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Chamber
filled
with gas
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pressure
volume
num. particles
temperature

஻ k Boltzmann
≈1.38∙10-23 J/K

Ideal gas law states that
஻
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Defining the particle number density as , the
ideal gas law becomes

஻

Notice that:
• We have assumed thermal equilibrium of the gas particles and

also of the gas with the chamber walls.
o The gas particles have velocities following a Maxwellian distribution.

o The average particle (mass 𝑚) speed is then ୲୦
଼௞ಳ்
గ ௠

• For a gas composed of different species, the total pressure
fulfills

௦ଵ ௦ଶ ௦ଵ ஻ ௦ଶ ஻



Pressure  = normal force / area
SI units :   1 N/m2 = 1 Pa (Pascal)

1 atm = 1.013∙105 Pa
1 bar = 105 Pa  by definition.  Not an SI unit.

1 mbar =100 Pa.   We will use Pa and mbar

Some (few) people still use:
1 Torr = pressure of 1 mm height of mercury
760 Torr = 1 atm
1 Torr = 4/3 mbar  (approximately)
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Question: What particle density do we have in a
chamber kept at room temperature and atmospheric
pressure?

஻

ହ

ିଶଷ
ଶହ ିଷ

What about at 10-7 mbar?

10-7 mbar = 10-5 Pa ଵହ ିଷ
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(for example, so that electrons can gain energy in E field)
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• Semiconductor industry, deposition and etching
• Atomic layer deposition

WHY  IS  A  VACUUM  NEEDED?

and pure process gases
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Area A

thickness dx

Mean free path for collisions

Total collision area
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Introduction:

[molecules s-1]

𝜆 ൌ
1

𝑛 2𝜋𝑑ଶ
ൌ



"medium"
vacuum

"high"
vacuum
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Introduction:

10cm

Mean free path
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Low pressure

Viscous flow
(momentum transfer
between molecules)

Molecular flow
(molecules do not collide

with one another)

• Gas-wall collisions predominate
• Concept of viscosity becomes

meaningless
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Molecular flow regime
(gas-wall collisions predominate)

For most wall surfaces, diffuse
reflection is a good approxi-
mation:

• «Each particle arrives, sticks,
rattles around in a surface
imperfection and is re-emitted
in a direction independent of its
incident velocity» (O’Hanlon,
p. 26).
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The volumetric flow rate is how large a volume of gas ( can flow
through a cross section of area during a time interval :

Units: ୫య

ୱ
ଷ ௟

ୱ
୫య

୦

A
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Vacuum quantities: Volumetric rate ( )

flow velocity 𝑣

For a uniform flow velocity ,
and then



Quantifies the number of particles that pass through a cross section of
area per unit time.

Units: ଵ
ୱ

A
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Vacuum quantities: Molecular flow ( )

flow velocity 𝑣

For a uniform flow velocity , , and then

∆ே
∆௧

∆௏
∆௧



The throughput is the energy passing through a cross section of area
per unit time.
This energy is not the kinetic nor potential energy contained in the gas
particles but the one required to transport the particles across .

A
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Vacuum quantities: Throughput ( )

flow velocity 𝑣

஻ ஻

஻

Units: 𝑄 ൌ Pa ୫య

ୱ
(SI),  but very often one uses [mbar

௟
ୱ

]
or also [sccm] (standard cubic cm per minute;  60sccm = 1mbar ௟

ୱ
)



24

Vacuum quantities: Conductance ( )

The simplest example is to consider
the molecular flow through a small
hole of area 𝐴 and negligible length.

In steady state,
Flow : ଵ→ଶ ଵ

௩ ౪౞
ସ

Flow : ଶ→ଵ ଶ
௩ ౪౞

ସ

Net flow: ஺
ସ ୲୦ ଵ ଶ

୲୦ ଵ ଶ

The conductance 𝐶 is the proportionality factor between 𝑄 and ∆𝑝.
For the small hole:

஺
ସ ୲୦

஺
ସ

଼௞ಳ்
గ ௠

௞ಳ்
ଶగ ௠
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Vacuum quantities:

• For more complex situations, one can still model the steady-state net
flow and throughput using a conductance:

Γ ൌ 𝐶 ሺ𝑛ଵ െ 𝑛ଶሻ and 𝑄 ൌ 𝐶 ሺ𝑝ଵ െ 𝑝ଶሻ

• The calculation of 𝐶 will not be as simple because the particles interact
with the wall along the way.

• It is useful, though, to think of 𝐶 in terms of the conductance for a hole
multiplied by a transmission probability 𝑎 :

௛
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Vacuum quantities:

• For a long cylindrical duct of constant cross section:

• Values of for other “easy-going” shapes are tabulated in books
(check O’Hanlon).

௛

஻   diameter

length
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Vacuum quantities:
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Vacuum quantities:
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Vacuum quantities:

Molflow simulations of
lower section of TCV.
Courtesy of Ben Brown and
Olivier Février.
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Vacuum quantities:
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Pumping speed

32

In molecular flow, a pump can be thought
of as a hole that lets particles move out of
the chamber and not come back in.



Pumping speed, 
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• The pump can be modeled as a value of volumetric rate that
is independent of or (at least within specified ranges).

We call this value the pumping speed, ୮.

• Bear in mind, though, that ୮ typically varies with the particle
mass (and possibly other parameters).

ୣ୤୤



Pump throughput, and/or 

34

From the preceding definitions, the pump throughput is

୮ ୧୬ ୮ where ୧୬ is the pressure at the inlet

ୣ୤୤

Also, ୮ ୧୬ ୮ where ୧୬ is the density at the inlet



pumpC

Good! – full pump speed at chamber Bad! Conductance-limited pump speed at chamber35

Effective pumping speed, 

Since particle number is conserved, the throughput must be constant!

One can then show that :   



pumpC
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Effective pumping speed, 

Equivalent expression:
ୣ୤୤ ୮

p

p

waste of a good pump!

and



gas

Throughput, Q, is the quantity pV of gas per sec.
Pumping speed, Sp, is the volume pumped per sec.

• pumping speed = volume flow rate, Sp
- changes throughout the circuit

37

Pumping speed
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Vacuum pumps

TCV
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Vacuum pumps
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up to 76000 rpm

For molecular flow 
regime

or He

42
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Useful in molecular flow regime

44

Turbo molecular pumps (turbopumps)

Typical shape 
of ௣ vs ୧୬



Turbo pumps are not so good for light gases (He, H2) because of their high thermal velocity
(this is exploited in the counter-flow technique for leak detectors). 

Pressures as low as 10-10 mbar are possible. 
Pumping speeds from 50 to 5000 l/s are available.

୮ depends on gas type

45

Turbopumps



turbo pump

rotary vane 
pump

46
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Vacuum pumps



48

Vacuum pumps
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Concept of pumping speed S :

Volume displaced per unit time

Units: [m3/h] or [litres/s]

This volume V is removed for 
each rotation.

Pumping speed Sp
≈ V x rotation frequency

OK for the viscous (continuous) flow 
regime.

Too much backflow for molecular
regime (internal leaks).

Rotary Vane Pump
Pumping Speed Sp

p
p

p

50

Volume is isolated from chamber

Volume is ejected to atmosphere

Chamber is open to the pump,
gas flows into pump chamber

Volume is compressed, 
pressure rises



• Pumps from atmosphere down to ~0.01 mbar

Pumping speed S [m3/h]

• S = 15 m3/h – 150 m3/h depending on size

51



turbo pump

rotary vane
pump

Q = pvac Seff = pfore Sfore , pfore < 10 Pa,

Q=pvac Seff 

Q=pfore Sfore

max

52



Common pumps for industrial plasma processing

Pressure

[mbar]

53

Vacuum pumps
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air,
oil,
from 
pump

55

PUMP ௣௨௠௣ ௘௙௙

Trapped volume

Leaks, outgassing, etc.



Question of contamination and purity of  plasma processing

56

checks

= pressure in absence of process gas flow (the “off” condition)

Leaks, outgassing, etc.



air,
oil,
from 
pump

Consider that the pump is completely closed off (blank-flanged)

blank flange
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PUMPPUMP ௣௨௠௣ ௘௙௙

Backstreaming and ultimate pressure
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Backstreaming and ultimate pressure



air,
oil,
from 
pump
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PUMP ௣௨௠௣ ௘௙௙

Leaks



pressure when 
valves closed

ideal vacuum chamber

... for a real leak

60

Leaks (real)
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Leaks (real)

Some orders of magnitude for real leak rates:



Virtual leaks are due to trapped
volumes which release gas (or 
vapour) slowly (no physical changes)

• 3D printed plastics probably very bad.
• Problem of residual pressure in satellites.

pressure when 
valves closed

ideal vacuum chamber

... for a virtual leak
which finally empties

62

Leaks (virtual)



air,
oil,
from 
pump

3. Vapour pressure
1. Desorption

2.

63

PMPPUMP ௣௨௠௣ ௘௙௙

Outgassing and degassing



Outgassing and Degassing

3 causes

3. Vapour pressure 1. Desorption 2. Diffusion from bulk material

Material type
Temperature
Surface condition

64

Outgassing and degassing
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HEAT

Outgassing and degassing



multiple layers!
(for example, after venting to atmosphere)
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Desorption



The specific outgassing rate is  ௧௢௧

For unbaked clean metals:   10-8 -10-9 mbar l s-1 cm-2

For elastomers: >10-8 mbar l s-1 cm-2

Use of polymers only if 
absolutely necessary!

Degassing
Cannot handle high temperatures

67

For baked clean metals:     <10-12 mbar l s-1 cm-2

Outgassing and degassing



air,
oil,
from 
pump

68

PMPPUMP ௣௨௠௣ ௘௙௙

Permeation



Also lasts forever, because the atmosphere is the source

Gas

Solid

Vacuum

Adsorption
Solution

Diffusion

Desorption

Permeation involves an electronic interaction (not a leak) Chambers p29,127-8.
Examples: He through glass; O2 through Ag; H2 and He through Viton.

Roth p161-4: H2 diffuses through metals as H+H, then desorbs as H2.
H2 diffuses through glass and Viton as H2. 69

Permeation
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Vacuum chambers
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KF

CF

copper gasket, single use

Do not PINCH 
the 'o'-ring. 
Replace old 
vacuum grease....

multiple use

ok for baking

74

Standard flanges



'O' ring
copper 
gasket
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Standard flanges
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and
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Pressure gauges
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Pressure gauges

Pirani

Bayard-Alpart

Penning

Baratron
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Gas Correction Curves for Pirani Gauges

The calibration of a 
Pirani depends on 
thermal conductivity 
and so on the actual 
gas in the system

Pirani calibration

80

Pirani gauge



• A diaphragm deforms with
pressure.

• Measures true (mechanical) 
pressure, independent of gas
type.

• OK for reactive gases.
• Use multiple gauges for a wide

pressure range.
• Not reliable below 5% full 

range value.

81

to measure capacitance

Capacitive gauge



Beware - a Penning gauge reads zero current when the pressure is both very 
low and very high. The gauge must ‘strike’ to be operational. Check with a 
Pirani gauge if in doubt 82

Cold cathode (or Penning) gauge
Invented by Penning in 1937
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Cold cathode (or Penning) gauge



Problems: heat, light, filament failure, 
depends on gas type, not for reactive gases!

84

Hot cathode (Bayard-Alpart) gauge
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Gas lines
anecdote
(purge, not pump)

better: a channel cut down 
on the side of the screw

86

Practical advice



Gas lines electro-polished
(internally!)

Keep vacuum chamber hot 
(40 )

Vent to dry nitrogen
(not humid air)

87

Practical advice



Remove oil, grease, corrosion, finger prints, water, particles, 
oxides, welding flux.

Baking to accelerate desorption, for  𝑝 ൏ 10ି଻ mbar

88

Practical advice



DO NOT LEAVE VALVES OPEN TO A CHAMBER UNDER 
VACUUM IF THE PUMPS ARE OFF – OIL 
BACKSTREAMING!!!!!
ALWAYS VENT to atmosphere A PUMP WHICH IS OFF!
- should be automatic (in case of power disruption)
Generally, leave pumps on to avoid re-sorption of water 
vapour! (Ar+ becomes ArH+ after opening).

Dry pumps for clean processes

Universal pressure gauges (automatic switch-over between 
combinations of gauges).

89

Practical advice
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Leak detection
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Leak detection



Courbe de compression

Turbo pumps are not so good for light gases 
(He, H2) because of their high thermal velocity
(this is exploited in the counter-flow technique 
for leak detectors). 

N2

He

100000

TEST 
PIECE

N2He
counter 

flow

92

Leak detection



What sequence to pump down the chamber?
Do not switch on the turbopump, and then open to atmosphere!

93

Practical advice
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Pumpdown



"crack" open to 
avoid flow shock
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Pumpdown
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Pumpdown
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Pumpdown
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Venting
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Venting



To restart, switch 
everything off!
(Better to have two 
backing pumps)

100

Venting


