made of NBR elastomer e.g
Perbunan. '

(a) Calculate the flow rate due to permeation into the evacuated
chamber at 25 °C.

(b) If the chamber is made of stainless steel (a,, = 5 X
10 mbar Ls™' cm™), compare the total gas load after 24 h and
48 h pumping with the throughput due to permeation.

(a) For NBR elastomers, from Figure 4.2, k =3 x 10”mbar L s mmm™bar at
25°C.
For the door seals:

total permeating length = nd x 2
=4.72m

permeating area = 4.72 X ﬁmz

=0.012m?
1
Qv permadoors = 3 % 107 mbar Ls™ mmm ™ bar X 0.012m”* x gmm’1 x 1 bar

=4.4x 10" mbarLs™

For 10 x DN40 KF O-rings:

total permeating length = nd x 10
=1.29m
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2
permeating area =1.29m x Wm

=2.6x 107 m?
. 1
v permpnao = 3 X 102 mbar Ls™ mmm™bar x 2.6 x 107 m’ x me“ x 1 bar

=1.95x 10”mbarLs™

q[iV,perm,tolal =6.4x 10" mbarLs™!

. @A
Towe = 1)

(b)

d2
A =ndxl+2nZ

=8 x 10*cm?

) 5x 10 mbarLs™ em™ x 8 x 10*cm?
qoutg,24h = 2 4

4x107
24

=1.7x 10*mbarLs™

mbarLs™

Although permeation is significant, it is only 27% of the gas load into the
system, even after 24h pumping.

. a4
qoutg,48h = (t/l—h)u
5% 10°* mbar Ls™ cm™ x 8 x 10*cm?

48
=8.3x 10 mbarLs™!

After 48 h, permeation is contributing 43% to the gas load in the system.

4.5 ATTAINABLE PRESSURE

The required vacuum pressure in a system can only be achieved if the
vacuum pump can deal with the gas load. Low gas pressures can be
obtained if:

(1) Qpv seakage and ¢, . are sufficiently low and
(i1)  ¢,poug is small enough and

(lll) Qp V,pump backstreaming 13 neghglble‘
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Example 4.24

A cylindrical vacuum chamber has an internal diameter of 70cm and a
length of 2.5m. It is made of cleaned stainless steel and evacuated with
a combination of diffusion and rotary vacuum pumps. Measurements
of the outgassing rate of the chamber material, cleaned according to the
same method, give the following data:

(a)

time (s) outgassing rate (Pam’s'm™)
10° 1.9 107
10 1.9x 10
10° 1.9x107

(a) What is the rate of gas flow from the walls after 45 minutes of
pumping?

(b) If the chamber has a leakage rate of 6 x 10 mbar Ls™!, what is
the effective pumping speed of the diffusion pump if a pressure
of 1 x 10”° mbar is to be achieved after 45 min?

(c) What is the achievable base pressure for the system?

After 10°s, the outgassing rate from the walls is 1.9 x 107 Pam’®s™"' m™:
a;=528x10" Pam’s” m™

(check by calculating g, 1o+ a0 Goyq 10%)-

Assuming that the chamber ends are hemispherical, the area of the walls
and chamber ends (neglecting the entrance area of the diffusion pump,
gauges, efc.) is:

4nr’
Alot = Awalls + Aends = Tl:dl + _2_ X 2

where d and r are the chamber diameter and radius, respectively, and / is the
chamber length.

=55m?+ 1.54m?
=7.04 m?

. _5.28x10*Pam’s” m™x 7.04 m’
qou\gASmin - (45/60)1

=50x107Pam’s™!
=5.0x102mbarLs™
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(b) q'tot.45min = qleak + qoutg
=0.6x 102mbarLs™ + 5.0 x 10?mbarLs™
=5.6x10?mbarLs™

_ qtot

Seﬁ"

From:

Sef[ z-q'ﬂ
P

56X 102mbarLs™
" 1x10°mbar

=5600Ls™

(c) The base pressure of the system will ultimately be determined by leakage
into the chamber

6x 10 mbarLs™!
5600Ls™

=1.1 x 10 mbar

Doase =

Example 4.25

A vacuum vessel (V' = 50L) is evacuated by a diffusion pump backed
with a two-stage rotary vacuum pump. There is a leakage of air into
the vessel and a desorption gas load (water vapour) of 1 X
10™*mbar Ls™'. The pumping speeds of the diffusion pump for air and
water vapour are 100 Ls™ and 120 Ls™, respectively. Between the diffu-
sion pump and the vessel is a valve having a conductance for air of
100Ls™.

(a) If a pressure of 5 x 10 mbar is established in the vessel: (i) How
large is the air leak? (ii)) What are the partial pressures of air and
water vapour? (iii) What would be the total pressure immediately
above the diffusion pump (assume that when the valve is fully
closed, the pressure above the diffusion pump is negligibly
small)?

(b) If the valve is kept closed for 1000s, what is the pressure in the
vessel? (Assume the outgassing flux remains constant with time.)

(a)(i) We need to find the effective pumping speed of the diffusion pump above
the valve for air and for water vapour:
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Seﬂ",air
From Equation (2.5):
1 1 1 1 1
=4 =4 —
S eff,air S 0,air Cvalvc.air 1 OO 1 OO
Seﬁ,air =50L S_l
SeftH,0

From Equation (2.38):

C =C Mo g
valve, H,O = “valveair S

Myo
=100 2—9-Ls“1
18
=127Ls™
1 1 1 1 1

Seff,H:O SO.HzO Cva]ve,HZO 120 127
Symo=61.7Ls"

In the vacuum vessel:

_ _ qg V,air qu,H ¢}
ptot_pair+pHEO—S +S :
eff.air eff,H,O

5% 1076 b qu,ai,- n 1% 10_4 Il'lbf:l.I'LSA1
mbar =
50Ls™ 61.7Ls™

Gpvar=1.7x 10" mbarLs™

1.7%x 10*mbarLs™'

(ii) Paic = SOLs =3.4x 10°mbar
1x 10™*mbarLs™ .
Puo= 6L 7L =1.6 x 10 mbar
(ii1) Prot = Paic T Pno
1.7x10*mbarLs? 1x10*mbarLs™
T 1loLs' T 120Ls!

=1.7 x 10"° mbar + 0.83 x 10 mbar
=2.5x 10" mbar

143
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(b) If the valve is fully closed for 1000 s, the established base pressure for the
system (5 x 10 mbar) will change by Ap which is given by:

Ap
Gpvair + Gy =V—"

At

- (qu,air + qu,HZO) mbar L S‘l x 1000 s

50L
=5.4x 107 mbar

Ap

Pueser= 3 X 10 mbar + 5.4 x 10 mbar
=5.4x 10 mbar

Example 4.26

The surface area of a vacuum chamber is 2m? and the outgassing con-
stant is 1 X 10*Pam®s™ m™ (not varying with time). N, is admitted at a
rate of 2x 10 Pam’s™.

(a) What is the pumping speed required to maintain 10~ mbar in the
system?

(b) If a pump having the speed required by (a) is attached to the
system via a valve with an internal diameter of 300 mm, is the
pressure achievable?

(c) By baking, the outgassing rate is reduced to 2 x 10°°Pam?3s™.
What pumping speed is now necessary to achieve the same
pressure?

(a)

Govomg =2 % 10*Pam’s™ =2x 10" mbar Ls™
Gprn, =2 % 10°Pam’s' =2x 10  mbar Ls™

dpvtotal = 2.02x 10 mbar Ls™

Since = Doriot
Seir
Required S, =2.02 x 10 mbar L s™!
10~ mbar
=2.02x10*Ls™

(b) Assume the conductance of the valve under high vacuum conditions is
equivalent to an orifice of 300 mm diameter. For air under molecular flow
conditions:

From Equation (2.23):
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Corair =11.6 ALs™
In this case:

A =707 cm’
Cor,air = 8200 L S_l (Cor.air = or,Nz)

With outgassing, > 85% of the gas load is water vapour. From Equation
(2.38):

Cobj,B = Cobj,A %
My
Cortio= Corair\/g
o Y18
=10408 Ls™
S,z of the pump attached via the 300 mm valve can be calculated from
Equation (2.5):
Lot
Sex Sopump  Cor
1 1 1

= +
Sern, 20200 8200
Sy, =5831Ls™
and  S,gy0=6868Ls™
(assuming that S, is independent of gas type).
From this, it can be shown that p,,, = 2.93 x 107 mbar.
Thus, the pressure in (a) is not attainable.
(c) After baking:
Gpvomg =2 % 10" mbar Ls™

Gpyn, =2 % 10 mbar Ls™

Qo =4x 10 mbar Ls™

q V.tot
Se — 2pritot

o=
_4x 10 mbar Ls™!
~ 107 mbar

=400Ls™
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Example 4.27

A gas stream consisting of 4% H, in Ar is admitted to a vacuum chamber
via a mass flow controller. The throughput is 5sccm. The chamber is
pumped by a turbomolecular pump (S, = 100 L s™', independent of gas
type). A throttle valve between the chamber and the TMP is used to
control the chamber pressure. In the fully-open position, the conduct-
ance of this valve for Aris 100 Ls™. Is the gas composition maintained at
the working pressure of the chamber if the valve is fully opened?

5% 1013 .
p¥rorin = J SCCM = mmbar Ls
=0.084 mbar Ls™

qPV,lot,in = QpV.Ar + qp VH,

= 0'96qu.wt + O'O4qu.tot
=0.081mbarLs" +3.36 x 10 mbarLs™

Sormp = 100L s (independent of gas type)
Under conditions of molecular flow:
C\'alve.Ar = 100 L shl # vaallve,H2

From Equation (2.38):

40
Cvalve H, = 100L s_l X~
o 2
=447 Ls™
From Equation (2.5):

Searmpar= 0L s

and Serrvpn, = 82Ls™

In the chamber:

Dot = Par + D,
Doy v,
Seﬁ",Ar Seﬁ'.Hz
0.081 mbarLs™" 3.36x 10?mbarLs™
=T soLs' 82Ls"
Diot = 1.62 x 10 mbar + 4.10 x 10~ mbar = 1.66 x 10~ mbar
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pu,_4.10x 10~ mbar

So =
P 1.66 x 107 mbar

= 2.5% (not 4%)

i.e. composition is not maintained.

However, if:
SH2 = SAr.
Dot = 1.62 x 107 mbar + 6.72 x 10~° mbar
=1.68 x 10~ mbar
and

P — 494
P tot



CHAPTER 5

Total and Partial Vacuum Pressure
Measurement

5.1 INTRODUCTION

This chapter begins by looking at the measurement of total pressure in
vacuum systems. The procedures and methods for pressure measurement
throughout the vacuum range (1 bar to 10" mbar) are introduced.
Important characteristics (including sensitivities to various gases) of
some vacuum gauges are discussed in detail and illustrated by relevant
examples.

The identification and quantification (partial pressure measurement)
of the gaseous components in vacuum systems is of increasing import-
ance in vacuum technology. This is achieved by the widely applied
method of residual gas analysis. The simple theory of this is stated and
relevant examples illustrate the application.

5.2 TOTAL PRESSURE MEASUREMENT

Introductory comments on pressure were made in Section 2.1. Particu-
larly important is the fact that the pressure of gas in a system is a con-
venient expression of the particle number density (#) in that system (see
Equation (1.5)).

There are two general procedures for pressure measurement: direct and
indirect.

Direct methods are based on the fact that the force that constitutes
pressure can physically shift a surface to which it is applied. Indirect
methods monitor either the particle number density or a property of the
gas that depends on n. Direct methods yield pressure information that is
independent of the nature of the gas whilst pressures indicated by
indirect methods are dependent on gas type. The need to have the two
methods arises from the fact that, at low pressure, the forces involved are
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extremely low, and direct measurement becomes difficult if not

impossible.

5.2.1 Direct Pressure Measurement

This can be carried out using a range of devices (Figure 5.1).

DIRECT

[

mechanical
deformation

1

liquid
column

pressure
balance

| |

Diaphragm Bourdon | [capsu!e Piezo-
tube J electric

e.g. | l I Hg, water,
capacitance simple Aneroid quartz other
manometer | barometer crystal

spiral
inductive

helical

Piezo-resistive
strain gauge

Figure 5.1 Instruments used fo

r direct pressure measurement

(Reproduced from ref. (k) with permission of the Institute of Measurement and

Control)

Manometers consisting of liquid columns of, commonly, mercury or
a fluid such as silicone oil, have been used extensively in the past to
measure gas mixtures in, for example, experimental, static investigations
of the overall kinetics of gas-phase reactions. They continue to be used
in many applications, including the establishment of primary pressure
standards in several countries.

A simple manometer consists of a glass U-tube filled with a liquid of
density p (see Figure 5.2).

Example 5.1

(a) If, in Figure 5.2 (b), the reference side of the manometer is
evacuated to a negligibly low pressure by means of a valve
leading to a vacuum system and the liquid in the manometer 1s
mercury (Pyg goc = 13.595 gcm™), calculate / if normal atmos-

pheric pressure is applied to the open side (g = 9.80665 m s™).
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density p
Py—po=hpg (5.1) PPt = hpg (5.2)

Where # is the difference in height between the two levels
and g is the local acceleration due to gravity.

Figure 5.2 U-tube manometer configuration: (a) open type, (b) closed type

(b) If a similar manometer is being considered but using silicone oil
(Pasec = 1.07 gem™) as the fluid, calculate # when normal atmos-

pheric pressure is applied.

(a) p=hpg
2.=101325Nm™
hel__ 101325Nm™
pxg 9.80665ms2x13.595x%x 10°kgm™
=0.760m

=760.00 mm

P
(b) =
pg

101 325N m"

T9.80665ms x 1.07 x 10° kgm
=9.66m

A much more convenient method of direct pressure measurement
involves the deflexion of a sensing element (e.g. a tensioned diaphragm
made of a suitable metal or ceramic or a Bourdon tube) which separates
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the system from a reference volume. The force (F) on the sensing element
(area A) gives rise to its deflexion:

F=(psys—prcf)A (53)

and the deflexion may be estimated mechanically (as in simple Bourdon
tube gauges) or electrically (as in capacitance diaphragm gauges).

In appropriate applications, capacitance diaphragm gauges (capaci-
tance manometers) now replace liquid-in-tube manometers and Bour-
don-type devices. (The exception is the use of manometers as primary
pressure standards.) The principle is used for pressure measurement in
the range 10s of bar down to 10™mbar, although a single head can
only be used for low uncertainty measurement over four decades. For
the highest precision in vacuum technology, temperature-controlled
heads are available with full-scale readings in the range 10°mbar to
1 mbar.

Example 5.2

A mercury-in-glass manometer consists of a length of glass tubing
(! = 100cm, d = 1.3cm). When evacuated at 20°C, the height of the
mercury in the tube is 750 mm. When isolated from the pumps, air
leaks into the manometer and over a period of 2h 47 min, the level
falls to 650 mm. Assuming the temperature remains constant, calculate
the air in-leakage in mbar Ls™ (density of mercury = 13.5458 gcm™ at
20°C).

Height of mercury column changes from 750 to 650 mm

Ap=hpg=0.1mx 13.5458 x 10°kgm™ x 9.806 65 m s>
=1.328 X 10*Pa
=132.8 mbar

Volume of gas in which pressure change has occurred
=nrth

where 4 =length of gas column between mercury level and point of isolation
from system (100 — 65 = 35cm)
r =0.65cm
V =46.46 cm®
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. 46.46%132.8 .
Gas accumulation = ————IOB—mbarL in 10%

Air in-leakage = 6.2 x 10*mbar Ls™

Example 5.3

Two types of direct pressure measuring gauges are available for meas-
urement in the range 1 mbar to 100 mbar. One measures the deflexion of
a diaphragm piezoresistively. It has a full-scale reading of 200 mbar and
the measurement uncertainty is 0.2% full-scale. The second gauge is a
capacitance diaphragm gauge with a full-scale deflexion of 1330 mbar
and an uncertainty of 0.2% of the reading. Which is the more precise for
pressure measurement in the required range? (Common methods of
expressing uncertainty taken from ref. (k) with permission.)

A summary of the gauge characteristics is given below:

Piezoresistive gauge Capacitance diaphragm gauge
FS =200 mbar FS =1330 mbar
Uncertainty = 0.2%FS Uncertainty = 0.2% reading
Pressure Uncertainty Percentage Uncertainty Percentage
reading (mbar) equivalent of (mbar) equivalent of FS
(mbar) reading reading
1 0.4 40 2x 107 <107
10 0.4 4 0.02 107
100 0.4 0.4 0.2 0.02

Clearly the CDG is the more precise in the range considered.

5.2.2 Indirect Pressure Measurement

5.2.2.1 Thermal Conductivity Vacuum Gauges. A very widely applied
gauge of this type is the Pirani gauge. Such gauges consist of a wire
(Pt, W or Ni, d=5-20 um; / ~ 5 cm) mounted axially in a cylindrical tube
(d ~ 2cm). The wire is heated by an electric current to approximately
100 °C above the ambient temperature and heat loss occurs by three
mechanisms, as indicated in Figure 5.3.

Example 5.4
(a) Sketch a simple Pirani-type thermal conductivity gauge head and
describe the principle of operation.
(b) Indicate typical applications of such gauges.
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is approx. 100 °C above that of its surroundings by an electric current. Heat is
lost from the wire according to the mechanisms indicated (Qgus, Qrag and Qeng)-
Q.. and Q. are pressure-independent effects that simulate a heat loss even
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when p =0 (Qua + Craa = S Po)- ans is pressure-dependent in a restricted range

and can be represented as:

4
1+gp

OQps =S (5.4)

where §=a constant (gauge sensitivity) which depends on the properties of
the gas
P =pressure
g =a factor to account for the geometrical arrangement of the gauge
components.

If the sensing wire is at a constant temperature and the ambient temperature
also remains constant, the electrical power to the wire:

Qelec =VxI (5'5)

is equal to the heat lost from the wire or:

Qelec = Vw%re/ Rwire = S (Po + ) (56)

l+gp

If Q... or some related quantity is measured and electrically supplied to the
sensing element, the dependence on p is as shown (see Figure 5.3).

Pirani gauges are usually operated with a constant sensing element tempera-
ture (and hence constant R,,.) and the power required to maintain the constant
temperature is measured. This can be carried out by having the wire as part of a
Wheatstone-bridge-type circuit where the voltage to the bridge is controlled by
an amplifier so that R, remains constant. In practice, the bridge is slightly
unbalanced and the voltage (V) applied to the bridge is indicated. The relation-
ship between V/; and p is then given by:

4
VI = \/Relement S(p() + 1 ) (57)
+gp

This gives a non-linear scale with a zero pressure at about 10> mbar.

Using a more complex electronic circuit, the zero pressure (with the sensing
head at p < 10~ mbar) may be compensated for with a zero-adjustment potenti-
ometer. The required temperature of the wire (and hence S) is adjusted by
another potentiometer (atmospheric pressure adjustment). By using these two
potentiometers, adjustments can be made so that gauge heads are interchange-
able and may be connected to any suitable power supply.
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(b) Although Pirani gauges can indicate pressures between 10° and about
10 mbar, their usefulness is restricted to pressures between approximately
100 mbar and 107 mbar. The uncertainties in the measurements are: < 20% of
the measured value in the range 10~ to 10”?mbar and < 15% of the measured
value in the range 1072 to 10> mbar. Pirani gauges are most widely used in the
medium vacuum range. Specific applications include the monitoring and control
of backing-line pressure in, for example, diffusion- and turbomolecular-pumped
systems. They are also useful in monitoring the pressure during regeneration of
cryopumps.

Further, since Pirani gauges working with a constant sensing-wire tempera-
ture have short response times (a few 10s of milliseconds) and provide 0-10 V
outputs, they have general use in pressure control.

Example 5.5

(a) Does the indicated pressure on a thermal conductivity vacuum
gauge depend on the gas and, if so, why?

(b) A Pirani-type gauge, adjusted and calibrated using N,, is being
used to measure H, at a pressure of 1 mbar. Will the indicated
pressure be different from this?

(a) The indicated pressure is dependent on the type of gas because of the
different thermal conductivities of the gases. For example, at 20°C and
standard atmospheric pressure, the thermal conductivity of H, is
0.183Wm™ K" whilst that of N, is 2.55 x 10?Wm™ K™ (see ref. (d) for
example).

(b) Since the thermal conductivity of H, is significantly greater than that of N,
more heat will be lost from the sensing element by conduction through H,
than N, at the same pressure. The indicated H, pressure will therefore be
higher than the actual pressure.

5.2.2.2 lIonisation Gauges. Anionisation gauge measures the pressure in
a system by ionising a fraction of the gas particles from the system.
Ionisation by electron impact is used, the electrons being generated either
thermionically (‘hot cathode’ gauges) or in a magnetically sustained gas
discharge (‘cold cathode’ gauges). An electrical quantity proportional to
n (the particle number density) is measured. For hot cathode gauges, this
is the ion current. For cold cathode gauges, the discharge current is
measured.

Hot cathode ionisation gauges. The basic hot cathode ionisation gauge
is shown in Figure 5.4. A heated cathode (C) emits a current of electrons
(I") that is accelerated through a voltage between the cathode (Uc) and
the anode (U,) at a more positive potential. Electrons acquire energy
according to U, — Uc. They collide with gas particles, which may be
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Anode
!
Cathode : lon collector
|
l
o
Ue U,
(+ 50V) (+ 200V)
ref. (e)
A = Anode
C = Cathode

IC = lon collector

Figure 5.4 Schematic diagram of a hot cathode ionisation gauge of the Bayard—Alpert type

ionised as a result. Positive ions formed in this way travel to the collector
(IC), which is negatively biased with respect to C and A, and the ion
current (/") is measured.

If N~ electrons pass from cathode to anode (path length, /) through a
gas of particle number density (#) and collision cross-section ¢ (dependent
on the type of gas and the electron energy), some of the particles will be
ionised.

If AN~ ionising collisions take place then:

AN =N"xnxoxl (5.8)
and as many positive ions will be formed as successful electron collisions
(AN~ =ANY).

The quantity:
AN = 5.9
N-x1 " (59)

indicates the number of ion pairs formed per electron per unit of path
length through the gas of particle number density ».
Dividing by time, Equation (5.8) gives:

AN* AN~ N~
p ——t_sznXGXl
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or I'=1" Xxnol (5.10)
Since:
p=nkT
then
1+:l'Xﬂe=I'Kp (5.11)
kT

where K is the gauge constant. K is dependent on several factors
including the type of gas and the gauge geometry. It is determined
experimentally.

Equation (5.10) can also be written:

I'=sI"xsxl (5.12)

where s = no.

s is termed the ‘differential ionisation’. In Equation (5.11), /"K is often
symbolised as S and termed the ‘sensitivity’ of the ionisation gauge (see
Equation (5.4).

Example 5.6

A hot cathode ionisation gauge has a gauge constant for N, of
10 mbar™. For an electron current of 1 mA, what is the ion current at
107" mbar?

From Equation (5.11);

I'=I"Kp
I"=1x1074 x 10 mbar™ ' x 10" mbar
=10"A

Example 5.7

A hot cathode ionisation gauge has a gauge constant of 5mbar™ for
N,.

(a) For an electron current of 1mA and an ion current of 2 X
10 A what is the pressure in a vacuum system containing only
N,?

(b) For the same pressure, what ion current would arise if the
electron current fell to 0.1 mA?
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(a) From Equation (5.11):

o 2x 108 A

" I'K 1x107°Ax 5mbar™

=4 x 10 mbar

p

(b) From Equation (5.11):

I'=IKp
=10*A x 5Smbar” x4 x 10 mbar

=2x107°A

Note: Tt is usual with hot cathode ionisation gauges to keep I~ constant by
controlling the cathode otherwise it would change due to surface effects such a
gas coverage.

The ion yield (and hence I*) for hot cathode ionisation gauges depends
on the type of gas involved since some gases are easier to ionise than
others. Indirect reading gauges are calibrated using N, as the reference
gas. To obtain the actual pressure for gases other than N,, the indicated

pressure must be multiplied by a correction factor for the gas involved.
Thus:

Pactual = Pindic X COTTECtiON factor (5.13)

Approximate values for the correction factor are given in Table 5.1.
For gas mixtures (i~components), an overall factor can be obtained:

! Z 1 (5.14)

_— )
factor (overall) <~ corr. factor,

where x is the mole fraction of the gas (= #n,/n .., = p;/p.o0)

Example 5.8

(a) An ionisation gauge, calibrated for air, reads 2 x 107 Pa. If the
predominant gas is H,, what is the actual pressure?

(b) If, in (a), the gas consisted of 20 v% Ar + 80 v% H,, calculate p,,
and py,.

(a) From Equation (5.13) and Table 5.1 (correction factor for H, is 2.4):
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Table 5.1 Some correction factors for the adjustment of indicated ionisation gauge
pressure to gas type

Gas Correction factor*
N,, air 1

He 6.9-7.1
Ar 0.83
Kr 0.59
H, 24

D, 2.5
CO, 0.69
CO 0.92-0.95
CH, 0.7-0.8
oil vapours 0.1

® Actual values depend on gauge type and can be different particularly near gauge upper limit.
(Reproduced from ref. (), p. 82.)

DPactual = 2x10°Pax2.4

Note: With a typical ionisation gauge, the uncertainty is approximately £10% of
the displayed value. This correction is greater than this.

(b) From Equation (5.14):

= + PR—
factor (overall) xA’()‘33 tzz' 4
02 0.8
=083 + T 0.57 (see Equation (1.9) and examples)

factor (overall) =1/0.57=1.75
Dot =2 X 10°Pa x 1.75
=3.5x10"Pa
and Par = Xar Paca™ 0.7 X 107° Pa

sz = tz Dactval = 2.8 % 10—5 Pa

Example 5.9

A chamber, fitted with an ionisation gauge calibrated for N,, is evacuated
with a turbomolecular pump (S.;= 150 L s, independent of gas type).
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(a) If N, is admitted to the chamber through a valve to establish a
pressure of 10 Pa, what is the pJ’ throughput for N,?

(b) A mixture of H, + N, (1:5) is admitted through the valve to
give an actual pressure of 107 Pa. What pressure will be indi-
cated by the gauge assuming that the correction factor for H,

s 2.4?
(a) GpvN, = Pohamber X Scff TMP
=10"Pax 150Ls"
=0.15PaLs™
(b) qu,tot = qp V.H, + qp V.N, = 0’166qtot + 0'833th
where Gt =Piot X Seg=102Pax 150 Ls™" =1.5PaLs™
So Piot =Py, +Dx,
_ dpvH, + 4dpv.N,
Seﬂ" Seﬂ'
B 0.166 x 1.5PaLs™ N 0.833x 1.5PaLs™
- 150 Ls™ 150 Ls™

=1.66x 10~ Pa + 8.33 x 10~ Pa

As indicated in Example 5.9, the gauge will indicate the H, contribution a
factor 2.4 lower than actual.

1.66 x 10~ Pa .
Phrotindic =—T+ 8.33x 107 Pa

=0.7x10°Pa+83x107>Pa
=9.0x 107 Pa

Note: This calculation assumes Sy, = Segg,. If this is not the case then

> (gy/Sers) should be used.

A relationship exists between /™ and the number of positively charged
particles arriving at the collector:

I"=

e (5.15)
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where AN is the number of z-fold positively charged particles formed by
N~ electrons and e is the elementary charge (1.6022 x 107°C).
For singly charged ions:

AN*
I'=
At

(4

or

I AN* IK
I (5.152)
e At e

Particularly at low pressures, errors may arise with hot cathode ion-
isation gauges because of two effects: the X-ray effect and gas-ion
desorption.

The lowest measurable pressure is usually determined by the pressure-
independent ion current which arises through initiation by soft X-rays
generated by electron impact with the anode. These X-rays, in turn, cause
a photoelectron current to be emitted by the collector. A pressure is
therefore indicated by the gauge that is higher than the actual pressure:

I'+1
S

Pina = (5.16)
where I, is the residual, X-ray-initiated, photoelectron current. The X-ray
limit of a gauge is the N, pressure where /, is equal to the ion current.

Ion desorption effects arise as a result of electron impact on a gas-
covered surface. In an ionisation gauge, if gas is adsorbed on the anode,
this can be partly desorbed, as ions, by the impacting electrons. Such ions
reach the collector and lead to a pressure indication that increases
initially with electron current.

Example 5.10

(a) What is meant by the X-ray limit of a hot cathode ionisation
gauge? How has consideration of the X-ray limit led to the
development of ionisation gauges for the measurement of pres-
sure below 10”7 mbar?

(b) A hot cathode ionisation gauge has a gauge constant of 0.09 Pa™
for N, and an X-ray limit of 6 x 10! mbar. For an electron
current of 10 mA, calculate the associated photoelectron current
emitted by the collector.

(c) The gauge, calibrated for N,, is attached to a system filled with
H, to a pressure of 10 Pa. What will be the ion current for an
emission current of 107 A?
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(a) The X-ray limit is the N, pressure where the X-ray current is equal to the ion
current.

From Equation (5.11):
IN,=IKp
At the X-ray limit:
I=1I3

Early hot cathode ionisation gauges were concentric triode gauges in
which a central cathode was surrounded by a coaxial cylindrical ion col-
lector. Because of the high X-ray limit, such gauges could only read down to
107" mbar. From Equation (5.16), it can be seen that the situation could be
improved by lowering /..

In the gauge developed by Bayard and Alpert, I, was decreased by
reducing the surface area of the ion collector. In Bayard—Alpert gauges
(BAG:S), the collector is a thin wire surrounded by a cylindrical, coaxial
open anode. With BAGs, pressures down to 10 mbar can be measured.

Reduction of I, to even lower levels has been achieved with, for example,
extractor ionisation gauges and measurements below 107°mbar can be
made.

(b) At the X-ray limit:

L=I"=IKp
I =102 A x9mbar™ x 6 x 107! mbar
=54x10"2A
(c) pu, =107 Pa (107 mbar)
I'=IKp (Equation 5.11)

=10"*A x Ky, x 107" mbar

Ky,

From Table 5.1: Ky =
P24

9
I'=10"*Ax ﬁmbar‘1 x 107" mbar

=375x 10" A
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Example 5.11

A calibrated hot cathode ionisation gauge has Ky = 0.09Pa™'. In
measurements on a system containing N, only, at 298 K, /™ is 10 mA.

(a) Derive a relationship between the N, pressure in the system and
the number of particles (N) arriving at the collector as singly
charged nitrogen molecule ions (N3).

(b) Calculate the pV flow of N, corresponding to the (N3) stream.

(c) If all the ions striking the collector are absorbed, calculate the
pumping speed of the gauge.

(a) From Equation (5.15a):

e t e

N* 102Ax0.09Pa xp
t 1.602x10"sA

=5.62x10%p s Pa!

(b) Let g,,x, be the pV flow of N, at the collector:

Pn, X V_N*kT
t ot

qpvN, =

From (a):

NT+ =5.62x10"ps’ Pa
Gyvn, = 5.62% 10ps™ Pa™' x 1.3807 x 102 NmK-' x 298K
=231x10°ps' NmPa™
As 1Pa = 1 Nm™, this becomes
Gy, =2.31 x 107%pm’s™
=231x10%pLs"

(C) qp V.N, = Sgauge X p

where, in this equation, S, denotes the pumping speed (in Ls™) of the
gauge.
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From (b):

qPVsz:2'31 X loipLsfl
S e =2.31 x 107 Ls™!

gauge

Example 5.12

A Bayard-Alpert gauge has a gauge constant for N, of 17 mbar™. The
gmission current can be altered from 0.06 to 0.6 mA.

(a) If the gauge is operating with /- = 0.6 mA and is attached to a
system containing pure N, at 298 K calculate the sensitivity of
the gauge.

(b) Adsorbed gases can be desorbed by electron impact. For an
ionisation in which each electron that reaches the anode leads
to the desorption of N, molecules with a probability of 107,
what is the associated electron-induced p ¥ flow?

(a) The term K/ is often termed the sensitivity (S) of the gauge.
Note: § should not be confused with the pumping speed of the gauge (see
Example 5.12).

In thiscase, S=KI
=17mbar!x6x10*A
=1.02 x 10 A mbar™!

(b) N electrons pass from cathode towards the anode. In unit time this is N7/t.
Nlt=1ITe

where e is the elementary charge.
If each electron gives rise to N, desorption with a probability of 107

N~ N,
—x107=—t
t

I N,
—x 107 =—%

e

Ngo 6x 10 A X 107

22T X 375% 101257
! 1.602x10UsA X AUTS
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Ndes
Gpy = p x kT

=3.75x10"2s"x1.3807 x 107 Nm K x 298 K
=1.54x 10 Nms™

=1.54x 10 Pam’s™

=1.54x10"mbarLs™

Note: 1f some of the gas is desorbed as ions and the ions reach the
collector, the pressure indication is not p-dependent and rises as I~
increases. If a small 7~ is used so that the number of electrons hitting the
anode is small compared to the number of adsorbed gas particles, each
electron can desorb positive ions. If /™ is then increased, N, will increase
and eventually deplete the adsorbed layer on the surface. The pressure
indication then falls and can reach values lower than the pressure shown
at small 7~ values.

Whether or not the reading is influenced by a desorption current,
[~ should be changed by a factor of 10-100 and the reading observed.
The reading at the larger I~ is the more precise value.

Cold cathode ionisation gauges. In such gauges, a gas discharge is estab-
lished between two unheated metal electrodes (anode and cathode) by
means of a high (about 2kV) DC voltage. It is maintained down to very
low pressure using a strong (0.1-0.2 T) magnetic field. Within the dis-
charge electrons exist which can participate in ionising collisions with gas
particles. The crossed magnetic and electrical fields confine the electrons
and considerably increase their path length.

The nature of the discharge depends on the pressure. For Penning
gauges at p < 107 Pa, it is sustained by a negative, circulating ring current
(Iy) established in the cylindrical anode. The ring current has the same
function as I” in hot cathode ionisation gauges. Charge carriers produced
in ionising collisions move to the corresponding electrodes and give a
pressure-dependent discharge current (/,) that serves as the measured
quantity for pressure indication.

The useful pressure measuring range for cold cathode gauges is
~107 mbar to 10” mbar. By analogy to hot cathode gauges, the follow-
ing relationship can be established:

Ip=ILK.p (5.17)

Values for K, are significantly higher than gauge constants for hot
cathode ionisation gauges.
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Example 5.13

The ring current in a Penning gauge at 298 K is 1 A. The measured
sensitivity for N, for the gauge is 2 A mbar™. If all the ions striking the
collector are absorbed, calculate the pumping speed of the cold cathode
gauge.

ID = IRchp
The sensitivity of the gauge is given by analogy to Equation (5.11) as:

S=LK,
K., =2mbar(0.02Pa™)

Gas consumption can be estimated by assuming that all the ions striking the
cathode are implanted (absorbed) then, from Equation (5.15a):

AN'" LK.p
At e

1A Xx0.02Pa”' xp
T 1.602x 1095 A

=1.25x10"ps Pa™!

If Sy, 1s the pumping speed of the gauge:
_AN'AT
gauge — At p

_1.25x% 107ps™ Pa™ x 1.3807 x 102 Nm K™ x 298 K
4

=5.143x 10*m’s™
=0.51Ls"

As indicated in Chapter 4, sputter ion pumps are based on sorption
processes initiated by gas ions formed in a Penning discharge and SIPs
achieve their high pumping speed by incorporating many individual
Penning cells.

Because of gauge pumping, it is possible for ion gauges, particularly
cold cathode types, to indicate a lower pressure reading than that of the
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system if a low conductance connection exists between the two. The
pumping speed of a cold cathode gauge is significantly greater than that
of a hot cathode ionisation gauge (see Example 5.11).

Example 5.14

The Penning gauge in Example 5.13 is fitted with a baffle (Cy, =2 Ls™) to
reduce gauge contamination, and attached to a vacuum system.

(a) Calculate the pressure in the system if the gauge indicates 5 x
10~ mbar.
(b) Is the result significant?

(a) gauge (S=0.51Ls™)

baffle (C=2 L s™)

system

The gauge will have an effective pumping speed (S, gaug) at the system side
of the baffle given by

1 1 1 1 1
= + =t -
f.gauge So Cbaﬂ‘ 051 2

S,

€l

gIvVINg S guuge = 0.41 Ls7
The continuity equation shows that:

psystem X Setf,gauge = pgauge X Sgaugc
Poysiom X 0.41 Ls™ =5 x 10~ mbar x 0.51 Ls™
psystem =6.2x 10‘5 mbar

(b) Probably not. The accepted uncertainty in Penning gauge readings is about
+30%. The indicated pressure is such that the system pressure would be
within the gauge uncertainty. Penning gauges, for this reason, tend to be
used on systems where control of pressure levels is of more importance than
precise pressure measurement.
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5.3 RESIDUAL GAS ANALYSIS AND PARTIAL PRESSURE
MEASUREMENT

Measurement of total pressure is insufficient for the characterisation of
vacuum systems. Detailed information (system cleanliness, presence of
leaks, etc.) can only be obtained by the identification of components
present in the gas phase by means of residual gas analysis. Having estab-
lished gas composition, however, the determination of partial pressures
is relatively straightforward.

Most residual gas analysers (RGAs) used routinely on vacuum systems
are based on quadrupole mass spectrometers (see Figure 5.5). They have
a mass range starting at 1 amu and ending at 100 amu.

Quadrupole exit
Focussing plate diaphragm
(extractor dlaphragm) fon source exit \
diaphragm
Cathode (total pressure measurement)
Shielding @ ”

L 4L J L J
lon source Quadrupole separation system lon detector

Figure 5.5 Schematic diagram of an RGA based on a quadrupole mass spectrometer
(Reproduced from ref. (e), p. 82)

The RGA consists of three subsystems:

« the ion source (for generation of positive ions from the system
gases)

* the mass-to-charge ratio filter (quadrupole separation system) in
which a combination of DC and high-frequency AC voltages select
tons with stable paths in the filter)

* the ion detector (ion currents associated with ions that pass the filter
are measured at the detector).

An ion beam extracted from the ion source passes to the mass separation
system where continuous changes in the voltages applied to the
electrodes allow ions of the appropriate mass/charge (M/Z) ratio to
achieve stability in the mass filter and pass to the detector. A spectrum
is therefore generated giving the variation of the amplitude of the
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detector signal with M/Z. The M/Z value enables the mass fragment to
be identified and the signal amplitude (as ion current /") indicates the
amount of the species present.

As with the hot cathode ionisation gauge, there is a relationship
between I and gas pressure (see Equation 5.11) so the RGA sensitivity
(Sgga) can be expressed as:

+
I MiZ

Spoa =—— (5.18)

Pwiz

The ionisation process does not reproduce, in the output of ions, the
relative amount of gas at the source. By the use of reference gases,
such as N,, the gauge sensitivity can be established and, by the use of
appropriate correction factors, differing extents of ionisation can be
accounted for.

For a given electron energy, atoms and molecules may fragment during
ionisation. The fragment distribution pattern (cracking pattern, frag-
mentation pattern) is often referred to as the ‘fingerprint’ of the starting
species. An example of a fragmentation pattern is shown in Table 5.2.
From these data, fragmentation factors (the portion of the total
spectrum represented by a particular peak) may be calculated.

Example 5.15

Explain the presentation of the residual gas analysis data in Table 5.2.
Calculate the fragmentation factors (FF) associated with the given peaks.

The mass spectrum of water vapour, according to Table 5.2, consists of five
peaks. The largest is at 18 amu, the second largest at 17 amu, the third largest at
1 amu, etc. The signals associated with all peaks have been represented as a
percentage of the amplitude of the largest peak, e.g if the peak at 18 amu is
100%, the peak at 17 amu (the second largest) has an amplitude which is 25% of
the largest peak and so on.

Table 5.2 Fragment distribution pattern of water vapour for ionising electron
energy =102 eV

Ion MiZ Amplitude of the associated detector signal given
as a percentage of the major peak (MIZ=18)

H,0" 18 100
OH" 17 25
o* 16 2
H,* 2 2
H* 1 6 (S%=135%)

(Reproduced from W. Umrath, ref. (e), p. 103)
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To determine the portion of the total spectrum represented by a particular
peak (the fragmentation factor), the normalised data are added together. The
FF is then the relative percentage of the major peak divided by the total per-
centage. For example, the H,O" peak represents (100/135) = 0.74 of the total
spectrum; OH* represents (25/135) = 0.185 of the total spectrum, etc. These data
are summarised below:

M/Z FF
18 0.74
17 0.185
16 0.015
2 0.015
1 0.044
2=99.9%

The nature of the fragments formed and their yield depends on the RGA
geometry and, particularly, on the energy of the ionising electrons. This
is shown in Table 5.3.

Table 5.3 Fragment distribution pattern for several gases for different ionising
electron energies®

Peaks in order of abundance®

Substance 1 2 3 4 5 6
Ar () 40100y  20(33.1) - - _
(b) 40(100) 20(10) 36(0.3)
H,O (a) 18(100) 17(27) 1(20) 2(8.4) 16(3.2) 19(2.3)
(b) 18(100) 17(25) 1(6) 2(2) 16(2) —
0, (a) 32(100) 16(17.8)  34(0.53) - — _
(b) 32(100) 16(11) - - _ _
N, (a) 28(100) 14(15) 29(0.8) - — _
(b) 28(100) 14(7) 29(1) - — _
CO, (a) 44(100) 16(16.1)  28(11.5) 12(8.4) 45(1.3) -
(b) 44(100) 28(11) 16(9) 12(6) 45(1) 22(1)
Mechanical
pump oil  (a) - - - - - _
(b) 43(100) 41(91) 57(73) 55(64) 71(20) 69(19)
TMP oil (a) - - - - — _
(b) 43(100) 57(88) 41(76) 55(73) 71(52) 69(49)

*(a) E=75eV, (b) E= 102eV.

®Data presented as M(% major peak) (as Table 5.2)
(Reproduced from W. Umrath, ref. (e), p. 103)
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Example 5.16

A mass spectrum obtained from an RGA attached to a vacuum vessel is
shown below. Comment on the system.

28

18

The spectrum is dominated by the water peak at 18 (together with peaks at 17
and 16, see Table 5.2). The two peaks at 28 and 32 with a peak height ratio of
approximately 5:1 indicate air leakage into the system since they correspond
closely to the amounts of N, and O, in natural air, It is probable that the air
leakage is introducing a significant amount of water vapour to the system
although water vapour desorption from the walls (‘virtual leakage’) will also
contribute.

Equation (5.18) gives the relationship between I* for a particular mass
peak, the RGA sensitivity and the pressure of the species which gave rise
to the mass peak. Almost all gases fragment during ionisation and to
obtain partial pressure data from the mass peaks, two methods can be
used:

(1) all the mass fragments (M,, M,, etc.) associated with the gas of
interest (G) are identified and the sum of all the associated ion
currents (I, Iy, etc.) giving the total ion current (1,o,) is obtained.
Equation (5.18) can then be rearranged to give:

+
I, tot,G

Po (5.18a)

S RGA,G

(i1) one unambiguous mass fragment (say M) is selected and the relevant
ion current /;; measured. With the appropriate fragmentation factor
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(see Example 5.15 and Table 5.3) for M in relation to the total mass
spectrum the relationship:

.
In,

P—— 5.19
FF,. S 19

DPc=

is found.

As stated before, the sensitivity of an RGA is established for a reference
gas, e.g. N,. Thus, in:

_I

Sy, = (5.20)
Px,

2

(where I, has been determined as given above; in method (ii), the peak
M =28 is generally selected), N, of the highest available purity is used and
pn, measured with either a calibrated ion gauge or a spinning rotor gauge.

The sensitivity, S, of any gas G for an RGA can be found from a
predetermined sensitivity (say Sy ) from the relationship:

Sg = Sy, X RIPg (5.21)

where RIP is the ionisation probability of G relative to N,.
Some values are given in Table 5.4. They are almost identical with the
reciprocals of the ionisation gauge correction factors given in Table 5.1.

Table 5.4 Ionisation probabilities relative to N, (for electron energies of 102 eV)

Gas RIP Gas RIP
N, 1.0 CH, 2.6
Ar 1.2 C,H, 3.7
CO, 1.4 Ne 0.23
CcO 1.05 NO 1.2
He 0.14 0, 1.0
H, 0.44 SO, 2.1
H,O 11.00 Xe 3.0
CH, 1.6

(Reproduced from W. Umrath, ref. (e), p. 103)

Example 5.17

A spectrum of pure Ar is obtained using an RGA operating with 75¢V
electrons. It consists of two peaks at 40 amu and 20 amu. The RGA has
Sy, =1x10"*Ambar™.
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(@) If I;,=23x10°A and I;;=7x 107 A, calculate p,,.
(b) Calculate p,, using the I, measurement alone,

(a) From Equation (5.18a):

Ar T SA_I.
From Equation (5.21):
Sar =8y, x1.2
9.3x 10°A
Par

T 1x 10" Ambar x 1.2
=7.8 x 10 mbar

(b) From Equation (5.19):

_ IA:40
Par FFu 40 X Sar
From the data in Table 5.3:
100
FF =——=0.75
AT 13301
7x10°A

Par =075 % 1.2 x 10 A mbar-!

=7.8x 107 mbar

Example 5.18

A vacuum vessel, fitted with an RGA, is pumped down to 8 x 10 mbar
with a TMP with S,; = 150 Ls™ (independent of gas type). No leakage
can be found on the system. If the system develops a leak and an in-
leakage of atmospheric air of 1 x 10~ mbar L s™ occurs,

(a) what would be the resulting total pressure?
(b) what changes in the spectrum at 28 and 32 amu might be seen?
Assume that the RGA has Sy, =1x10* Ambar™ and E, =102eV.

(a) Base pressure for the vessel is 8 x 10 mbar.
With S,z = 150 Ls™, gas load = py,e X Sey

=1.2x10%mbarLs™
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With air in-leakage of 1 x 102 mbar L s™, the total gas load,

Giy=1.2x107mbarLs™ + 10?mbar Ls™
=11.2x 10 mbar Ls™'

g 112x10°

=—=—""—"VL5s"
Prot Sy 150

=7.5x 10~ mbar

1

(b) If the initial gas load (1.2 x 10 mbar Ls™") consisted of 80% water vapour
with the remainder being O, and N, with a composition normally found in
atmospheric air then:

Gin = Guo + Gnzo,= 9.6 x 10 mbarLs™ + 2.4 x 10 mbar Ls™
If gn 0, comsists of 78.1 v% N, and 20.9 v%% O,, then

qn,=0.781 X 2.4x 10*=1.87x 10* mbar Ls™
do,=0.209x 2.4 x10*=5.02x 10 mbar L s™

So

1.87 x 10*mbarLs™
Pn.= 150Ls"
_5.02x 10 mbarLs™
Po.= 150Ls"

=1.25% 10 mbar

=3.35%x 107 mbar

In the region of 28 and 32 amu, the RGA spectrum (without air in-leakage)
would have a signal:

I = pn, X FFy, 25 X Sy,
=1.25x 10 mbar x0.93 x 1 x 10~* A mbar™
=12x10A

Io5 =3.35% 107 mbar x 0.90 x 1 x 10 A mbar™
=3.1x10"A

With an air in-leakage of 1 x 10 mbar Ls™":
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gn,=0.781 x 1.107mbar L s =7.81 x 10~ mbar L s™
do,=0.209 x 1.10”mbar Ls™ =2.09 x 10 mbar Ls™
So Px, = 5.2 x 107 mbar
and  po, =1.39 x 10 mbar

In the region of 28 and 32 amu, the RGA signal would increase to:

Ings = pn, X FFy 03 X Sy,
=5.2x 10" mbar x 0.93 x 1 x 10* A mbar™
=48%x10°A
I} =1.39 x 10~ mbar x 0.90 x 1 x 10 A mbar™
=125x10°A
Before the air in-leakage, it would be difficult, without an electron
multiplier, to observe the peaks at 28 and 32 amu. With the air

in-leakage, the ion currents at 28 and 32amu would be easily
measurable.



CHAPTER 6

Some Applications of Vacuum
Technology

6.1 INTRODUCTION

This chapter examines some areas in which vacuum technology is applied
to the chemical sciences. Firstly, unit operations such as drying and dis-
tillation, of importance in chemical technology, are discussed. The use of
condensers in association with vacuum pumps is introduced and typical
calculations demonstrated.

Secondly, the use of UHV/EHYV systems is obviously desirable because
of the extreme sensitivity of many materials and processes to residual
gas. Work in this pressure range has allowed significant advances to
be made in, for example, surface science and the exploitation in many
areas of research of synchrotron radiation sources based on electron or
positron storage rings. Relevant factors in the operation of these systems,
such as adsorption and desorption (including diffusive outgassing), are
examined in detail.

Thirdly, the use of differential pumping, as a general technique, is
examined. It is widely applied in systems where regions having large
pressure differentials are interfaced. Specific systems are discussed to
indicate the usefulness of the technique.

6.2 CHEMICAL TECHNOLOGY

The application of vacuum conditions in chemical technology lies not in
the performance of chemical reactions but in the treatment and purifica-
tion of reactants and products. This may often involve thermal process-
ing such as distillation and drying.

176
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6.2.1 Pressure, Temperature and Phase Changes

The advantage of carrying out thermal processes under vacuum pressures
can be seen if the liquid—gas boundary is considered.

The Clapeyron equation states the relationship between a phase
change for a pure material and changes in pressure and temperature. For
vaporisation:

d_P _ AH, vap,m ( 6.1 )
dT T(Vvap,m - vl,m) .

where v,,,, and v, are the molar volumes of the vapour and liquid,
respectively and AH,,, , is the molar enthalpy of vaporisation.

Example 6.1

Using the Clapeyron equation, calculate the enthalpy of vaporisation
(evaporation) of water from the following data:

Tboiling,l atm =100°C
dp/dT =3614PaK"™
density of water =0.962gcm™

density of water vapour = 5.973 x 10*gcm™
From Equation (6.1):

dp  AH,,
dT— Tb(vvap - VI)

where T, is the boiling point of water at p = 1 atm and v,,;, and v, are the specific
volumes (volumes per unit mass) of water vapour and liquid water, respectively.
From the given data:

density of liquid water = 962 kgm™
v,=1.04x10”m kg™’
density of water vapour = 0.5973 kgm™
Yy = 1.6742m kg™

dp
A}Ivap = d_T,X Tb (vvap - vl)
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=3614PaK™! x 373K x (1.6742 - 0.00104) m* kg™
=2255.46kJ kg™
=40.60 kJ mol™
As v,,, 1s much larger than v, in Equation (6.1) (v,,, — v)) can be replaced
bY Vyupme Where the subscript ‘m’ refers to a unit amount (mol™, kmol™),

or, better, v, (vap). If it is assumed that the vapour behaves ideally (v,, =
RT/p), then the Clausius—Clapeyron equation is obtained:

d(np) AH.,, 62
dT RT? ’

If it is further assumed that AH,,, , does not depend on temperature then
Equation (6.2) integrates to:

AH,
Inp= t——2 6.3
n p =cons RT (6.3)
or
o[ ) 6
=p*exp|l-——|=-——= .
pP=p”exXp R T~ T+

where p* is the vapour pressure at some temperature 7*.

Equation (6.4) can be regarded as the relationship between pressure
and boiling point for a liquid as it indicates states where liquid and
vapour coexist.

Example 6.2

The boiling temperature of water is 373.15K at normal atmospheric
pressure. If the enthalpy of evaporation at this temperature is
40.656 kJ mol™', calculate the pressure at which water boils at 90 °C.

From Equation (6.4), with p* = 1013.25mbar and T* = 373.15K:

1013.25 [ 40656 J mol™ ( 1 1 )] b
= . X - — mbar
P P T8 314 Tmol K- (36315 373.15

=706 mbar

Note: The tabulated value for p, of water at 90 °C is 701.1 mbar (ref. (), p. 150).
The difference is probably because the temperature-dependence of the enthalpy
of evaporation has not been taken into account in this calculation.
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The evaporation of a substance at a temperature below its normal
boiling point by pressure reduction has significant practical importance.
It means that processes such as distillation and drying can be carried
out at significantly lower temperatures than normal. This reduces the
risk of thermal decomposition and means that energy sources at lower
temperatures can be used.

6.2.2. Distillation

In distillation, the boiling point of, say, a binary mixture is related to its
composition. The composition of the vapour can be related to that of the
liquid by means of Raoult’s law.

Raoult’s law states that, for ideally behaving mixtures, the vapour
pressure (p,) of a particular component (1) above the liquid, depends on
the mole fraction (x,) of liquid 1 in the mixture:

P =xpf (6.5)

where p¥ is the vapour pressure of the pure liquid at the temperature
involved.

In a binary mixture of volatile liquids (component 1 + component 2)
showing ideal behaviour, Equation (6.5) gives:

pr=xpf
and

pr=xp¥ (6.52)
Since

P =P1t D2
=xpf +x.p¥
then
Prow =PF + x,(pF - p¥) (6.6)

Note: In Equation (6.6), the subscript 1 normally refers to the substance
of higher volatility.

Equation 6.6 shows that, at a given temperature, the total pressure
depends on the composition of the liquid. The line relating p,, and x;,
represents conditions where liquid and vapour are in equilibrium.
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Raoult’s law is obeyed when the components in the mixture are closely
related. With dissimilar components, deviations from Equation (6.5) can
be marked. If, however, small amounts of a component are present
(for example, if the component in excess is thought of as the ‘solvent’
and the component present in small amounts as the ‘solute’) then at low
Xeome Values, Henry’s law, Equation (6.7) is obeyed:

Psolute = Xsolute Ksolule (67)

where K, ;... 1s the Henry’s law constant for that component. K . is
obtained from vapour pressure vs X, data at low x,,,. values.

When a liquid and vapour are in equilibrium, their compositions are
not necessarily the same. For example, if one component has a higher
volatility than the other, the vapour will be richer in the more volatile
component. If y, and y, represent the composition of the vapour
phase:

P
=
ptotal
and
P
Y= (6.8)
ptotal
From Equations (6.5a) and (6.6):
x,pf
) T — (6.9)
L pE 4 x(pF-pd)
and
y=1-y (6.10)

Equations (6.8) to (6.10) show the relationship between the vapour and
liquid compositions when the two phases are in equilibrium. The
dependence of the vapour composition on total pressure can be
expressed as:

oY

— (6.11)
i+ @F - pHy

Diotal =
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Example 6.3

Ethylene glycol has a vapour pressure of 20 mbar at 100 °C. Butanol has
a vapour pressure of 500 mbar at approximately the same temperature.
The boiling temperatures for butanol and ethylene glycol at normal
atmospheric pressure are 117.9 °C and 198 °C, respectively.

(a) What is the composition of the mixture that will boil at 100 °C
when the total pressure is 400 mbar?
(b) What is the composition of the vapour produced?

(a) From Equation (6.6) with 1 = butanol:

Drotal =p;<ly + XBuoH (pguOH —pgiy)
400 mbar = 20 mbar + xp,04 (500 — 20) mbar

3 380 mbar
YBuOH = R0 mbar

=0.792
Xoly = (1 = Xpuon)

=0.208

(b) From Equation (6.9):

Xpuon PhuoH

Py + Xpuou(Phvon — P&y

a 0.792 x 500 mbar

Bl = 50 mbar + (0.792 x 480) mbar
=0.99

Yy =0.01

YVBuoH =

Example 6.4

A pressure-dependent separation factor a for two substances present in a
binary mixture can be defined:

¥
23

a=

It is a measure of the higher volatility component in the vapour and is
therefore important in the separation of mixtures by distillation. As the
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temperature of vaporisation is lowered (equivalent to a reduction of
total pressure), o increases.

(a) From Equation (6.9), derive an expression equivalent to o.

(b) At 90°C, the vapour pressure of toluene is 532 mbar and that of
o-xylene is 199.5 mbar. If a mixture that boils at 90 °C at 0.5 atm
has a toluene mole fraction of 0.92, what is the composition of
the vapour?

(a) A measure of the higher volatility component is the ratio y,/y, where y, is
given in Equation (6.9)

Y1 Y

o (1-y)

_ xpf
¥+ x,(pf ~ p¥)
B x,p¥
p¥ +x,(pf - pP)
__ pr-xpt
pf+x,(p¥ - p¥)
*

o xpt xp)

Y2 - (1 —x)p3¥ _XQP;‘

N1

»=1

(b)
n_xpt
Y, X, p¥

0.92 532

"~ 0.08199.5
y

1
.. ———=130.667
1=y

», = (mf toluene) = 0.97 and y, (mf o-xylene) = 0.03

6.2.3 Evaporation (Drying)

The removal of, for example, water vapour by evaporation is the basis
of drying operations. If a liquid-vapour equilibrium is established, the
rate of evaporation and the rate of vapour condensation are equal, and
the corresponding pressure at a particular temperature is the vapour
pressure of the liquid at that temperature.
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From Equation (1.18), the area-related condensation rate can be
obtained:

n

jN.cond = Ocond % (612)

o

where 6,4 is the surface condensation coefficient, n,,, is the vapour
particle number density and ¢/4 is the mean normal component of
velocity of vapour particles (see Chapter 1).

If the vapour formed above a liquid (or a solid such as ice) is con-
tinuously removed by pumping or by a flow of vapour-free gas, the
equilibrium described above cannot be established and the maximum
area-related evaporation rate is obtained. This is:

N C

jN,evap = Ocond 4 (6 1 3)

where n,, is the vapour particle number density if saturation was
established.
From Equation (1.5):

— psat
sat k T

n

If the area-related mass evaporation rate is required then

GeondC
Moy — .

n vap 4

jm,evap = Hgay

where m,,, is the mass of the vapour particles (= M,,,/N,).
From the above, with ¢ = (RT/2rM)” (Equation 1.14):

M
jm,evap = 438 X 10”3 Geond Psat \/? kg S_l m—Z (6 14)

with (p,,) measured in Pa.

Note: The drying operation is more efficient if the vapour produced is
removed either by sweeping it away with a dry gas or removing it with a
vacuum pump.

1 If vapour molecules are not completely removed (due to insufficient
pumping speed or due to the presence of the same vapour in the
sweeping gas stream), the above evaporation rate will be reduced.
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2 Equation (6.14) predicts the mass flow at temperature 7. In many
cases, evaporation leads to a reduction in temperature unless the
appropriate amount of energy is available to maintain isothermal
conditions.

Example 6.5

(a) Calculate the maximum area-related pV-throughput for the
evaporation of water at 20 °C if a condensation coefficient, 6,4
=0.02 is assumed.

(b) If water vapour at pressure p already exists above the evaporating
liquid surface, how is the p I'-throughput affected?

(c) If a vacuum pump is used to remove water vapour, how can the
maximum throughput be maintained?

((a) based on Example 15.2, p. 567, ref. (d") with permission)

(a) At20°C, water has a saturated vapour pressure of 23.4 mbar.
From Equation (6.14), the maximum area-related evaporation rate is:

Jimevap = 4.38 X 107 x 0.02 x 23.4 x 102 Pa x —kgs m

293
=0.05kgs ' m™
=50gs!m™
From: Gy =M X RT
M
_50gs'm™x 83.14mbar Lmol™ K™ x 293K

qpl evap,) max —

18 gmol™

=6.8mbarLs'cm™

(b) If water vapour is already present above the evaporating liquid, g,y cvapmax
will be reduced to a value:

g —q (1 - ﬂ)
Vievap — V. evap,max
14 p P P Pent

(c) To establish g,yeapmax the vacuum pump must remove all the vapour evap-
orating from the liquid. The required pumping speed is:

qp Vevap,max
Seﬁ‘ Z
Psat
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6.8 mbar Ls cm™
23.4 mbar

>0.29 Ls™ cm™ of evaporating water

For example, if 4, o= 100cm’, a pump with S;z=29L s would be required
for vapour removal.

Example 6.6

Moisture is to be removed, in a drier, from compacted material with a
microcrystalline structure. The drier, fitted with a heating jacket and a
regulator to maintain a constant temperature, is charged with 100 kg
product containing 30% water. The final product must have a residual
moisture of 0.1% or less. Because of the nature of the product, its tem-
perature should not exceed 50 °C and, to achieve the required dryness, a
pressure of 2mbar is required. It is proposed to carry out the process
with a single-stage oil-sealed rotary pump (S,y = 100m*h™', water vapour
tolerance = 50 mbar at 40 °C and p,,, (with gas ballast) = 1 mbar).

(a) Calculate the drying time if leakage into the system is negligible.

(b) Calculate the energy requirement of the drier if the enthalpy of
evaporation of water is 43.31 kJ mol™".

(c) If no external heating is used, estimate the effect.

(a) The water vapour tolerance of the pump is 50 mbar, this means that pg, .0
must not exceed this value. The corresponding temperature for 50 mbar is
approximately 33 °C (see tables of the variation of saturation pressure of
water with temperature, for example ref. (e), p. 150).

The water vapour tolerance of a pump is the maximum pressure of pure
water vapour that the pump can take in and transport. Example 3.3 indi-
cates how this is calculated.

In this case:

qp V,H,0,max =pH10.I X Seﬂ
where py o, is the water vapour tolerance (see Equation (3.4))

=50mbar x 27.8 Ls™
=1389 mbar Ls™

. RT
From: g,y =1m —]\;
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) __1389mbarLs™ x 18 gmol™
MHOma = g3 1 4 mbar L mol K- x 313K

=0.96gs™
~3.46kgh’

If this is ‘free’ water, i.e. water not trapped in capillaries or dissolved in the
product, then the drying time () will be:

[ _299ke
3.46kgh™
=8.6h

In this case, the material is microcrystalline and when ‘free’ water has
been removed, ‘bound’ water (in the internal structure and dissolved in
the product) must be evaporated. This will evolve at a lower rate, extend-
ing the drying time. Further, the pump in this case has an ultimate pres-
sure, with gas ballast, of 1 mbar. Because of the characteristics of such
pumps (see Chapter 3), S, is not constant throughout the pressure range
and will be declining below about 10mbar. This will extend the drying
time further.

In practice, with industrial drying operations, it is usual to set a required
time. Using a useful rule-of-thumb (see “Vacuum Technology for Chemical
Engineering’, publication no. 00.180.02, Leybold, Cologne, p. 30) to esti-
mMate My, 0!

. —9 Mo
mmax,HZO =X

tlot

S, can be calculated.

(b) At a constant rate of water removal of 3.46 kgh™ and with an enthalpy of
evaporation of 43.31 kI mol™ (= 2406.2kJ kg™), the energy requirement of
the heater for isothermal evaporation can be calculated:

AQ=9.6x10"kgs™ x2406.2kJ kg™
=2.31kW
(c) If this energy is not supplied to the evaporating water, a temperature fall in

the product will occur.
The heat removed from the water would be 2.31 kJ s

~2.31 kJ S_l = mH20 X CI)-HZO X AT
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where C,,, , is the specific heat capacity of water (4.193kJ kg™ K™') and AT
is the temperature change.

_ -2.31kJs™
T 1kgx4.193kI kg K

=-0.55Ks™!

Very approximately, this would mean that after 20 s the temperature of the
evaporating water would have fallen by about 11 K. The water temperature,
if initially at 25 °C, would be 14 °C, thereby lowering the saturation vapour
pressure of water and further extending the drying time. Continued evapor-
ation without externally supplied energy would eventually lead to the water
freezing and further prolong the process.

6.2.4 Condensers

In Example 6.6, the drying time (and the required S.4) could have been
greatly reduced by increasing the process temperature. A water vapour
pressure would have been generated, however, which would have con-
siderably exceeded the tolerance of the pump. By the use of an appro-
priate vacuum-side condenser, this could be avoided.

Condensers are heat exchangers that transfer the heat of condensa-
tion of vapour to a coolant. They are useful devices in the removal of
large amounts of vapour from a gas stream. Depending on the applica-
tion, it may be useful to condense the majority of the vapour generated
in a vacuum process by inserting a condenser between the vessel and
the pump, and use a small vacuum pump to remove non-condensable
gases.

In a condenser, the rate of heat flow (Q) is proportional to the con-
denser area (A4), the mean temperature difference (AT,,) between the
coolant and vapour streams and the overall coefficient of heat transfer

(k)
0= AAT, k (6.15)

The constant k takes into account the heat flow from the warm vapour
to a coolant flowing behind a metal wall (tube). Its reciprocal represents
the sum of thermal resistances on the gas side, at the wall and on the
coolant side.
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In an ideal condenser (Figure 6.1(a)) containing only vapour at a
constant pressure (p,,,) throughout, the temperature of the coolant
increases from that at the inlet (7;,) to that at the outlet (7 ,) because
of the absorbed heat flux (Q). The actual temperature rise is determined
by the mass flow rate of the coolant (ri.):

Tc,out - Tc.in = . (616)
Cpe X 1

C

where ¢, is the specific heat capacity of the coolant.

In practice, condenser temperatures are as shown in Figure 6.1(b)
(both vapour and coolant temperatures change) and in the equation for
(Q) , the log mean temperature difference should be used for AT,

(a) Ideal condenser

const.
Ts I Ts#”  saturation T
7;:, out
vapour
T
T. . —» Coolant
c.in
x—-a-
INLET QUTLET
(b) Real condenser
Tsoin boe oo ]
I \_— -
8Tm ATou
ATIn —7;:, out
1]
Te.in l
INLET yx— OUTLET

Figure 6.1 Variation of vapour temperature ( T,) and coolant temperature ( T,) for a coil-
type condenser; see ref. (g)
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AT‘m - ATout
AT AT 6.17)
In (AT, /AT,,)
WheI‘e AT‘m = Tvap,in - Tc,in
ATout = Tvap,om - Tc,oul

(see, for example, T. D. Eastop and A. McConkey, Applied Thermo-
dynamics for Engineering Technologists, 4th Edn., Longman Scientific and
Technical, Harlow, 1986, p. 719).

For AT, /AT,, < 3, an error of less than 10% is introduced if the
simple mean is taken (AT, = (AT, + AT,,)/2).

Example 6.7

It is decided to reduce the overall drying time in Example 6.6 to 5h by
raising the temperature to 45°C and inserting a coiled tube condenser
(k= 1200 W m2K!) between the drier and the pump (S.;= 100m*h™).

(a) Calculate the amount of vapour to be removed by the condenser
if it leaves the condenser at 20 °C.

(b) Estimate the required condenser surface if cooling water is used
which enters the condenser at 12 °C and leaves at 16 °C. Take the
enthalpy of condensation of vapour to be 40.656 kJ mol™.

(a) According to Example 6.6:

mmax = 2 x %
ttot
299k
i 2 X o ®
5h
=11.96kgh™!

Water vapour at 20 °C has a saturated vapour pressure of 23.37 mbar. The
maximum p V-throughput leaving the condenser will be given by:

Gy i1.0pump = 23.37 mbar x 27.78 Ls™
=649.2mbarLs™

. g XM
mHZO,pump: RT gsl

=0.48gs™
=1.73kgh™
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Amount of water vapour to be removed by the condenser
=10.23kgh™
(b) The condensation of 10.23kgh™ of water vapour requires:

0=10.23kgh™ x 2258.7kJ kg™

=6.42kJs™
=6.42kW
From Equation (6.15):
A= Q
AT, k

In this case, AT,, is given by Equation (6.17)

_ ATm - A]ﬂoul
In (AT,/AT,,)
where AT, =45°C—12°C=133K

and AT,, =20°C - 16°C=4K

AT,

AT, =13.7K
4= 6.42 kW
13.7K x 1200 Wm2 K™
=0.4m?

Chapter 6

The usual situation found with condensers is that the incoming gas con-
tains both vapour and permanent gas (usually due to air in-leakage).

This means that:

Protin = pvap,in + Daitjin

In a condenser in which both condensable and non-condensable com-
ponents enter, at the exit the partial pressure of the condensable has been
reduced whilst that of the permanent gas fraction has increased. These
pressure changes can be calculated. For example, if a gas flow consisting

of vapour + air enters a condenser then:

qp V.iot,in = qu.vap,in+ qu,air,in
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A further aspect which must be considered is that although in an ideal
condenser the inlet and outlet pressures may be identical, a pressure drop
(realistically 30%) occurs because of conductance losses.

Or:

Plyouin = Plyapin + Plaicin
where
. x
m,=q,p,X E}
and
Gpvsx = Px 14

where V is the volume rate of flow entering the condenser.
Further:
Diorin = pvap,in + pair,in

P vap,in 14 vap,in
ptot‘in pvap,in + pair,in

and, from the expressions for iz, and g, above:

Wy ind Mo
=— mpin —vep (6.18)
p tot,in (mvap.in/ M vap) + (mair.in/ M air)

D vapin __

A similar expression can be obtained for p,; /P o1, from which:

vap,in mva in/Mva
Puapin _ Toapin’ “ap (6.19)
p air,in mair,in/ M air

Example 6.8

A mixture consisting of 95% water vapour and 5% air enters a condenser
in which 90% of the water is condensed.

(a) Calculate what proportion of the total pressure of gases at the
inlet and outlet of the condenser is water vapour.

(b) Calculate what proportion of the original mass flow has to be
dealt with by a vacuum pump fitted after the condenser.

(Based on Example 9.1, p. 320, ref. (d") with permission)
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(a) mtct.in = mH;O,in + ’nair,in

=0.95m1,4, 5, + 0.0572,4, 4,

From Equation (6.18),

(1@) ~ 0.95ri,,,;,/18
Procfin (0.950,0,3,/18) + (0.05%1,,,,/29)

. 97% of the total pressure of incoming gases is water vapour.

mtot,out = mHZO,oul + mair,out
=(0.95 x 0.1)#1,4, 1, + 0.0502,y 5,
= 0.09571,4,;, + 0.0572,,

(p_HQ) ~ 0.0957i1,,,,/18
PiotJow  (0.095ri1,5,,,/18) + (0.0572,,,;,/29)
=0.75

-~ 75% of the total pressure of gases leaving the condenser is water vapour.
(b) The proportion is given by:

Pigou (0095 + 0.05)rizi0050
Pin Py
=0.145
=14.5%

6.2.5 Condenser and Vacuum Pump Combinations

In vacuum processes which use inlet condensers to remove substantial
amounts of vapour, the associated pumping system is used to maintain
the required working pressure by removing any uncondensed vapour
and permanent gas from air in-leakage, usually leaving the condenser. A
typical system is shown in Figure 6.2.

In Figure 6.2, the size (S.4) of the pumping system required depends
on the working pressure, the gas temperature at the condenser outlet and
the total leakage into the system. Further, the mass flow rate of vapour
leaving the condenser which may cause emissions depends on the leak-
tightness of the system. In Figure 6.2, assume that, in the outlet stream
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T7°C

1 3 O>_

in-leakage

Figure 6.2 Schematic diagram of a vacuum system with a condenser between the vacuum
vessel and the pump: (1) vessel at working pressure p, (2) condenser, coolant at T °C; (3)
vacuum pump ( Sy at condenser outlet); (4) throttle valve; (5) pressure controller

from the condenser, there is vapour (p,,;) and air (p,;) at total pressure
p tot*

Va| mva OU! /Mva
(”J—) - - oty (6.20)
P tot/ out mvap,out/ M vap + mair,out/ M air
air mair ou /Mair
(lu)_) T e (6.21)
tot/ out mvap,out/ Mvap + mair,out/ M air

Dividing Equation (6.20) by Equation (6.21) gives:

(@) - mvap,out/ M vap
Pair / out ) / M

air,out air

Rearranging gives:

M va] vaj
Py o = Mlyigouy X 0 X (L’) (6.22)
M air Dair / out

From 1., ., in Equation (6.22), g, yapu €an be obtained.
Similarly, ¢,y 0w can be found from r,,,, and, from the total
throughput, S.; can be obtained.

Example 6.9

Toluene is to be removed from a vacuum vessel working at 100 mbar in a
system of the type shown in Figure 6.2 The condenser outlet system is at
10 °C, and the vapour pressure of toluene at 10 °C is 16 mbar.
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(a) If air is leaking into the system at a rate of 0.5kgh™ and there is a
pressure drop of 30% across the condenser, calculate S, for the
vacuum pump.

(b) If air is leaking into the system at a rate of 1 kgh™', calculate the
mass flow rate of toluene at the outlet of the condenser.

For the condenser:

(a) Miou = Main = 0.5 kg h™!
=0.139gs™
Protounr = Pairout T Prap,out
30
Protout = Protin — Téaptot,in)
=100 — 30 mbar

=70 mbar
Pupout = 16 mbar

pair,out = 54 mbar
Further:

qp V.tot,out — qu,vap,oul + qu.air.oul

From Equation (6.22):

. . M, (D
mvapﬂout = airM .P (;ﬁ>
92.13 /16
=0.138 gs™"' x x(—)
29 54
=0.131gs™

From Equations (2.2) and (2.4):

_ 0.131gs™
DoV apou = 92.13 gmol™

=33.4mbarLs™!

x 83.14mbar Lmol™ K™ x 283 K

Similarly:
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0.139gs™' x 83.14mbar Lmol” K™ x 283 K
29 gmot™

Qp V,air,out =

=112.8mbarLs™
Gpvtotom = 146.2mbar Ls™

AS qp V.tot,out =ptot,out X Seﬁ

S;=2.09Ls" (7.5m*h™)

(b) From Equation (6.22):

29 54
=0.262 gs™! (double the mass flow in (a))

92.13 /16
Myapon = 0.278 g 57! X X (——)

If emissions from the condenser are likely to exceed the allowable limits
in the atmosphere for such substances, a further pump outlet condenser
may be required.

6.3 UHV SYSTEMS

Because of the extreme sensitivity of many materials and processes to
residual gas, it is highly desirable to minimise or even eliminate the influ-
ence of the vacuum system in which the examination or process is being
carried out. The use of UHV systems is obviously desirable and work
involving such systems has allowed significant advances to be made in
understanding some technologically important phenomena. Just two
examples are (i) investigations using surface analysis techniques (LEED,
XPS, AES, etc.) in UHV systems and (ii) the increasing use, in several
areas of research, of light produced in synchrotron radiation sources
based on electron or positron UHV storage rings.

In all vacuum systems, the pressure obtained is determined by the gas
load and the effective pumping speed. In UHV systems at equilibrium,
the predominant gas load arises from the outgassing of the internal
surfaces. Although gas sources in vacuum systems have been discussed
in Chapter 4, no differentiation was made between gas adsorbed on a
surface and that absorbed within its structure. Various applications of
UHYV technology involve the use of vacuum systems that cannot be
baked in situ and consideration of the choice of material for the vacuum
envelope and also its surface treatment is critical. An important starting
point for this is an understanding of the interaction of gas with
materials.
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6.3.1 Factors Influencing Outgassing

6.3.1.1 Adsorption/desorption. Gas can stick to surfaces either by
physisorption or chemisorption. Generally, in physisorption, there is a
weak Van der Waals interaction between the surface and the adsorbed
species. The enthalpy of adsorption is about the same as the enthalpy of
condensation, e.g the maximum observed values of the enthalpy of
physisorption of H,, N, and H,0O are -84, -21 and 57 kJ mol™', respec-
tively. (In chemisorption, the adsorbing species sticks to the surface as a
result of chemical bond formation. The energies involved are much
greater than in physisorption.)

A physisorbed molecule vibrates in a shallow potential well. Since the
binding energy is low, it may readily break free. The rate of escape is
considered to follow an Arrhenius-type law:

kdes =4 eXp ('Edes/RT) (623)

To desorb, the energy of the species must be > E,,. The average resi-
dence time (1) of the molecule on the surface can be identified as 1/k ..
If 1/4 = 1,, then Equation (6.23) becomes:

T="14exp (E4u/RT) (6.24)

where 1, is the frequency of vibration of the molecule-surface bond.
Weak molecule-surface bonds vibrate with a frequency (v) of about
10"s™! (oscillation period about 107'%s); chemisorbed species have an
oscillation period of about 107s.

If there are N sites on a surface to which molecules can be attached,
the rate of desorption will be proportional to the number of adsorbed
species. For example, if a surface has N, particles attached to it initially
(time ¢ = 0) and, after a time ¢, some have desorbed, then N, can be given
as:

N, =N, exp (/1) (6.25)

The time to desorb to a fraction f= N,/N,, is given by:
. (6.26)
=T - .
v

If the adsorbed particles are packed to form a single layer on the surface,
the coverage can be expressed as N, where ML denotes a mono-
molecular layer (monolayer). If Ny, can be accommodated and N, have
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been adsorbed, the actual number of adsorbed species is often stated in
terms of the monolayer coverage so that

N,
‘L _9
Nuw

where 0 denotes the fractional coverage of the surface in terms of the
monolayer.

According to Boltzmann, if dNV of N particles adsorbed have the
required kinetic energy Ey;, = Ey (Eu., = —E,q), then they may escape.
This can be stated as:

dN = Nexp (—E4/RT)

or
dN = Nexp (+E,/RT) (6.27)
and
dN
jdes = Et_ = VON exXp (_Edes/RT) (6'28)

where jy, is the desorption, flux and v, is the vibrational frequency of the
molecule-surface bond.

Example 6.10

(a) If the molar desorption energy of H atoms is (i) 15kJ (i) 150kJ
and 1, =10"s, how long will an H atom remain on a surface at
298 K in cases (i) and (i1)?

(b) For case (i), what will be the residence time at 90 K?

(c) For case (ii), what will be the residence time at 1000 K?

(a) From Equation (6.24):

T =Ty exp (Eg/RT)
For(i)  =10"sxexp [15000Jmol"/(8.314 ) mol™ K™ x 298 K)]
=10""sx4.26 x 10°
=4.3 x 10™"' s (an extremely short time)

For (i)  =10"s x exp [150 000/(8.314 x 298)]
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=10"sx 1.97 x 10*
=1.97 x 10" s (an extremely long time)
(b) T =Ty exXp (Eg/ RT)
= 10" x exp [15000/(8.314 x 90)]
=10"Psx 5.1 x 108
=51x107s
(c) T =105 x exp [150 000/(8.314 x 1000)]
=10"sx 6.85x 10"
=6.8x107%s

Example 6.11

Chapter 6

Laser-induced thermal desorption experiments indicate that the desorp-
tion of deuterium from a Si (111) surface has Arrhenius parameters of
10257 and 247 kI mol™'. Calculate the length of time required to desorb
deuterium from a surface initially covered with 0.8 ML to a coverage of

0.2ML at 720K.
From Equation (6.26)
t=1ln !
f
0.2
where f= 038

From Equation (6.24):

T="TyEXp (Edes/RD

1
If Ty= ;1‘
then, with A =10V2g"
T,=6.3x 105

T =6.3x 107" exp [247 000/(8.314 x 720)] s

=6.3x10"%x8.32x10"s
=524s
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0.8
t =524sx1n—
0.2

=726s

Example 6.12
An austenitic stainless steel surface is covered by a monolayer of N,.

(a)

(b)

If

(a) Calculate the approximate number of molecules in the layer if it
is assumed that the molecules are perfect spheres having a van
der Waals radius of 150 pm and are hexagonally close-packed.

(b) Estimate the time required to desorb 90% of this layer by
evacuation at 293K if the molar desorption energy for N, is
21 kJ mol™.

(c) Recalculate using a molar desorption energy = 120 kJ.

(d) Recalculate (c) but with 7= 150 °C.

From an appropriate sketch it can be shown that the area of the base of the
unit cell for hexagonally close-packed N, is:

A=2\3R
where R is the van der Waals radius.

A=23(1.5%10""m)?
=7.8x 10 m’
Assuming a 1 m* geometric surface, the number of molecules in the mono-

layer is 1/(7.8 x 107?°). The monolayer therefore contains 1.28 x 10" mol-
ecules per m>

If the surface is covered at f = 0 and only 10% remains after ¢, the fraction
() remaining is 10/100 = 0.1.
From Equation (6.26):
t=1l L
= n—
e
and from Equation (6.24):

T =T EXp (Edes/RT)
1 =105 x exp[21000 J mol*/(8.314J mol™ K™ x 293 K)]
=10"s x exp (8.62)
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=5.6x10"s

t=1ln—

0

1
1=5.6%x10"sx1n (—)
0.1

=5.6x 10705 x 2.303
=1.3x107s
(© If E,. = 120kJmol™
T =1, exp [120 000/(8.314 x 293)]
=10"s x exp (49.26)
=10"sx2.48 x 10”

=24x10%s
t =2.4x10%x2.303
=55%x10%s
()] If E,,=120kJmol"and T=423K
1=10"sx6.59 x 10"
1=659s
t =152s

6.3.1.2 Diffusive Outgassing. Depending on the nature of the solid, it is
possible for adsorbed gas particles to diffuse into the interior. Usually,
however, gas absorption takes place during the manufacture of a
material. For example, when metals and alloys are in the molten state
they can absorb gas. The interaction commonly takes place during
melting and casting, particularly in atmospheric air, and H,, N,, CO and
CO, are usually involved. No matter what the mechanism of incorpor-
ation, the outward diffusion of absorbed gas can influence the behaviour
of materials used in the construction of vacuum vessels and components,
or the substrates processed in them. It is for this reason that some
materials are outgassed at elevated temperatures before they are pro-
cessed in or incorporated into the vacuum system.

To treat the diffusive outgassing process quantitatively but relatively
simply, outgassing from a thin (thickness (= 2d) small compared to length
and breadth) sheet of material, e g metal, can be considered. This is
shown in Figure 6.3.
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n{0) = ng

n(x,t)

x|

FARAER

Figure 6.3 Diffusion-controlled outgassing

(Reproduced from ref. (d'), p. 71, with permission of F. Vieweg & Sohn Verlagsgesellschaft mbH,
Wiesbaden)

At the start of the process, it is assumed that the sheet contains a uniform
distribution of absorbed gas particles (number density = n).

The process, which involves diffusion, is initiated by a temperature rise.
Under these conditions, a diffusion flux (j;z) will emerge symmetrically
from both sides of the sheet and the particle number density (#) will vary
with time according to Fick’s law:

dn d%n
—_— D_
dr dA

where D is the diffusion coefficient, and

: dn
Jag=—-D—
dx

For long outgassing times, the approximate solution to the above is:

. 2D n’D
Jdiﬂ = 7 Hy eXp (‘Z'd_zt (6.29)
where the thickness of the sheet is 2d and n, is the initial gas content

(which can be expressed in terms of the mass of absorbed particles, or
the molar quantity or the number density).
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The temperature-dependence of D can be expressed as:
D=D,exp (—E4w/RT) (6.30)

where E,; is an energy term that accounts for the mechanism by which
gas enters or leaves the material.

If ¢, is the outgassing time constant for the process then for ¢ > 0.5¢,,
Equation (6.29) can be expressed as:

Jair =Jo €xp (=1/t,) (6.31)
where
)
J0—7n0 (6.31a)
and
t,= 4d” (6.31b)
a TCZD .

For ¢ < 0.5¢,, a further simple expression is:

T 1,

it =Jo | = — .32
Jdifr ]0\/161 (6.32)

As with desorption, an expression can also be obtained for the degree of
outgassing for < 0.3:

t 8
t_ = lan (6.33)

n(
where f=—
Ay

Example 6.13

The H, content of Inconel is 2 ppm. The density of Inconel is approxi-
mately 8000 kg m~. Express the H, content in terms of (a) the mass of H,
per m® Inconel, (b) the molar quantity of H, per m* Inconel, (c) the
particle number density.

a content = arts n arts Inconel.
(a) H, 2 parts H, in 10° parts [ 1
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If the density of Inconel is 8 x 10°kg m™ then the mass of H, per unit
volume Inconel is:

2
My = 15X 8% 10°kgm™

my, =16 x 107 kgm™
=1.6x10kgm™

(b) Molar mass H, = 2 kg kmol™
1.6x10%kgm™ 1.6x10%kgm™
Molar quantity of H, = gm £ r]n
My, 2 kgkmol~
=8 x 102 kmolm™
(©) N, =6.022 x 10* mol™*

=6.022 x 10* kmol™
ny, =8 x 107 x 6.022 X 10*m™
=48x10*m™

Example 6.14

An experimental UHV vacuum vessel used in fusion experiments is to
be made of Inconel with a wall thickness of 8 mm. According to the
manufacturer’s data, the solubility of H, in Inconel is 0.4 mbar L cm™ at
about 1500 °C.

The vacuum requirements for the vessel demand that, at its working
temperature (300 °C), no more than 3 x 107°mbar Ls™ cm™ H, should
be evolved from the walls.

(a) Calculate the time required to reach this value if, for Inconel,
Dy=1.1x10"m’s™ and E;z=49.9kJmol™.

(b) If the value is too high, suggest a method by which a time to
achieve an acceptable rate of diffusive outgassing could be
reached and justify the method by calculation.

(a) If the solubility of H, in Inconel is 0.4 mbar Lcm™, and it is assumed that
this subsequently remains in the metal then my, can be calculated from:

y="RrT
Pr =y
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_pVxM  0d4mbarLem™ x2gmol”

RT  83.14mbarLmol’ K" x1773K

=543x10%gcm™

=543 x 10 kgm™

From the diffusivity data and Equation (6.30):

49900 J mol ™
Do = (1.1 x 10 m? s-l)exp< =0 )

8.314Jmol”' K™' x 573K
=(1.1x10°m?s") x (2.82x 1075)
=3.11x 10" m?s!

The initial diffusive mass flux density can be calculated from Equation
(6.31a).

. 2x @311 x10")m’s x (5.43 x107) kgm™
Jmar = @.45x 10)m
=7.59%10"kgs?! m>

but, since only one side of the Inconel would outgas:

Jmagr=3.79% 10" kgs' m™

OF  Gpyoar =9 %10 mbarLs™ cm™

From Equation (6.31b):

2

The time constant, 7, =——
n-D

=258 1075 (299 dayo

After 100 days, the amount of outgassing can be calculated from Equation
(6.32).

nt,

J100.dit = Jodiff 16 ¢

Jiogir =9 % 107 mbar Ls™ cm™ x 0.77

=6.9x%x 107" mbarLs' cm™
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This value indicates that diffusive outgassing would be too high even after 3
months of use.

(b) In such cases, it is usual to degas the chamber at higher temperatures.
Inconel can be baked to a maximum of 550 °C before unacceptable changes
to its mechanical properties would occur. This should be carried out.

At 550°C (823K):

Dgys = 1.1 x 108 m?s™! x exp (-6002 K/823 K)
=7.49x 107" m?s™!

_ 2D
Jmait =~ x mass content of H,

_2x749x 10" m’s™ x 5.43 x 10~ kgm™
- 4.45x107%m

=1.83x10"kgs" ' m™

For one side only:

Jmar=9.2x 10" kgs" ' m™(3.15x 10" mbar Ls™ cm™?)
_ad
"D
(4.45 x 1022
VR el ar
nx 7.49 x 1071
— 1.1 x 10°s (12 days)

la

For ¢ > 0.5¢,, Equations (6.31) applies

3x 10" mbarLs™ cm™=3.15x 10" mbar Ls™ cm™ exp (-#/t,)
9.53x 10™* = exp (-t/t,)

—t
In (9.53 x 107%) =7

_ -t
12 days
t =84 days

This is a considerable improvement on (a).
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Example 6.15

A cylindrical UHV chamber (d = 50 cm, 4 = 60 cm) is to be constructed
from an air-melted austenitic stainless steel (thickness = Smm). Apart
from surface cleaning, no other treatment will be carried out. It is pro-
posed to use the chamber for LEED/RHEED studies at 300K and a
pressure of 5 x 10"mbar. It will be pumped with an appropriate pump
having Sz, = 1000Ls™ in the HV/UHV range. If gas sources other
than diffusive outgassing can be ignored, calculate the pressure that can
be achieved after 2 weeks pumping. Take D, and Eg; for stainless steel =
12 x 10°°m?s™ and 54 800 J mol ™, respectively; assume air-melted stain-
less steel contains 6 ppm H, and its density is 7900 kgm™.

From Equation (6.30) and the given diffusivity data:

Digox = 1.2 x 10 m?s™! exp (—6591 K/300 K)
=12%x10°m?s"  x2.87x 107" m?s!

=3.45x 10" m?s™!

H, content of the steel (6 ppm)

6
=10 > 7900 kg m™
=474x 107 kgm™
. 2D
Jmno = = x mass content of H,

_2x345x10™"°m’s” x4.74 x 10 kgm™®
B 2.5%x107°m

=131 x 10"kgs'm™

However, since only one side of the metal is involved

=0.66 x 10 kgs'm™
C4dt 4 (25 107w
“ D mx3.45x 107" m?s!
25x10°m?
3.41 x 107

=7.3%x10%s (84978 days)
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For ¢ < t,, Equation (6.32) must be used:

. . T[ tak _‘] ,2
iff =JmH,04/ 7, KES M
Jdiff = Jm,H,0 16 1 g

For ¢ = 14 days:

o \/1 8.5 x 10
Jdiff = Jm,H,0 16 14
2

= Jmm,o0 X 34.52kg s'm™
=2.28x10"kgs'm™

For 4 =1.34m?

Jug=3.05x 10" kgs™
=3.05x10"gs™
¢,y =3.80x 10°mbar L s

Phase = 3.80 X 10~ mbar

Required pressure would not be achieved. A degassing of the chamber at
higher temperatures would be required.

6.4 SYSTEMS INVOLVING DIFFERENTIAL PUMPING

Differential pumping is a technique which is widely applied when an
interface must be established between systems in which very large
pressure differences exist. An excellent example is the coupling of mass
spectrometers (normal working pressure 10> mbar or below) to higher
pressure systems such as GC columns (in GC-MS; GC columns at 1 bar)
or flow tubes (at a few mbar) in kinetics studies or molecular beam
sampling.

Example 6.16

Two chambers are separated by a thin wall in which there is an orifice (d=
0.1 mm). If the pressure in one chamber is maintained at 10° mbar with
N, at 293 K and the second chamber is evacuated with a turbomolecular
pump having S,z = 150 Ls™', what pressure will be established in the
pumped chamber?
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From Equation (1.44) it can be shown that when the pressure down-
stream of the orifice is reduced to the critical pressure and below, the
mass flow through the orifice achieves a steady value:

DNELC P
Im=LoPo) 1) \y+1 RT,

where, in this case p, and T, are the gas pressure and temperature,
respectively, in the first chamber, 4,, is the area of the orifice, y = C/C),
(for N, =1.4).

For d=0.1mm (1 x 10®#m), R=8314Pam’kmol™ K™, p,=10°Pa,

2 )2'5 2.8 8314 Pam’kmol™ x 293K

=7.85x10"m?x 10°P x(—— X
oy m *\24) V2a 28 kg kmol™!

=5%x10*Pam?®x 318.59 Pa* m” kg™
=0.16 Pam’s™
=1.6mbarLs™

l.6mbarLs™!
150Ls™

=1.1 x 102 mbar

Peh2 =

Example 6.17
A proposed He cluster source is shown below:

"3 B R
He—>zPK] 1,2, 3

N [N
S, ||S,

He gas is admitted to chamber 1 and maintained at a pressure p, =
1 mbar. At one end of chamber 1 there is an orifice (d = Smm). Chamber
2 is pumped and its pressure should ideally be 5 x 102 mbar. At the end
of chamber 2 there is a further orifice (d = 5mm) leading to chamber 3.
Chamber 3 is pumped by a 3000 L s™' pump and should be maintained at
a pressure < 10 mbar. Calculate S,5, and p; if 7=293 K.
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From Table 1.2: Ipyesnx = 19 x 107 cm mbar
At lmbar, /= 1.9 % 10%cm
1
Kn=——
dor,l
_1L9x107
05
=3.8x107

For Kn < 0.01, viscous flow is established. If it is assumed that viscous flow
predominates in this case then, from Section 1.7, it can be shown that if p, is less
than a critical value (p*), then choked flow will occur through the orifice and the
maximum value for the throughput (¢¥) under choked flow conditions can be
calculated.

From Equation (1.39), p* can be calculated:

. ( 2 )7/7—1
14 _p]Y+l

In this case, p; = 1 mbar (100 Pa) and y = 1.63
p*=0.49 mbar

In Example 1.24, the expression for g} was given:

2 )‘/7—1( 2y AJ_)‘/z

*— 4 _c
m °rp°(y +1 v+ 1RT,

In this case, A, = 1.96 x 10~°m?, p, = p; = 100 Pa, M = 4kgkmol™, T, = 293K
and R = 8314 Pam®kmol' K.

2 \Vo.e3
q;=1.96><10‘5m2><100Pax(—> (

2.63 x8314Pam’*kmol ' K x 293K

3.26 x 4kg kmol™ )'/2
2.63

=1.81x10%kgs™
g,y = 11mbar Ls™' (chamber 1 to chamber 2)

In chamber 2, gas will leave through the orifice to chamber 3 and will also be
removed by pump S,.
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At p=5x 10 mbar and d =5 mm for the orifice to chamber 3, it can be shown
that Kn = 0.76. This corresponds to molecular flow.

The gas flow from chamber 2 to chamber 3 can be calculated from
Equation (2.6) where Ap = p, — p;. C,.,.,; can be calculated from Equation
(2.22).

For He at 293 K:

t=1245ms™
Cypye=31.1Ls" cm™
Cozs =31.1Ls" em™ X Ay, 4
=31.1Ls" em™?x0.196cm™
=6.1Ls"
Gpas = 6.1Ls™(Ap)
=6.1Ls™ x 5% 10~ mbar (p, can be ignored)
=0.31mbarLs™

From a steady-state flux balance of flow entering and leaving chamber 2:

* —
qu - qu,2—>3 + qu,sz

1lmbarLs™ =031 mbarLs™ + 5x 107 mbar X Sq,

Sy, =214Ls"
If: SCH,3 = 3000 L S_l and qu,Z—->3 = 0.31 mbal‘ L S_l
0.31 b
=——mbar
P3=3000

=1 x 10~ mbar (as required)

Example 6.18

GC-MS (gas chromatography-mass spectrometry) is widely used in the
analysis of complex mixtures of organic compounds. Such a system is
operating with a carrier gas (He) flow through the column of 20 atm
ccmin™ at 293 K. Since the pressure requirements of the GC and the
MS differ by several orders of magnitude, two possible systems are
considered (see diagrams (a) and (b)).
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He — —

from GC —=—+(1) (2) D

(1) = ion source

(2) = analyser with attached detector (D)

A, = represents the area of the ion source exit ports (= 0.08 cm?)
P = pump (S,;= 50 Ls™", independent of gas type)

He—>—HLV =~ (2 D

In (b), an additional restriction (A,) has been inserted so that only 10%
of the gas flow entering (1) passes to (2). Further, both the ion source
area and the analyser are separately pumped (S.qp= Serp, = 50Ls™).

If a pressure of 10 to 10~ mbar is acceptable in the ion source but a
pressure of < 3 x 10 mbar is required in the analyser (for ion trans-
mission and detector operation), evaluate systems (a) and (b) and
comment on the potential analytical sensitivity of the system.

System (a)
To establish p, = 3 x 10~ mbar with S,z =50Ls™":
q,v for the ion source — analyser  =p, Sq

=1.5%x 10 mbarLs™
(=0.09 atm ccmin™)

The pressure established in (1) given this gas throughput can be estimated
from the conductance of 4,. If the ion source temperature is 200 °C then,
assuming molecular flow, the conductance (C, j.) at 200 °C can be calculated
from Equation (2.22). For He at 200°C, ¢ = 1582ms™ (¢/4 =396 ms™)

Cy ea00oc =39.6 Ls em™ x 4,
=39.6Ls"'cm™x0.08 cm™
=32Ls"



212 Chapter 6

_L5x 10 mbar L™
pr= 32Ls"

(The conductance of 4, will throttle S, to approximately this value)

=4.7 x 10* mbar

0.09
p; 1s well within the requirements. However, only 0 (0.45%) of the effluent

from the column is being utilised, leading to a loss in sensitivity for the
analysis.

System (b)

If 4, allows only 10% of the gas flow entering (1) to pass, then, for p, = 3 x
10~° mbar, the flow into (1) is 10 x 1.5 x 10 mbar1s™

=1.5x 102 mbar Ls™ (0.9 atm ccmin™)

_15x 10?mbar Ls™!
Pi= 32Ls"

=4.7 x 10~ mbar (within the requirements)

From the continuity relationship, the pressure in the vicinity of the ion optics is
given by:

1.5%x102mbarLs" —1.5x 10 mbarLs™

SEPLPl
~0.0135mbarLs™!
B S0Ls

=2.7 x 10 mbar

Importantly, 10 times more column effluent can enter the ion source in system
(b) than in system (a).

Note: Although S.qp, = S.qp, at the point of connection, the conductance of 4,
has been calculated for He. Since C, is gas-type-dependent under conditions of
molecular flow:

CAIvHe - E (_Seff,He,A,)
C My,

X

Seﬂ,x,A‘
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where x are the higher molecular weight components separated by the column.
This means that S at 4, will vary with gas type and there will be component
enrichment at 4, and A4,.

Example 6.19

A flow-tube apparatus is connected to a photoelectron spectrometer (see
diagram). The species is to be ionised in chamber 4 and a beam density
of > 10" em™ is required. Chamber 4 is pumped with a turbomolecular
pump (S.q = 300Ls™, independent of gas type). If He at 293K is the
carrier gas in the flow tube and the pressures and dimensions are as
stated in the diagram, estimate Sz, and S

d=1mm d=2mm

—__ /7

_m
/ @ o] @
Flow tube
(p =10 mbar)
p,=10"" mbar
p,=10"°mbar
S4=300L s™

At the 1 mm diameter orifice connecting the flow tube to chamber 2, the flow
must be defined:
From Table 1.2:

Ipye = 19 x 107> cm mbar at 293 K
- At p=10mbar,

le=1.9x10"cm

This value is close to that for viscous flow given in Table 1.4. Consequently,
supersonic continuum flow will occur through the orifice. As the pressure in
chamber 2 is below the critical pressure (4.9 mbar, see Example 6.17), a max-
imum gas throughput will result:

4 v
q* =4, p <_2_)Y—1 (_27_ ﬂ)
Ty + 1 v+ 1RT
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In this case:

3.26 x 4 kg kmol™! )/z
2.63 x 8314 Pam’ kmol' K~ x 293 K

g% =7.85x10"m?x 10°Pa x 0.647 x (

=7.24x10"kgs™
=724x10"gs™
"o Gy =441mbarLs™

For the orifice between chamber (2) and (3):
l4.=0.19cm

=0.95 (close to 1)

Q| ~a

It is assumed that molecular flow will occur through the orifice. From Example
6.17, the conductance of this orifice is:

Cone=31.1Ls" cm™
Ayr sz =0.0314 cm?
Corry =0.98Ls"

Gpr23 = Cora3 X APy
=0.98 L's™ x 107 mbar (ignore p; in comparison)

=0.098 mbar L s
From the above, the throughput of gas to S, is:

Gpvs, = (4.41 —0.098) mbar L s™
=431 mbarLs™
For p,= 10" mbar
S,=43.1Ls" (155m* ™)

In chamber 4, a beam density > 10" cm™ is required. The pressure to which this
corresponds is obtained from Equation (1.5):

p=nkT
P 210"m?x1.38x 10¥ JK~' x 293K
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>4x10*Pa

>4 x 10 mbar
For p,>4x 10°mbar and S,=300Ls™":
G342 1.2x 107 mbar Ls™

As  G,2,,=0.098mbarLs™, forg,,; ,=12x10"mbarLs™,
then ¢, =(0.098-1.2x10”)mbarLs™
=0.0968 mbar Ls™
To maintain p, = 10~ mbar
S,=96.8Ls"

Example 6.20

The sample preparation chamber on a surface analysis system (AES,
XPS) is fitted with an ion gun for depth profiling (see diagram). The gun
can be differentially pumped to maintain the required pressure difference
between the ion source and the preparation chamber, which is initially
fitted with a TMP with S,;=50Ls™".

The sample is to be bombarded with argon ions at a minimum beam
current of 1 uA with the preparation chamber at 10 mbar. The gun is
operating at a current density of 1 mA cm™ and an electron current of
10mA. The constant for the gun in 5mbar™'.

preparation chamber
Vs

Gas Inlet

o sample
_{B:a:[ 1l T]'_Zﬁ——""—h é analysis
1 —————— chamber
—HH——"

ion source
pumping
port

o = insertable orifices @
>

(a) For an ion current of 10 pA, calculate the Ar pressure at which
the source should operate.

(b) Initially, to maintain the pressure difference between the ion
source and the chamber, an orifice is inserted at position 1. Cal-
culate the required diameter to achieve this when the preparation
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chamber is pumped with S,;= 50 Ls™'. (Assume the ion source
temperature is 200 °C). Is the beam current requirement met?

(c) If, instead of the SOL s™ pump, one with S,; = 100 Ls™ was used
on the chamber, would the beam current requirement be met?

(d) If two identical orifices are placed in positions 1 and 2 and a
pump with S.;= 100 Ls™ is fitted on the gun chamber between
the orifices, calculate the beam current if the preparation
chamber is in its original configuration.

(a) I'=10mA, I'=1x10"°A, K=S5mbar’

From Equation (5.11):

I'=IKp
p= I+
'K
1x107°A
p =2x 10 mbar

“1x 107 A x 5 mbar!

(b) Under conditions of molecular flow at 200°C, Ar will effuse through the
orifice with an area-related volume rate of flow given in Equation (1.17).

T

For Ar at 200°C, ¢= 145,5\/—111s1
M
=500.3ms™

=125.1ms™

el

Cynr =125Ls"'cm™

To maintain 10 mbar in the preparation chamber pumped with a 50 Ls™
TMP:

dor = 10 mbar x 50 Ls™
=5x10"mbarLs™

= Cor.Ar X Aor X (.psource —_pch)
=12.5Ls" em™ X A, cm® x 2 X 10~ mbar (p,, is negligible)
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5% 10" mbarLs™
AOT:
12.5Ls ' em™ x 2 x 10 mbar

=2x 10" cm?

For =8 x 107 cm (80 pm)

Beam current = I mA cm™ x 2 x 10~ cm?

=2x 1077 A (too small)
(c) With the attachment of a larger pump, a larger diameter orifice is tolerable.

G, = 10" mbar x 100Ls™
=10%mbarLs™!
= Cor,Ar X Aor X (2 X 10_4) mbarLs™

10%mbarLs™
Ay = -1 ) —4 -1
125Ls'ecm™ x2x 10" mbarLs

=4 x 10 cm?

Beam current = 1 mAcm™ x4 x 10~ cm?

=4 x 107" A (too small)

(d) With two identical orifices inserted at 1 and 2:

p=2x10"% mbar

2
W |_p=1x10"8 mbar
| ®

M

@

Seff Seﬁ
=100Ls™' =50Ls™

For chamber (1) — (2)

Corpsource =pr, X 100Ls' + Cor(pz —p3)
As C,<100Ls" and p,p; < Pouee
Corpsource =p, X 100L S_l (A)
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For chamber (2) = (3):

Corp2:p3X50Ls_l (B)
(A) x (B):

C(%rpsourcePZ =P2P3 X 1001-45_I X 50]’_15._l

COZI Dsource :p3 100L Skl X 50 L S—l
, D3X 100Ls'%x50Ls™
7 2% 10 mbar

_1x 10~ mbar x 5000 L*s

2 x 10*mbar

=25x10"L%s™
C,=05Ls"

=12.5Ls'em™ x 4, cm?
A, =0.04cm’

Beam current = 1 mA cm™ x 0.04 cm’

=4x 107 A (acceptable)

Chapter 6
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Summary

In Chapter 1, the assumption that gases and gas mixtures behave
ideally at low pressures (1 bar and below) was stated. (Deviation from
this with large amounts of readily condensable vapours under com-
pression near atmospheric pressure was dealt with in Chapter 3.) The
ideal gas equation, expressing the relationship between the variables
pressure, volume, temperature and amount (number of moles) of gas,
together with the expression of pressure in terms of particle number
density (rn) and Dalton’s law of partial pressures, allow many
calculations useful to vacuum technology to be carried out (Examples
1.1-1.5).

The kinetic theory of gases was briefly discussed. It enables the mean
or thermal velocity (¢) of gas molecules at a given temperature to be
obtained and gas flux to be calculated. From the latter, effusion rates,
area-related condensation rates and conductances under molecular flow
can be determined (see Examples 1.5 and 1.7-1.10). Calculation of colli-
sion frequency (obtained from ¢, » and the collision cross-section of
molecules), enables the mean free path (/) of particles to be determined.
The easily obtained expression for Ip is a convenient way of stating the
variation of / with p (Examples 1.11-1.15).

From values of / and ¢, the diffusion coefficient (D) and dynamic
viscosity (n) can be calculated (Examples 1.16-1.19). Estimation of the
Knudsen (//d) and Reynold’s numbers defines the nature of gas flow
(viscous, molecular, intermediate) in vacuum systems (Examples 1.20—
1.22).

The chapter concluded with a section on gas dynamics (Examples
1.23-1.25).

In Chapter 2, essential terms in vacuum technology (eg pV-
throughput, pumping speed, conductance, etc.) were defined. These are
required for the quantification of gas loads in vacuum systems. Calc-
ulations based on relevant relationships were demonstrated (Examples
2.1-2.4).

219
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The numerical value of the conductance of a component in a vacuum
system depends on the type of flow in the system. Gas flow in simple,
model systems (e.g. tubes of constant circular cross-section, orifices,
apertures) was considered for viscous flow (Examples 2.6-2.8) and
molecular flow (Examples 2.9-2.11). The chapter concluded with two
illustrations (Examples 2.13, 2.14) of Knudsen (intermediate) flow
through a tube.

Chapter 3 summarised initially the various types of vacuum pump
available and the pressure ranges in which they normally operate.
Subsequent sections dealt specifically with types of pump and, in
some cases, to support calculations, reviewed the operating principles
and characteristics. For example, aspects of oil-sealed rotary pump
operation were discussed (Examples 3.1-3.5) and Roots pumps, widely
used in applications where large gas loads at pressures in the
rough-medium range have to be handled, were examined (Examples
3.7-3.9).

Gas-transfer pumps such as turbomolecular and diffusion pumps are
extensively employed in the HV/UHYV range. Both types require backing
(forevacuum) pumps with the appropriate characteristics to enable their
efficient performance. Aspects of the operation of diffusion pumps
(Examples 3.10-3.15) and turbomolecular pumps (Examples 3.16-3.19)
were considered.

Combinations of turbomolecular pumps with cryosurfaces and cryo-
pumps are increasingly being used on ‘clean’ systems. Cryogenic tem-
peratures can be achieved with liquid cryogens (see Examples 3.20, 3.21,
3.23) or commercially available two-stage cryogenerators. With non-
standard cryogenic equipment, knowledge of the heat loads that may be
encountered is essential. In Examples 3.22-3.24, some heat load assess-
ments were described. Cryopump characteristics (e.g pumping speed,
ultimate pressure, starting pressure) are obviously important. These were
examined (Examples 3.24, 3.25).

Chapter 3 also considered those entrapment pumps that remove gas
particles by sorption effects such as gettering and implantation. The
operating principles of sputter ion pumps were explained (Example 3.26)
and some typical calculations performed (Examples 3.27-3.29). Aspects
of the use of titanium sublimation pumps were dealt with (Examples
3.30-3.33).

The pressure achievable in a vacuum system depends on the effective
speed of the pumps and the total gas load in the system. In Chapter 4,
the usual sources of gas (leaks, outgassing, permeation) were reviewed.
At the outset, terms associated with gas leakage were discussed. It can be
described by the equations of flow described in Chapter 2 and quantified
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as a mass flow rate (and the equivalent p F’-throughput and molar flow
rate) (see Examples 4.1, 4.2, 4.4 and 4.8).

A typical indication of leakage is the inability of the leaking system to
achieve the expected working pressure. Pressure-rise tests are frequently
carried out to assess the magnitude of the problem (Examples 4.3,
4.5-4.7,4.9). A convenient and highly sensitive method of leak detection
and quantification uses He as a tracer gas and a He leak detector
(MSLD). Some aspects of practical leak detection using MSLD were
discussed (Examples 4.10-4.12).

Outgassing, but that due predominantly to gas adsorbed on the
surface rather than incorporated within the structure, was discussed in
Chapter 4. (Diffusive outgassing was discussed in Chapter 6.) Surface
desorption can be described by a simple relationship containing
adjustable parameters which fit measurements. The use of this formula in
typical calculations was shown (Examples 4.13-4.18, 4.24).

The permeation of a gas through a substrate was described and assess-
ment of the gas load due to permeation explained (Examples 4.19-4.23).

The concluding part of the chapter considered the influence of various
gas sources on the attainable pressure in vacuum systems (Examples
4.24-4.26).

The measurement of total pressure in a vacuum system is essential.
Chapter 5 outlined the two general principles involved (direct and
indirect). Direct methods included manometric measurements
(Examples 5.1 and 5.3) and those involving the mechanical deformation
of a sensing element. Indirect methods, which depend on the estimation
of a physical property of the gas (e.g thermal conductivity, ionisation)
that depends on number density, were also discussed. Uncertainty
of measurement is a parameter associated with the result of a measure-
ment. It may influence the choice of a pressure gauge, and its practical
expression was illustrated in Example 5.4.

In connection with indirect methods, details were given of thermal
conductivity vacuum gauges (e.g. Pirani gauges in Examples 5.5 and 5.6)
and ionisation gauges. Of the latter, the two types in common use — the
hot cathode and cold cathode — were described and the basic gauge
equations stated. Typical calculations were given in Examples 5.7 and 5.8
(hot cathode) and Example 5.14 (cold cathode). The response of instru-
ments involving indirect methods is dependent on gas composition.
Interpretation of the indicated pressure to yield the ‘true’ pressure was
considered in Examples 5.6, 5.9, 5.10, 5.12 and 5.13. Other gauge-specific
factors were discussed including the X-ray effect for hot cathode gauges
(Example 5.11) and the surprisingly high pumping effect of cold cathode
gauges (Example 5.15).
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Residual gas analysis with quadrupole mass spectrometers is being
used increasingly in many applications for characterisation and problem
diagnosis. Typical data were shown (Examples 5.16 and 5.17) and the
manipulation of such data to yield partial pressures performed in
Examples 5.18 and 5.19.

Chapter 6 dealt with the application of vacuum technology in three
areas of the chemical sciences. The first was concerned with its use in
chemical technology, particularly in purification/separation operations
such as distillation and evaporation. For distillation, the use of the
Clapeyron and Clausius—Clapeyron equations was demonstrated
(Examples 6.1 and 6.2) whilst Raoult’s and Henry’s laws were stated and
applied (Examples 6.3, 6.4). The removal of water (drying) is an impor-
tant but poorly understood operation. Aspects of this were discussed
in Examples 6.5-6.7. Condensers, particularly in conjunction with
vacuum pumps, are indispensable in applications such as distillation and
drying. Simple treatment of condenser theory was stated and applied in
Examples 6.7-6.9.

The second application concerned aspects of UHV technology. In
UHYV systems at equilibrium, the predominant gas load arises from the
outgassing of internal surfaces. The factors influencing outgassing,
including adsorption/desorption, were discussed (Examples 6.10-6.12).
Outgassing from the interior of materials (diffusive outgassing), which
can arise with both metallic- and non-metallic materials exposed to
vacuum, was quantified in Examples 6.13-6.15.

The third topic dealt with the widely applied technique of differential
pumping which is used to create and exploit regions with large pressure
differences within a system. Preliminary calculations (Examples 6.16,
6.17) indicated the procedures and typical assessments. Specific applica-
tions were given, such as GC-MS (Example 6.18), the generation and
identification of unstable species (Example 6.19) and a typical ion source
(used for depth profiling) (Example 6.20).

This book has presented information, in the form of worked calcula-
tions, on the background to and the current state of vacuum technol-
ogy. There is no doubt that the role of vacuum technology will be
equally important in the future — vacuum processing is a very effective
and efficient way of handling and manufacturing materials. What will
change, however, are the demands made on vacuum techniques. ‘Clean’
vacuum systems will be demanded which do not influence in any way
the process being performed, and proof of cleanliness will be routinely
confirmed in the form of high-sensitivity residual gas analysis. The need
for cleanliness will also change the types of pump used. Pumps that
neither influence nor are influenced by the vacuum process will be
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demanded. Gradually, oil-sealed pumps will be displaced by ‘dry’
pumps and cryosurfaces combined with turbomolecular pumps, or
cryopumps, will completely replace diffusion pumps on HV/UHV
systems.
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Appendix: Symbols used in
Vacuum Technology according to
BS 5543:1978/1SO 3753:1977

/N

vacuum pump (type not specified)

AV4

—— position displacement

O >— RVP (rotary vane pump)

@ >r— RPP (rotary piston pump)

— O >— gas ballast pump

@)— Roots pump I — 1y SIP

vapour diffusion pump

X r—
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— TMP

— entrapment pump Ti TSP

pressure gauge (type unspecified)

partial pressure

hot cathode ionisation gauge

hot cathode gauge (uhv)

DEDEORGA SN

cold cathode ionisation gauge

thermal conductivity gauge

RENE)

pipeline

. junction

lines with junctions

i
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.............

X0 g0 % % X X XX

lines with cross-junction

crossing lines (not connected)

bakeable enclosure

valve (type unspecified)

gate valve

baffle valve

fine control valve

manually operated valve

remote control valve

pneumatically-operated valve

electromagnetically-operated valve
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Table 1 Nominal widths ( DN ) and recommended internal diameters for
international standard tubes and flanges used in vacuum technology

DN d, (mm)
10 10
16 16
25 24
40 41
63 70

100 102
125 127
160 153
250 261
630 651
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Adiabatic processes, 24, 75

Adsorption, 110, 111, 135, 136, 196,
200

Area-related collision rate, 11

Attainable pressure, 140

Avogadro constant, 3

Backing line (see also Forevacuum
line), 84, 85, 87

Backing pumps (see also
Forevacuum pumps), 64, 67, 69,
71,74, 76,77, 81, 83, 85, 87, 91,
127

calculations involving, 64, 80, 83,

127

Backstreaming, 58, 59, 140

Bayard-Alpert gauge, 156, 162, 164

Bernoulli equation, 24

Boltzmann constant, 4

Capacitance diaphragm gauge
(CDG), 2, 150-152
Capacitance manometer (see CDG)
Chemical technology
applications of vacuum
technology, 176
Chemisorption, 196
Choked flow, 29, 39, 42, 117
throughput calculation, 30, 117,
209
Clapeyron equation, 177
Clausius—Clapeyron equation, 178
Clean vacuum systems, 56, 58, 87,92,
107, 223
Cold cathode gauges, 155, 165
Cold traps, 36, 92
Collision cross-section, 13
calculation, 14
tabulated values, 14

Collision number, 13, 16
Compression ratto, 57, 60, 71
oil-sealed pumps, 58
Roots pumps, 69, 71
turbomolecular pumps, 86, 88, 90
Condensation coefficient, 11
Condensation of vapours, 58, 60, 64,
187
coefficient, 184
Condensers, 187
combination with pumps, 191-193
Conductance, 48
arpertures, 34, 36, 43, 47, 55, 144,
211,213,215
complex components, 48
contribution of parallel
conductances, 34
contribution of series
conductances, 33, 34
definition, 32
ducts and tubes (molecular flow),
43,45
ducts and tubes (viscous flow), 39
Contamination of systems, 58, 59, 78,
107
Critical backing pressure (diffusion
pumps), 79, 80, 82, 83
Cryogenic liquids
LHe, 92-94, 96
LN,, 12, 36, 37, 92,94
Cryosorption, 92
Cryosurfaces/-pumps, 57, 76, 92
calculations involving, 12, 36, 37,
95, 96, 100, 101
characteristics, 98

Desorption, 114, 135, 196
calculations involving, 197, 198,
199
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gas-ion, 161
Diaphragm pumps, 65
Differential pumping, 207
Diffusion in gases, 17
calculation of coefficient, 17-19
Diffusion in solids, 135, 200
coefficient, 201
calculations, 203, 206
Diffusion pumps, 56, 57, 76, 78
calculations involving, 80, 82-85,
126, 129, 141, 142
gas flux from, 84
systems, 79, 82, 126
Diffusive outgassing, 200
Distillation, 176, 179
Dry piston pumps, 62, 66, 67
Dry pumps, 65, 71, 74
characteristics/applications, 57, 66
Drying (evaporation of water), 176,
182
calculations, 37, 62, 185, 189

Effective speed (gas particles), 8, 10
Effusion, 11, 17
Emissivity factor (thermal radiation),
93,94

Enthalpy, 24

of evaporation, 93, 94, 178

of vaporisation, 93, 94, 177
Evaporation, 93, 94, 182, 183
Expansion of gas, 25, 29

Factors
ionisation gauge correction, 159,
172
correction (molecular flow, tube),
46
emissivity (thermal radiation), 93
transmission probability, 43
Fick’s law, 17, 201
Flow types, 38
Forevacuum pressure (see also
backing pressure), 84, 88
Forevacuum pump (see also backing
pump), 76, 80
Fragmentation distribution pattern,
170
Fragmentation factors (RGA), 167,
170

Index

Gas
in metals, 202, 203, 206
ballast, 60, 61, 63
constant (R), 3, 4
desorption, 165
dynamics, 1, 24
flow rate, 31, 32, 34, 115
load, 36, 195
mixtures, 5
sources in vacuum systems, 114
transport properties, 17
Gas transfer pumps, 56, 57, 76
Gauge calibration, 158
constant, 157, 164, 166
Gauge sensitivity
cold cathode gauges, 166
thermal conductivity gauges, 154
GC-MS, 207, 210
Getter pumps
general, 57, 108
evaporable, 108
Gifford-McMahon cryogenerators,
92
Gradation (Roots pumps), 70

Heat capacity, 25
Heat loads (cryogenic systems), 93, 95
due to gas condensation, 93
due to thermal conductivity, 93
due to thermal radiation, 93
Heat loss from a heated wire, 153
Heat transfer coefficient
(condensers), 187, 189
Helium leak detector (see MSLD)
Henry’s law, 180
High vacuum pumps, 76
High vacuum pressure range, 2
Hot cathode ionisation gauge, 155,
169

Ideal gas (see also perfect gas), 1
behaviour, 12
equation of state, 3, 25
law, 3
Indirect pressure measurement, 152
Intermediate flow (see Knudsen
flow)
Ionisation gauges, 3, 87, 89, 155
cold cathode, 165



Index

hot cathode, 155
Ionisation probabilities (RGA), 172

Kinetic theory of gases, 1, 8
Knudsen (intermediate) flow, 51
Knudsen number, 22, 24, 43
calculation, 35, 53, 54, 118, 213
in flow-type definition, 22, 24, 35,
43, 51,116

Leakage, 33, 36, 37, 119, 140, 142,
173,192

Leaks, 114, 115

calculations, 115, 119, 142

effect on vacuum condensers, 193
_ test leak, 137, 138
[ calculation, 34, 54, 59, 116, 118, 213
Ip values, 14, 15

calculation, 15, 22, 59

Mach number, 26, 38
Manometers, liquid column, 149, 151
Mass flow rate, 26, 32, 38
Mass spectrum, 59, 171
Maxwell-Boltzmann distribution, 8,
9
Mean free path (see also ), 1
definition, 13
Ip values (Table), 14
calculation, 15, 22, 59
Mean temperature difference, 187
Mean (or thermal) velocity, 1
Mechanical efficiency (Roots pump),
70
Medium vacuum range, 2, 57
Mol (or mole) (amount of
substance), 3
Molar flow rate, 32
Molar gas constant (R), 3, 4
Mole fraction, 5, 179, 180
calculation, 6, 7, 181
Molecular flow, 43, 117, 123
through components, 49, 54
through tubes of constant cross-
section, 45, 46, 123
Monomolecular layer (monolayer),
108, 110, 111, 196, 199

Normal pressure, 3
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Normal temperature, 3

Oil-sealed pumps, 58
rotary, 57, 58, 185
Orifice
flow through, 28, 207, 209, 213,
214,215
Outgassing, 36, 114, 115, 140, 174,
196
calculations involving, 131-133,
139, 141, 144
decay exponent, 130, 131
diffusive (see Diffusive outgassing),
200
specific rate, 130, 131
time-dependence, 121, 129, 196

Partial pressure, 5
calculation, 6, 7, 38, 147, 158, 159
definition, 5
measurement, 56, 158
Particle number density, 2, 4, 11, 14,
148, 183
Particle velocities, 8
Penning discharge, 103, 165, 166
Penning gauges, 165, 167
Perfect gas (see also ideal gas), 1, 5,76
Permeation, 114, 115, 134, 137
Permeation constant (-conductivity),
135, 136
throughput, 136, 138,139
Phase equilibrium, 180
Physisorption, 196
Pirani vacuum gauge, 2, 80, 152,
153
Polytropic process, 75
Pressure
attainable in vacuum systems, 140
definition, 2, 148
measurement (see total pressure
measurement), 2, 3, 148
uncertainty in gauges, 152
units, 2
Pressure-rise test, 84, 119-121, 123,
144
Process gas, 33, 115
Pumping in vacuum gauges, 163, 166
Pumping speed
area-related, 37, 96, 100, 101, 110



232

calculations, 40, 41, 47, 65, 71, 72,
82, 83, 97,100, 108, 131, 142,
144, 146, 208

definition, 31

effective, 32, 33, 41, 160

pressure characteristics, 58, 66, 67,
70,77, 78, 81, 87, 105

Pumps, 56

cryo, 92

diffusion, 78

dry, 65, 66

oil-sealed rotary, 57

Roots, 67

sputter-ion, 103

titanium sublimation, 89, 108

turbomolecular, 85, 89

ultra-high vacuum, 76, 103

working pressure range, 57

Purge gas, 23, 31, 52, 32, 119
pV-throughput, 164

calculation, 64, 72, 100, 117, 118,
122, 125, 134, 136, 139, 184,
208, 213

in circular cross-section pipes, 38,
39, 52

Quadrupole mass spectrometers, 168

Radiation heat load (see heat loads
(cryogenic systems))

Raoult’s law, 179

Residual gas analysis (RGA), 35, 59,
168

Response time (leak detection), 128,
129
Reynolds number, 20, 22, 23
calculation, 23, 35, 41
definition of flow type, 24
Roots pumps, 65, 67
applications, 67, 68, 127
calculations, 71, 74, 126, 129
efficiency, 70, 73, 74
k, values, 69, 70, 73
Rotary vane pumps, 57
calculations, 62, 64
system contamination, 58, 59
Roughing pump (see also backing
pump), 77, 80
Rough vacuum range, 2, 57

Index

Sensitivity

RGA, 169

vacuum gauges, 154, 157, 164, 166
Sorption, 108
Specific heat capacity, 25

ratio (table for gases), 25
Sputter-ion pumps, 57, 103, 166

calculations, 106, 107
Staging ratio (Roots pumps), 70
Standard atmospheric pressure, 3
Stationary flow,

definition, 26
Steady-state

flux balance, 33

energy equation, 27
Stefan-Boltzmann constant, 93
Sticking probability (TSP), 108, 109
Surface science, 2
Synchrotron radiation, 2, 195

Test leak (permeation type), 137,
138
Thermal conductivity
gas, 93
vacuum gauges, 152, 155
Thermal load (see heat loads,
cryogenic systems)
calculations, 95, 96, 100
Thermal (or mean) velocity, 1, 8
Throughput (see p V-throughput)
Titanium sublimation pump (TSP),
89, 108
calculations, 108, 11
Transmission probability (Clausing),
43,45, 50
Transport properties of gases, 17
Turbomolecular pumps, 56, 57, 59,
76, 85
calculations, 35, 36, 47, 51, 64, 87,
88, 89, 91, 134, 146, 159, 173,
207
geometric factor, 86, 91
K., values, 86, 87
Turbulent flow, 42

UHV
pumps, 76, 89, 92, 103
range, 2, 89, 107, 132, 195
systems, 89, 107, 176, 195, 206
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Ultimate pressure
cryopumps, 98
diffusion pumps, 78
dry pumps, 66, 74
oil-sealed pumps, 58, 185
Roots pumps, 71
Uncertainty in pressure
measurement, 152, 167

Vacuum method (of leak detection),
125
Vacuum pressure, 148
high vacuum, 2
medium vacuum, 2
rough vacuum, 2
UHV/XHYV, 2
Vacuum technology applications, 1,
2,176
Vapour
condensation (see Condensation)
tolerance (of a pump), 61, 63
Vapour pressure, 60
saturated, for some organic
compounds, 63
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various gases, 99
water, 61
Velocity of gas particles
calculation, 9, 10, 12
effective (or root mean square), 8
mean (or thermal), 1, 8, 85, 86, 91
most probable, 8
root mean square (or effective), 8
x-component, 9
Venting of vacuum systems, 28
Viscosity of gases, 17, 20, 122
calculation, 21
table of dynamic viscosities, 21
Viscous flow, 39, 116, 122
in tubes and ducts, 38, 118, 122
Volume rate of flow (pumping speed),
1, 11

Wall flux density, 11
Water vapour tolerance, 61, 185
calculation, 62, 64

X-ray effect (hot cathode ionisation
gauges), 161, 162
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