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States of matter

Matter consists of very large numbers -of smail. discrete particles known as
atoms. Atoms may combine together in chemical reactions (o form arrange-
ments termed molecuies. For exampie, two hydrogen atoms may combine
with one oxygen atom 10 make a motecule of water. Certain atoms—those of
the so-called ‘inert’ gases such as helium, neon and argon—are very uniikelv
lo combine chemically, and the atoms remain single and unattached. The
atoms of other gases such as hydrogen, nitrogen and oxvgen rarely exist as
single atoms, and form diatomic gas molecules. i.e. molecules of two identical
atoms. For simplicity it can be considered that all matter can be divided into
three states, or phases. these being the solid state, the liquid state and the
gaseous state. Some matter exists in each of these states. e.g. ice, water and
stcam are three states of the same substance. There are solid. liquid and
gaseous forms of carbon dioxide etc.

The solid state

In a solid. the atoms are bound tghtly together in fixed positions relative 1o
each other by interatomic forces. Solids therefare have fixed volumes. Heat
energy contained in the solid appears as vibrations of the atoms about these
positions. Normally these vibrations are not strong enough to break the
bonds holding the atoms in place. If heat is supplied to the solid. the
vibrations increase in strength and eventually the oonds break, causing the
solid to melt and form a liquid. A few substances will convert directlv from
the solid to_the vapour without passing through the intermediate liguid stagc.

The effect is known as sublimation and is the basis of vacuum freeze drving.

The liquid state

In_a liquid, the atoms (or molecules) have no fixed positions, and are in
constant random motion, wandening freely about the bulk of the liquid.

Because the atoms are still very close together, they are still influenced by
interatomic binding forces, particularly at the surface. If heat is added to the
liquid, the random motions of the atoms become more vigorous, eventually
reaching the point at which they move quickly enough to overcome the
binding forces. The liguid then boils and becomes a gas.

The gas phase

[n a gas, the molecules are on average very much further apart than in solids
or liquids. For example, in air at atmospheric pressure and room tempera-
ture, about 0.01 per cent of the space ts actually occupied by the molecules. In
a solid such as copper, the figure is 74 per cent. [n a gas, the molecules are
constantly moving in random directions but because they are further apart
interatomic forces have very little effect. At very short intervals, individual

molecules coilide with and bounce off others (about 10000 000000 times per
second for each molecule at atmospheric pressure). A oas thus automatically

£xpands to fill a volume into which it is led.
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Vapours and saturated vapour pressure

Some molecules have sufficient energy to escape from the surface of bulk
solids and liquids and become part of the surrounding atmosphere. Raising
the temperature of the bulk substance will increase the rate of escape. A dish
of water, for example, if left uncovered in the open air, will evaporate; vapour
molecules rapidly diffuse away from the parent liquid and in general produce
what is known as an unsaturated vapour. On the other hand, if the liquid is in
an enclosed vessel there is a high probability that a free molecule will collide
with the liquid surface and be recaptured (i.e. condensation). Thus, an
¢quilibrium will be established between evaporation and condensation and
the air is unable to accept any more water, it has become sarurated and the

ressure it exerts is called the saturated vapour pressure. Since the rate of

evaporation falls with a decrease in_temperature, the saturated vapour
pressure also decreases. Relrigerated surfaces are frequently built into

vacuum systems Lo cause vapours io condense on Them and a

15t ; or ey
s known as ‘cold trapping or CTYOpumpIng .

A saturated vapour is one in equilibrium with its liquid.

In vacuum, the rate of evaporation increases. Molecules leaving the surface
have less chance of COllldlﬂE with air molecules, and evaporation proceeds

more rapidly. If the pressure 1s progressively reduced from atmospheric, the
rate of evaporation gradually increases until. at a certain vaiue of pressure,
evaporauion becomes much more rapid—for our example of a dish of water,

the water begins to boil at room temperature (20 *C). This occurs at a
pressure of 23.4 mbar.

As long as any water exists al room lemperature anywhere in a vacuum
system, the mimmum pressure allainable in the system will be 23.4 mbar (the
suturated vapour pressure), A lite water can produce very large volumes of
yapour, and hence cun take a long lime to be pumped away. Note that rapid
evaporation tends to result in a lowering of the temperature of the water
{unless sufficient heat is availabie). and it may freeze. At 0°C the saturated
vapour pressure of ice is 6.11 mbur.

The sume process applies 1o any liquid inside the vacuum system. The
implication of this is that great care musl be taken to avoid contaminating u
system (e.2. by careless handling (fingerprints) or unclean work (fluxes,
greases, cleaning fluids, etc.)) with possible vapour sources.

All materials, including solids, have vapour pressures, although some are

very low at normal temperatures and others may be a problem for a vacuum
system.

2 Vapour pressure of various liquids at 20°C -

Liguids Vapaur pressure (mbar)
ar X)°C
Organic liquids
Acctone 250
Benzene 160
Carbon tetrachloride 120
Ethyl alcohol 60
Isopropy! alcohol 510
Toluene a0
Trichlorethyviene 80
Xylene 7
Metals
Mereury 1.5 x10°°

Materials having a noticeable vapour pressure at the highest intended
operating temperature must obviously be avoided. The vapour pressure of
most_metals is so low that it does not restrict their use for vacuum

applications. However, alloys that contain zinc. lead and cadmium, for
example. have unsuitably high vapour pressures for vacuum application.
Cadmium is commonly used to plate steel screws and brass has a zinc
content. Table 2 shows the vapour pressure of "difficuftC’ metals at various
temperatures. Vapour evolved from the hot metals is likely 1c condensc on
adjacent cooler surfaces. A potential problem can be a metal Gim condensed
on_an elecirical insulator, thus causing a short circuit.

Table 2. Saturated vapour pressure versus temperature of
certain metals

1072 mbar 107 mbar 10~ % mbar

Aluminium 716C 800°C $80 TC
Cadmium 145-C 175°C 215°C
Zinc 205-C 245-C 285°C
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Il a given mass of permanent gas is confined in a cylinder by an airtight piston
and the volume of the gas is decreased by the movement of the piston, the
pressure of the gas increases. When the volume of the gas increases the
pressure decreases. Gases are therefore compressible. Robert Boyle invest-

igated the relationship between gas pressure (p) and volume (¥) and
deduced his law.

—

Boyle's law states that for a fixed mass of gas at a given
temperature, the product of the pressure and volume is
onstanl; ie. pV is constant. ’

——

Figure Mlustrates the effects of Bovle's law. A graduated cylinder is
fitted with a piston, pressure gauge and thermomeler.

Vacuum gouge
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An illustration of Boyle's law
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Gas mixtures—partial pressures

The gas in a vacuum chamber usually consists of a mixture of various
constituent molecules. Simply, each "gas constituent can be considered to
exert a pressure appropriate to the number of its molecules present. The total

Processes occurring at a boundary wall

F

If all the gas to be removed from a vacuum chamber were located in the.
volume of the chamber, it could be removed easily by a pump in a very shart
time. However, in practice this will never happen. The lowest pressure

obtainable and the time taken to pump-down a vacuum system are limited by
the slow evolution of additional gases and vapours from the inside surfaces of
the vacuum chamber and from the surfaces of any components within it. This

pressure of the mixture will be equal to the sum of the partial pressures of the
mixture:

LP,O,,|=P1+P2+P3+“‘CW-

Partial pressures as low as 107'*mbar have been measured using
instruments known as mass spectrometers. There are several forms of the
instrument but the general principle of operation is common to them all; the
gas molecules are ionized, accelerated, separated into groups according_tfa
their masses and finally collected. ~

Dolton Qoo

P
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surface gas release is the resuit of several processes including vaporization.

desorption, diffusion and permeation In the absence of leaks,

these processes, together with possible gas emission from the pumps..

determine the composition of the residual atmosphere in the system.

Boundary
wall

Vacuum Atmnosphere

Vapourization —-ef———

Desorption —esf— &

Diffusion

Permeation — External gas

£y

Gas and vapour load associated with the boundary wall



Desorption

Desorption is the liberation of gases and vapours taken up (sorbed) by a

material. Qutgassing is the spontaneous desorption of gas from a material -
Degassing is the deliberate desorption of gas from a material,

Le. an accelerated outgassing process, e.g. by using heat.

The reverse process, the taking up of gas or vapour by a solid or liquid is
known as sorption. This can occur as adsorption, in which the gas or the
vapour is retained at the surface of the solid or the liquid, or by absorption, in
which the gas diffuses into the bulk of the solid or liquid. Where the sorption
is due to physical forces, in which no definite chemical bording occurs, it is
known as physisorption. Sorption in which the formation of chemical
bonding occurs in the process is known as chemisorption.

Adsorbed gases and vapours are not bound for ever. but there is a
possibility that they are released back into the gas space and are replaced by
others. The time they stay on the surface is called residence time. The release
of adsorbed gases is usually very rapid and with rising temperature the mean
residence time is further reduced. Therefore a temperature rise accelerates the
desorption of adsorbed gases.

Absorbed gases must first diffuse from the substance to the surface, [rom
where they are discharged to the gas space. Here, again. the desorption
rapidly rises with rising temperature. In_the high vacuum and ultra-high

vacuum range, the pumping times are mainly determined by desorption, as_
well as other factors such as permeation.

Diflusion

Diffusion is a process in which particles (atoms or molecules) move through a

solid, liquid or gas. Examples of gas diffusing from the wall of a vacuum
system container include hydrogen from a2luminium and from iron and also

carbon monoxide and carbon dioxide from mild steel. Diflusion is a much
slower process than desorption: the rate of transport through the bulk to the
surface governs the rate of release into the vacuum.

Permeation

In_addition to desorption, the permeation of gases through the wall and
through sealing matenials can have a certain influence in high and_ultra-high
vacuurr. An example is helium permeation through glass or through
glastomer seais. Permeation involves several steps, simplified as follows:

*1. Impact of the gas aloms or molecules on the outer surface

lonizat
Gas molecules consist of groups of atoms bound together by relatively strong
forces so that the molecular entity stays intact throughout all the inter-
molecular collisions. The atom as a whole is electrically neutral and gases are
therefore extremely poor conductors of electricity. They can be made better

conductors by aliering the balance of the positive and negative charges in the
atoms. Atoms can be considered to be composed of three parts: namely

tlectrons, protons and neutrons. The electrons are negatively charged
particles moving in orbital paths around the nucleus of the atom

The nucleus contains two particles: electrically neutral neutrons and
positively charged protons whose charge is equal but opposite to the charge
on the electrons!

# 2. Adsorption :

* 3. Movement of the gas in the wall material from the saturated outer surface
layer due to a concentration gradient

* 4 Transfer of the gis 1o the inner surface of the wall

* 3. Desorption of the gas from the inner surface

Permeation is a function of the temperature, type of gas and structure of the
material.
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Ionization of an atom

An example of ionization occurs in the mass spectrometer. Gas enters a
low-pressure region where il is bombarded with electrons from a heated
filament. The bombardment causes eiectrons 1o be stripped from the atoms.
By removing one or more electrons from their orbits, the atom can take on an
overall positive charge. Such a charged atom is termed a positive ‘ion’

Once a gas has been ionized the motion of the ions can be
influenced by electric and magnetic fields. Note that an atom that gains an
electron forms a negative ion, but this is kess common.

The symbol for a positive ion is written as, say, N *, in this case a nitrogen
atom with one electron removed. or O?*, an oxygen atom with two electrons
removed. 1.e. doubly ionized.

A space containing ionized gas will conduct electricity by means of the -

transport of ions between electrodes Positive ions will be
attracted by the negative voltage on the right-hand electrode (cathode) and
move towards it. When an ion reaches the electrode it takes up an electron
fromit. The ion and electron combine to make a neutral atom. The current of
ions through the gasis thus accompanied by a flow ol electricity in the circuit
which will show as a defiection on a meter. The electric current relates
directly to the number of ions in the space and therefore 1o the number of

molecules. This simple arrangement (cajled a discharge tube) forms the basis
of ionization vacuum gauges.

An ion is an atom or group of atoms which have become
charged. positively or negatively, through losing or gaining
electrons.

The ability to move gas atoms by applving chosen electric (2and magnetic)
fields 10 ions finds several applications in vacuum iechnology.

Electrode (anode)

| Positive ion ! Glas? ube Electrode {cathode)
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Mean free path, molecular density and monolayer

formation time

N we saw how the vacuum spectrum was split into different
ranges. Although the limits of the regions look arbitrary they do tend to
correspond to a different physical situation. In order to describe these
situations it is useful to utilize concepts such as mean {ree path, molecular

density and monolayer formation time.

Mean free path

The molecules in 2 gas are in constant random motion, periodicaily colliding

with one another and moving off in new directions. The distance travelled by
a molecule between one collision and the next has an important bearing on

various vacuum phenomena.

The average distance travelled by a moleciile between collisions is termed

the mean free path. The length of the mean free path depends_on the

temperature and pressure of the pas and the size of the molecules. For air at

room temperature, a simple formula can be used to calculate it:

Mean free path =

where P = pressure in mbar

In this case, then, the mean free path is about 6 x 107 ¢ cm at atmospheric

pressure and 64 metres at 10”° mbar.

Molecular density

Molecular density
number of molecules per unit volume.

Time to form a monolayer

This is the time taken {or a clean surface in a vacuum to be covered by a layer

of gas of one molecule thickness.

these physical characteristics vary with pressure. [n

6.4 x 1073
S cm

and is the average

the rough and medium vacuum ranges, the number of gas phase molecules is
large compared with those covering the surface. In the high vacuum range the
gas molecules in the vacuum system are located principally on surfaces, and
the mean free path equals or is greater than the relevant dimensions of the
endlosure. In the ultra-high vacuum range, the time to form a monolayer is
equal or longer than the usual time for Jaboratory measurements; thus ‘clean’
surfaces can be prepared and their properties can be determined before the

adsorbed layer is formed.

Monolaver formation time (s)
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Ultra-high vacuum
10
10°
10°
movemesnt

Free molacules

High vacuum
1073 - 1078
9
10t - 10°

103 - 10
Molecular Flow

Medium-high vacuum
102 . 107!
1016 . 161!
1072 10!
Knudsen Flow

10% - 10

Low vacuum
1077 - 1072

1019 - 1016
Continuous Flow

i

Ne mr.rlec:ulo:l’cm3
Mean free path (cm)

Pressure (Pa)
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Volume flow rate (pump speed)
- - The rate at which gas flows across & plane. whether through a leak, along a
— > n n O T - e
= = pipeline or into a pump. is generaijy described in terms of volumetric flow i
. ~ rate. The volume fiow rate of gas transporied across a plane is the volume of .
v Do . . . . :
"‘s ] gas (at a sp.euﬁcd‘ lgmpcralure gnd pres_sn.:rgj crossing tha't plane in 5.\ 2 given
interval of time. divided by that time. Thé uinit of flow rate is normaliymetres |
per second (ms™ ). |
When applied to the performance of vacuum pumps this term is commonly
referred 10 as the ‘pump speed’ or ‘pumping speed’. Pumping speed (S} is Hh
normallv measured in litres per second (Is™!), eubic—eet—per-minute ;
o ~ (itsagn =) or cubic metres per hour (m>h~'). '
=2 =] ‘
L] L]
39 QQ The value of pumping speed quoted by the pump manufacturer ts normally
= = measured at the pump inlet and is determined by methods laid down by the
Imternational Organization for Standardization(ISO), Pneurop (a coordinated
Conversion of volume flow rate units ;
Is7! fmin™ ! m*h!
& |5 pso! q 112 360
Tl T 0472 1 1.70
3 4] mih! 0.278 0.38¢9 i ,
Q (=] .
— ]
To convert a unil in the lefi-hand coluran to a unit in the top
Jine multiply by the relevant factlor.
h-]
- §.§ assembly of manufacturers of compressors, vacuum pumps and pneumatic
F g gs tools from 12 European countries} or the American Vacuum Society (AVS). 1
o £
. 25| &
2 5] <5
-~ S S35
o = £ g a
2 2. |58
¥ 08|83 ’

e
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Throughput (Q)

The volume flow jate (pump speed) gives no information about the actual
quantity of gas which is flowing, since the density of the gas—which is highly
variable—does not enter into the measurement. Clearly a 1 litre per second
flow of gas at 10~ mbar contains far fewer molecules than the same fiow at
1000 mbar. However, by stating the flow in terms of pressure times volume
flow rate units, or ‘throughpyt’, the variglion; of gas density with pressure is
allowed far. This gives a flow unit that refates directly to the actual quantity
of gaseous matter in the flow (mass flow). The throughput is given by the

equation:
ressure x v \‘ —
'*\ Throughput = P - olume
time

-—b\ PV

or

=—=p5s ¥

t

The throughput varies with temperature and is generall specified at room
temperature, approximately 20 °C. The unit in common use is the millibar-
litre per second (mbar 1 s™').

Conversion of throughput units

:s"l‘u«/

‘mbarls" l T STV an

P
ar)jﬂ'mm !

-—-t-barls_: 1 0.75 0.987 75 x 108 2097 x 1073
rorrls] ) 1.333 1 1.316 o1 2795 x 1073
oomonis™' 1013 0.76 1 76 % 100 202 x 1073
inemee . 1.333 x 10°2 0.001 1.32 < 107 | 2.79 x t0°®
mﬁ min~' 478 x 102 3.58 % 102 472 x 100 358 x 10% 1

t o : . .. i .
M:roouwn a unit in the left-hund column Lo a unit in the top Hee multiply by the relative

Conductance

The resistance to gas flow of components that make up a vacuum system (e.g.
interconnecting pipelines. valves. baffles, etc.) hac a considerable influence on
the effective pumping speed and pressure abtainable within the system. In
vacuum work it is often more convenient to work in terms of conductance (C)
rather than resistance (R}

C =

x| -

the pumping speed (volume flow rate) at any point
in & vacuum svstem can be expressed as
!

_of
+5=3 &

where O is the throughput and P is the pressurc of the gas at the point at_
which the pumping speed 1s defined.,

Therelore. in the case of a pipe where gas is flowing at a rate_Q from a
region where the pressure ts Py toa region where the pressure is P, then the
pumping speeds at the two points are given by

]
Q and S:=':‘

5 ==
‘TP P,

The conductance between two points in a vacuum system can be expressed
as the guantity flow rate of gas flowing through a device divided by the
resulting pressure drop. ie.

Q

C:
Py =P

{Compare this with the analogy of current flowing through an electrical
tesistor.) Subsututing for P, and Py gives




Dividing by Q and rearranging

C 5 S
The units of conductance are those of volume per unit time.
Il a rotary pump of speed Sp s connected 10 a system by a pipe of

conductance C, the effective pumping speed S, is related to the rated pumping
speed by

L_1, 1

5. C 'S,

S, x C

or S'_SP+C

To establish the effective speed of a pump connected to a chamber by a single
pumping line at a certain average pressure. the conductance of the pipeline at
that pressure must be determined.

. The conductance varies as the mode of Aow changes ard account of this
must be taken into consideration when calculating conductance vaiues.

Gas flow regions

In the pressure region 1013 to | mbar the flow is termed riscous. Here the gas
molecules collide with one another frequently. The mean free path of the
molecules is much smaller than the diameter of the pipeline or tube through
which the gas may be flowing. Close to atmospheric pressure the flow s in
commotion and is known as rurbulen: flow; nearer 12 mbar it becomes
layered—generally termed laminar Sow

In the pressure region below 10~ mbar the flow is molecular. Here the
molecules move freely without mutual hindrance and collisions are mainly
with the tube wall. Molecules strike the wall, stick for a while, then leave in a
new. unpredictable direction. Flow is truly random and the mean free path is
much greater than the tube dimension, Pumping occurs only when molecules
migrate into the pump of their own accord,

In the transition from viscous to molecular (1 to 1073 mbar) the flow is
termed intermediate, and here the mean free path is approximately equal to
the tube diameter,

Pipe wall

Turbulent —
Viscous
[ flow
QQO000000C00OD0OO0O0
BoRESLRRIXARIOO e
S
ggmmgg
== ———
7 Y% / Molecular
flow

Pictorial analogy of the different flow regions
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Conductance of pipelines

:-‘tiguoroec gives the conducta'ncc of round smooth-bore straight pipes for air
over the range from viscous to molecylar flow conditions. The curves

in Figure 4 i
g are based on the following formulae:
Molecular
ﬂo_w Imserecdiate flow Viscous flow
region « wgion . region
- Pipe inside
250 o dizmeter (mm
10 000 0 w70 0 {(mm)
H Ri]
1000 ‘

- = = 16

':,; T + I

2 o =

s

3 | ==

o i

g . 1

« 10.0 ! y 3

‘2 .

< z

¥ .

g -

S L0

3 5

e ¥ ' £

S ALfil f

iJ.1 I s
: 1 41 44
0.01 ) i
10-* -d S m-t ! 1 1041

Average pressure (mbar)

Note: (a) Since ostimated condugance
o for [ metre diike By loneth
G metres for other enaths

i Multiply ™y 3 6o convernt 1o
mh!

Conductunce of round pipes for air w1 20 C (litres per second for one
metre length)

5

) 136.5D*P
Viscous conductance C, = —
D} jl + 192DP
! g = — SDP + 121 ——m—
Intermediate flow C, T |:I36 + LT+ 237DP}]
12.1D°
Molecular conductance C, = 7

where D = pipe bore in cm (assuming circular cross-section and straightj
P = averzge pressure in the pipe in mbar. te. (P, + P;)2
P. = pressure at inlet
P, = pressure at outlet
= pipe length in cm
C = conductance in |5~

I

1

The curves can be used to estimate pipeline conductances. For example, to
find the conductance of a Smm diameter pipe, 2m long at an average
pressure of 10 mbar. the graph indicates a conductance of about 08157 for
a pipe im long The conductance of a pipe 2m long is therefore
approximately

041s! or l4m*h!

AN



[I‘rthzs pipc (igr;ori_n]g any bends) were connected to the inlet of a rotary pump
of speed 18 m> h ™' the eflective speed at the end of the pipe

i 3p-t ;
comn ar:dlj‘:l? K71, ie the pipe has such a low value of conductance
o p wi the rotary pump speed that it therefore has a very resistive
effect and is an owverriding factor.

Fi \ ) ] .
igure  ishows wrong and right ways of connecting systerm components.

There is a general rule to follow when connecting components.

Connecting pipes should be of short length and large bore.

Diffusion pump Chamber

M=

===

Rotary pump
Wrong

Chamber

i

Wrong and right ways of connecting system components

Bends in pipes

To take account of short radius elbows when using the formula to estimate
the conductance of pipelines, the addition of a length equal to the internal
diameter of the pipe is an approximate equivalent. For mor¢ gradual bends of
large radius, use the length of the tube along its centre-line. These statements

apply to all gas flow regions.

Pipes in series

Overall conductance of pipes or other impedances to gas flow connected in
series can be estimated from the following formula:

i
—l-C(ovcrall) =—+ etc.

atatey

L

s

FE Al

where C, is the conductance of the first component, C; is the conductance of

the second component, €tC.

&

— - Gas flow

A

Pipes in series

e

s



Pipes in parallel

p mo h lnleldual plpe

Cfoverall) = C, + C, + Cy, etc.

_ _
o
______7/___?F_J
— - N — — -
e
tL;‘_‘_

Pipes in parallel

Effect of an orifice

Where gas flow is from a large bore to a smaller bore pipe, there is a further
conductance to be considered. This is the transition between the two sections,
referred to as the conductance of an orifice. For this situation the following
formulae apply:

Viscous conductance C = 204 (1s™1)

Molecular conductance C = 1164 (i s™hH

where 4 = area of the orifice in cm?

Flow from a large-
to a small-bore pipe Crifice {area A)

Effect of an orifice



An example of the effect of an orifice is illustrated in Figure . Inthe !cft—
hand diagram, pump A is shown to be connected directly to a chamber via a
1 em? opening. Pump A has a speed of 3001s™? (molecula.r flow). In the
right-hand diagram, pump A has been replaced by pump B which has a speed
of 30000 I s~ *; the orifice size and chamber remain unchanged. One m.lght_bc
misled into thinking that pump B would give a signiﬁc?mly higher effective
speed in the chamber. Actually for pump A the effective speed

1
300 x 116 a1

Se=m P ——

and for pump B

g 20000 xil6 ) o)1
€ 30(m_'_l|.6 e ————

G4

Chamber | Chamber

Pump—;’]

Pump B

— -1
Speed = 3001 s

Speed = 3000015~
L ———

A 1¢m?® opening between the chamber and two different sized pumps

Hence, aithough pump B has a speed that is 100 times faster than pump A,
pump B does not give a s:gmf}cantly higher eﬁecttve pumping speed as m:ght
be expected. To increase the effective pumping speed in the chamber requires.
a larger opening,

L J st w g .
e = R T

3;1

£y

The formulae used so far have assumed that air s flowing through the

component. For other gases, the result for air is multiplied by a gas correction
factor. Some factors are given in Table

Factors at 20°C "

Gas Molecular Viscous "
flow flow i

Alr 1.00 1.00

Oxygen 0.947 091

Nitrogen 1.013 1.05

Hydrogen in 2407

Carbon dioxide 0.808 1.26

Water vapour 1.263 1.73

The conductance value o

f pipelines and apertures depends on many '
factors: :

I
- Pressure region !
. Cross-sectional shape of wbe, e. 2. circular or rectangular, etc.
Whether straight or bent
- Molecular weight of gas
- Temperature of gas
Length of duct
Surface finish
Diameter

e

PR R L



Conductance effect of other vacuum components

The eflect on pumping speed of vacuum components such as baffles, traps
and valves can be calculated in a similar way to that used for pipelines, The

conductance of such components is nommally measured practically and
quoted by the manufacturer.

Example

A baffle of conductance (Cp) 601" is placed above a diffusion pump _of
speed 15015~ " and a liquid nitrogen trap of conductance (C) 105157  is

situated on top of the baffie. The overall conductance of the baffle and trap'is
1 1 1

= +
i Coveull Cbafflc C!up

The effective speed (S.;) of this combination at the inlet to the trap is given
by

l 1
Stf{ Cov:ra]l

Thus S is approximately 301s™ ! The effect of the baffle and trap is to cut
the effective speed of the diffusion pump down 10 a fifth of its quoted value.

Further, if this combination of components is directly connected ta a
yacuum chamber and the total throughput (@), in terms of leaks, outgassing.

etc., of the system is 3 x 10~ ® mbar | s~ then the ultimate pressure obtained
is

Ly
SP

'Pn‘h=2'

Sdf

=1 x 10" " mbar

If a base pressure of 107 !% mbar is required it is not practical to reduce the
pressure by increasing the pump speed. In this case. this would require an

increase of effective speed by x 1000. The solution would be to reduce the 2as
load (throughput).

51

it is evolved

Gas and vapour load

Probably the most significant factor in the selection of a pumping system is
the total gas and vapour load to be pumped; this is affected by the following
{see Figure ):

L. Volume of system, mainly the process vessel or chamber

- Matenals of construction and condition of internal surfaces (this relates
particularly 1o outgassing rates) '

- Leakage into the system through joints, etc.

- Permeation and diffusion through the vessel walls and seals

. Qutgassing of process material =

6. Possibly back-migration and/or back-streaming from the pump

[

[N - ]

Items 1 and 2 above are usually controlled by process requirements and cost.
Leakage (3) is not a serious problem if good jointing practice is observed and
acceptable leak rates specified Permeation (4) occurs when
a pressure differcnoe exists across the surfaces of a vacuum wall. Gas enters
the surface where the pressure is higher and diffuses to the vacuum side where
- It 15 unlikely to be of major proportions except

Qutgassing

Leakage ~ /
MU

— Residual gas
tatmospheric air)

il

R

'————_'_.—
Process load (vapour.
trapped volumes. eic. |

A
|

y

To pumping group

Eack-mlgranon'

// Back-streaming

Sources of pump gas load

where a large amount of elastomer seal material is exposed to the system. and
good vacuum design practice normally eliminates this. Outgassing (5) is
frequently the main source of gas load at process pressures and together with
item 2 is responsible for most gas and vapour load. With proper vacuum
practice using correct accessories and following correct operating procedures,
back-migration and back-streaming (6) can be ignored.




MATERLAL
The following design critena relate particularly to item 4 A

@ The vapour pressure of any materials used in the construction of a system

Q

€]

LECASTRUCTION

should be much less than the required ultimate pressure at the operating.
tgmperature of the system.
The surface of the materials used should produce the minimum of
outpassing by being suitably cleaned. prefc@}ly_polashcd (to reduce
surface area for adsorpuon) and subject to a minimum of chemical
reaction (e.g. rusting) when exposed to the atmosphere.

The most common_substance to build up many adsorbed layers on a_

ig.water vapour, This sticks tenaciously to the surface exposed to
he atmosghcre and its subscqucnt removal in vacuum can be dnfﬁcult Itis
therefore advantageous Lo raise a system that ts already undcr »acuum to
atmospheric pressure using a gas such as dry nitrogen. Water adsorpuon
is thus eliminated,/greatiy reduced {provided the system is not exposed to
the atmosphere for too long) and during repumping the pressure falis
more rapidly.

If any appreciably removal of adsorbed gas is required, then the rate of
release is increased by raising the temperature (degassing). Ultra-high

vacuum_where outgassing is the major source of gas load is seldom
obtained without prolonged baking. The stability and vapour pressure cf

the materials used in the system should be reconsidered to ensure their
suitability for bake-out.

It is of the utmost importance to design for th~ maximum effective
pumping speed at the vessel.

£

Oulgassing

Regardless of the process through whach gas is lodged on or below the
material surfaces, when the surfaces are placed under vacuum, gas evolves

from these surfaces. The generatiog of gas by this desorption ms is |
ing. Qutpassing is the us evolution

known as outgassing. TOM a
material and becomes an increasingly important proportion of the total gas
once the chamber is roughed down to below 0.1 mbar. Certainly in the :
high vacuum region outgassing loads must be taken into account when

designing systems. For_ultra-high vacuum systems, outgassing is the most
important factor influencing pump-down time.

® The outgassing rate (q) is the quantity of gas given off per unit time by

every unit of surface area of a material. Quantity per unit time is the same as
throughput and is expressed in millibar-litres per second (mbar | s71).
Outgassing rates are cxpresscd in millibar-litres per second per square

centimetre (mbar Is™
metre (Pam*s™ ! m

' em™?) or pascal-cubic metres per second per square

of construction are given in Table 13.2.

of.

2

.3

The following points should be noted:

Ty

s -

~2). Outgassing rates for some commonly used matenials |

The outgassing rate in vacuum decreases with time as gas is removed from ¢

} ) . ¢
the material. It reaches an approximately constant value after typically

four hours.
Polymers. elastomers, etc., outgas at rates hundreds of times higher than h:
most metals and glass.

Nitrile and fiuorcelastomer are two common materjals used for "0’ rings.
Fluoroelastomer has a lower outgassing rate than nitrile and this fact may
be worth considering when choosing the "0’ ring material for a particuiar

uEElication. i

ﬁ

4

g x-
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Typical outgassing rates of some common constructional and process

materials ‘

Outgassing rate (mbar Is™' cm™? x 109 :
Metals and glasses { hour at vacuum 4 hours at vacuum ;
Aluminium 80 7 |
Copper (mechanically polished) 47 7 i
OFHC copper (raw) 266 20 f An example of how outgassing rates can be used
OFHC copper (mechanically 1 nonn e A e T
polished) 27 3 A process chamber made of unplated mild steel has a surface arca of
Mild steel (slightly rustv) 58 52—————2199 » 50000 cm?. The seals of the chamber are made of “Viton A’ fluoroelastomer
Mild steel, Cr plate (polished) 133 li and have a total surface area of 250 cm?. The chamber is directly connected
m:ig :t{::{ :ll E;i; (cpocgl‘lis:;d) 733 1 to a pump ofspecd. 280 1s™'. What is the pressure in the vacuum system after
Molybdenum 67 5 four hours (assuming no leakage)?
Stainless steel (unpolished) 266 20 0
Stamless steel (electropolished) 66 5 P, ===
Molybdenum glass 93 5 Sp
Pyrex (Corning 7740) (raw) 99 8 and total gas load
Pvrex (Corning 7740) (1 month
at atmosphere) 16 3 =+ Q=141 + q24;

Outgassing rate (mbar L s™" cm ™2 x 107%) where ¢, = outgassing rate of mild steel {at 4 hours)

A, = surface area of mild stee]
Polvmers, ceramics elastomers, etc. | hour at vacuum 4 hours at vacuum g, = outgassing rate of ‘Viton A’ (at 4 hours)
Ay =su Vi )

Celluloid 370 €6 2 rface area of ‘Viton A
Kel F 5 3 Obtaining values from Table 13.2 and substituting:
Mylar (Melinex) 333 66
Nylon 1396 798 p {199 x 10772 % 5 x 10%) + (15 x 1078 x 250)
Nitrile — 63 > = )
Plexiglass (Perspex) 400 266 -
Polyethylene 3 16 = 37 x 10 ¢ mbar
Polvurethane 67 33
PTFE (Tefion. Fluon) 2 20
PVC 133 3
Fluoroelastomer (Viton® A) 12— #]5 »
Porcelain (glazed) 86 40
Steatite 12 4

* Viien 15 a registered trade name of Du Pont {UK).



7/

Notes on UHV system design

It is not generally practical to produce lower
and lower pressures by increasing the P_fmﬁ_l";_’_‘g speed alogc. In pa:.lcualia; :g
achieve ultra-high vacuum, among other thupgs, attention must be pal Lie
reducing the outgassing load of materials. There therefore fgltows a serie p
notes dealing with UHV system design. The method of design applies to a

UHYV systems irrespective of what pumps they use.

Reducing outgassing | |
To help achieve UHV, outgassing can be reduced by the following methods:

¢ | Eliminate elastomers, hydrocarbon oil and greases. - ceties. e mild
» 2. Eliminate materials with potentially bad outgassing prop , e.g.
steel or porous surfaces. o o _
+3, Bake mf system; two orders of reduction 1n outgassing 15 typical after a
250 °C bake-out under vacuum for a few hours. b baked (0
«4. Eliminate materials that cannot‘bc }Jaked; e.g. brass canno
high temperatures because zinc is given off.
5. Use clean techniques—gloves, clean atmosphere.

Stainless steel i Vv

o1. Has a low outgassing rate.
¢2, Does not readily corrode. ‘ _
3. Has an acceptable cost when compared to some alternative matenials.

The cleanliness of stainless steel components to be used in UHV systems is
of the utmost importance. Components supplied by the manufacturer wili

already have been cleaned. A suggested procedure for cieaning a component
newly fabricated by the user is given below:

I. Vapour degrease with trichloroethane. Im
then lift into the vapour.

- Rinse with hot alkali (80 “C).
. Rinse in tap water.

. Electropolish.

Rinse in cold tap water.
Rinse in hot deionized water.
Rinse with alcohol.

Dry with clean, filtered, warm air (60 -C).

merse in boiling solvent and

Nk

The degassing of fabricated components prior to their assembly is useful in
reducing the outgassing load on the system. Fabricated components are
chemically cleaned to remove surface oxide or other contaminant layers and
degreased to remove oil. The component is then heated in a vacuum of 10~*

to 107 * mbar to a temperature of the order of 1000 °C. The process is called
racuum stoving.

o

L
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Pump-down times and pumping speed—Dbasic calculations

The basic equation for determining the time to evacuate a given volume Lo a
required pressure is
T=23 "1 P
=23 =]lo —
S g0 P.
where T* = time

I = volume of system (litres)
§* = speed of pump (constant pumping peed 1s assumed)
P, = initial pressure (mbar)

P. = ultimate pressure reguired (mbar)

.}

This formula excludes the effects of outgassing and leakage. Le. it i§ for a
clean, empty vessel. Take, for example, a chamber of volurm:_l__nl3 which h?s
to be evacuated from atmospheric pressure 10 {0~ mbar using a 80m’ h™ "
rotary pump. From the above equation,

13 .
T=23 (ﬁlﬁ) logm(l—g—‘l—) (time in hours)

= 7 minutes

In a practical case a higher speed pump would probably be chosen to reduce
the roughing time. The formula assumes a constant pumping speed over the
ressure range cousidered. Speed curves are nol uniform and the speed at
0.1 mbar will be lower than the rated value. One method of dealing with this
Toblemn is to calculate the time for cach decade of pressure reduced, using an
average pumping speed over the decade. The formula simplifies to

v
—, T=2.3§pcr decade \-—

Figure illustrates a simple method of calculating the total pump-down l

Eli_:‘nc from the speed curve of a2 mechanical booster/rotary pump combination
lc Eu‘w can be approximated to a scries of steps as illustrated. 'mc |
calculation is made in a number of stages utilizing the above formula, which

now becomes

L YR TR 1 S.+§;

where S, = average pump speed between 1000 and 100 mbar
§, = average pump speed between 100 and 10 mbar
§3 = average pump speed between 10 and 1 mbar
S+ = average pump speed between 1 and 10! mbar
S5 = average pump speed between 107! and 10~ ? mbar

T.=23 Lq-lq-l»,‘.,!_ 1)

1M
920 S
R(iﬂ/ i
= 60
>
2400
(=9
w
200
0
{ohe -2

Pressure (mbar)

Calculation of the pump-down time in stages

Assuming the volume to be evacuated is 10 m®, then

U T S
To= 2t o o b+ —
o (m 1@*560‘*390*920)
= 0.7t (42 min)

Obvi_ously this is a very simplified method and greater acturacy can be
obtamc_d by dividing the pumping speed curve into smaller pressure ranges
and using the full equation. The above calculations will be further com-

plicatetli by impedance effects of pipelines and components in cases where the
pump is not directly connected to the system.



ol

To allow for impedance effects the effective speed curve at the chamber can
be plotted as a function of pressure by taking the conductance of the
connecting pipework into account. The value of pipe conductance can be
estimated at various pressures and then
values of effective speed obtained.

An alternative, simple graphical method using the following formula:

T 4 F
~ S

can be used to estimate the pump-down time from atmosphere, or to
determine the size of rotary pump required in the case of a time restraint. A
clean leak-tight vacuum system directly connected to the pump is assumed. F
in Eq. is a factor depending on pressure, which can be determined
using Figure - e

The following example shows how the graph is used. Assume a pump is
required to evacuate a volume of 50 litres to 0.5 mbar in two minutes. The
pump speed required is given by

FxV
S=
—_— T
From Figure reading ofl againsi the required pressure 8.5 mbar, the
pump-down factor F is 8 (for a two-stage pump); therefore
8 x 50 :
§ =222 =200 min™"

A pump with a minimum speed of 2001 min™' (12m® h™') and an ultimate
pressure well below 0.5 mbar is required.

Some ‘rule-of-thumb’ values of pumping speed which have by experience
been found to be useful are:

o1. For ‘gassy’ processes carried out in the range 1077 to 10™* mbar, typical
pumping speeds of 101s™! per kitre of chamber volume are required.

2. For cleaner processes carried out below 10~ * mbar a pumping speed of
515! per litre of chamber volume is generally adequate.

+3. For vacuum processes carried out below 10” % mbar a pumping speed of
11s™! is required for each 100 cm” of process chamber surface area.

100

T

=

Presstire (mibar)

0.1

0.4)1

N

{} 2 4 & 8 10 12 14
Pump-down factor
KEY

I Single stage pump
1 Twostage pump

16 18

Graph 10 enable Totary pump size to be evaluated
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