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O The Measurement of Vacuum
Aims
* To understand that it is not in general

possible to measure pressure in a
vacuum directly

* To understand how the pressure may
be inferred from other types of
measurement

* To understand the influence of vacuum
gauges on what is being measured
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= The Measurement of Vacuum

Pressure
» Pressure = Force per Unit Area

» Pascal = Newton per Square Metre

« So If we wish to measure pressure directly by

measuring the force exerted on some sort of transducer,
and the area of that transducer is 1 cm?, then the force is

Pressure

Force (N)

Force (gf)
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= The Measurement of Vacuum

Pressure
» Pressure = Force per Unit Area

» Pascal = Newton per Square Metre

« So If we wish to measure pressure directly by

measuring the force exerted on some sort of transducer,
and the area of that transducer is 1 cm?, then the force is

Pressure

Force (N)

Force (gf)

1 atmos
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1020
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= The Measurement of Vacuum

Pressure
» Pressure = Force per Unit Area

» Pascal = Newton per Square Metre

« So If we wish to measure pressure directly by

measuring the force exerted on some sort of transducer,
and the area of that transducer is 1 cm?, then the force is

Pressure Force (N) | Force (gf)
1 atmos 10 1020
1 mbar 102 1
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= The Measurement of Vacuum

Pressure
» Pressure = Force per Unit Area

» Pascal = Newton per Square Metre

« So If we wish to measure pressure directly by

measuring the force exerted on some sort of transducer,
and the area of that transducer is 1 cm?, then the force is

Pressure Force (N) | Force (gf)
1 atmos 10 1020

1 mbar 102 1
10-% mbar 108 106
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= The Measurement of Vacuum Castec

Pressure

» Pressure = Force per Unit Area

» Pascal = Newton per Square Metre

« So If we wish to measure pressure directly by
measuring the force exerted on some sort of transducer,
and the area of that transducer is 1 cm?, then the force is

Pressure Force (N) Force (gf)
1 atmos 10 1020
1 mbar 102 1
10-¢ mbar 108 10-6
10-° mbar 10-1 10-9
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) The Measurement of Vacuum
The beginning
E
J T

Evangelista Torricelli
(1608-1647) S o
Torricelli’s Barometer i
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O The Measurement of Vacuum

Direct and Indirect Measurements

« Direct measurements measure the force exerted by
the gas on a surface of some sort

* Indirect measurements measure a physical property
of the gas (e.g. heat transfer) or measure the number
density by counting the gas molecules

Vacuum Science and Technology in Accelerators Lecture S
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$= The Measurement of Vacuum  [KGES
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L
) a The Measurement of Vacuum (astec
Direct measurement of pressure

To System

Vacuum

U-tube manometer
McLeod gauge
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= The Measurement of Vacuum
Measuring Total Pressure

FORCE GAS KIMETIC EFFECTS
ELASTIC DEFORMATION BALANCE OF MOME KT TFLHHEFIR ENERGY TMHSFER
HYDROSTATIC FORCES
BOURDON DTAPHRAGM BELLOWS LICJID-COLUMN DECREMENT RGT.I.TIHG ﬁ.ﬁDIﬂﬂ'IETEII: PiRA‘HI 'TI'IEE.I'EIEHIIF‘I_E THERMI STOR
EAUGE GAUGE RALUSGE MANOMETER AND L":.ﬁ.UGE EMJE':E GALIGE
RESOMANCE
GAUGE
PHENOMENA PRODUCED BY CHARGED PARTICLES RANDOM MOTIOM OF SMALL
CROSSING THE BGAS SUSPEMDED PARTICLES
FLUORESCENCE ENERGY LOSS PARTICLE SCATTERING
FLUORESCENCE ATTEMUATHON SINGLE~ n AND g LIGHT= COLD- BROWMTAN MOTICN
GALIGE GAUGE ELECTRION PARTICLE SCATTERING CATHODE GALIGE
SCATTERING  SCATTERING GAUGE 5 GAUGES
RAUGE GAUGE
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= The Measurement of Vacuum
Measuring Total Pressure

Measuring ranges of
common vacuum gauges

Plranl + (2orw6c:tronE

Capa;:itance Dlaphragml T I % i ;x :m_
| | ! I—J l : m_ Spinning Rotor Gauge
fHot |qn (Triéode) lr T f [ nl!_ | | E
: : J : 1 i WE_ Cold cathode | |
l | L-M_ Hot ion' (Bayard Alpert)

10° 10®* 107 10¢ 10° 10* 10° 102 10" 10° 161 fo* 1b= 16‘ 10° 10° Pascal

10" 107° 12 10®* 107 10® 10% 10* 10°, 10* 107* 10? 10° 10* mbar
Ultra high vacuum I High vacuum l Medium vacuum l Rough vacuum |\

Sea level atmosphere

R J Reid Vacuum Science and Technology in Accelerators SHOLIE 2

Cockecroft Institute Lectures - 2010 14 of 58



O The Measurement of Vacuum

The Capacitance Manometer

The capacitance manometer is a form of

diaphragm gauge where the diaphragm

forms one plate of a capacitor. P, can be

atmosphere or a reference vacuum. As

P, falls the diaphragm moves towards I

the fixed plate of the capacitor. The ELECTRODE DIAPHRAGM
change in capacitance can be related to \ /

the change in pressure. %\__\ / / A

The measurement is independent of gas . T -
species, but calibration is required. \

The main source of error is temperature
variation in the gauge, so high accuracy
gauges operate at a modest temperature
(~40°C)

High quality gauges can measure down
to better than 10-* mbar with accuracies
of 0.2%
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= The Measurement of Vacuum
A modern diaphragm gauge

Implanted

Grown Piezoresistive Sensor N $i0,

Bridge Measurement Schematic

H
Silicon

Depletion region

U{}UT

Ciaphragm
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e The Measurement of Vacuum

The Spinning Rotor Gauge

In this gauge, a steel ball is set Spinning Rotor Viscosity Gauge
spinning and its deceleration due

to viscous drag measured. The
rotation of the ball — which has a
small magnetic moment — is
sensed by a pickup caoill

The sensitivity of the gauge is
relatively independent of gas
species and is very stable - the
uncertainty is better that 3% and
stability better than 2% per

Connection flange

7 Stabilisation
coil

—\1\— Sphere

Vacuum
Tube

annum Rotating fie_ld
magnet coil

The gauge can be used as a

transfer standard for calibration Permanent magnet

The operating pressure range is
0.1 mbar to 10-®* mbar

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum  K&as
The Pirani Gauge

Thermal gauges utilise thermal transfer as an B Coning brae
analogue of pressure. A filament heated in
vacuum loses heat by convection, conduction
and radiation.

The Pirani gauge operates in the pressure
regime where conduction is predominant. There
are two modes of operation

* the filament is maintained at a constant

temperature (i.e. resistance)
» a constant voltage is applied to the filament Resistance (Pirani) Manometer -
. ) . Calibration Curves

In each case a Wheatstone bridge circuit is used
as the indicating method. Sl
The sensitivity of the gauge is both pressure
dependent and gas species dependent, so
calibration is essential.

Pirani gauges operate between about 100 mbar
and 103 mbar.

R J Reid Vacuum Science and Technology in Accelerators Lecture S
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= The Measurement of Vacuum
The Pirani Gauge

Here we see in more detall a set
of calibration curves for a Pirani ~ pg e e

gauge operated in constant o
temperature mode.

Sensitivities are plotted relative —
to that for nitrogen.

a
The divergence at higher i ¥
pressures Is due to convection
becoming more important.

These are not high accuracy

gauges and contamination of the
filament can cause serious shifts 01 bd
In sensitivity, but clean gauges
can exhibit reproducibility of the oot = ——
Order Of 10% 0.01 0.1 1 10 100 1000 10 10

: Pressure Reading—» Pa
Any thermal gauge will have a 2
relatively long time constant

=
(=]
B

-
o
o
o

True Pressure ——»

-
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+ The Measurement of Vacuum a3l
A Solid State Pirani Sensor

Construction of the sensor

Silicon Cover

. Temperature
Cross section of the sensor Measuramen / A
esIsSIors
N
S0, ar SisM, '
Passivation

Mi Filament

SiCover

N

Gald Wire

. Sensor

FECVD
SiM S0,
T Si Substrate
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O The Measurement of Vacuum

lonisation Gauges

The most convenient method of measuring pressures below about 0.1 Pa

IS to Ionise the remaining gas molecules, collect the ions and measure the
ion current

lonisation can be effected by various means but the two most common are
to use either

 aplasma (gas) discharge of some sort
» abeam of low energy electrons, often between 50eV and 250eV
There are two important points to note when using gauges based on gas
lonisation
« Such gauges measure number density of gas molecules, not
pressure, therefore they must be calibrated

* |onisation cross sections are species dependent, so such gauges will
give readings which are dependent on the gases present

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum
lonisation Gauges

» Cold Cathode Discharge Gauges
* Penning Gauge
 Inverted Magnetron Gauge

« Hot Cathode

« Bayard Alpert Gauge (BAG)
 Extractor gauge

Lecture 3
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e The Measurement of Vacuum g0l
lonisation
lonisation General lonisation removes one or more
Encroy levels electrons from a gas atom, so it
W becomes positively charged.
Photon \ ensafon  Multiply charged ions may be
E
Electron ' fO 'm ed .
- .
Polyatomic molecules may
lon Excited 2 -
& - i break up giving ion fragments
/ and neutrals
-l Excited ) )
N Ee, Excited atoms may decay with
K the emission of photons
Ground
T & These phenomena are
dependent on the energy of the
exciting electron, photon, etc
R J Reid Vacuum Science and Technology in Accelerators Lecture S
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= The Measurement of Vacuum

lonisation Processes

First lonisation Potentiall R =ican see how

the energy required to
Of Some GGSGS dnd VGpOUI’S create a singly charged

positive ion varies for

| ! some selected atomic
> species (not all are
e gases)

Vacuum Science and Technology in Accelerators Lecture S
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G The Measurement of Vacuum

lonisation Processes

: : This is a plot of the first
lonisation Energy Versus > 2P
) lonisation energy for a

i Atomic Number wide range of elements —
~ some are identified
% || ?Ne
w| B The local maxima
> /
> I ? correspond to atoms
c 15 tH——+— Kr - K
g I .7“\ ] ) where all electron energy
S e Xe Ro shells are full
G 10 L1 2| /| ? oo
c | | ‘ ‘:‘-" ‘ ’,"’ ‘ a - Hg
Qo .‘" ‘,-‘" I | 0% |
@ /= |
i 50 Na o il v

K Rb Cs
0 |
0 20 40 60 80
Atomic Number
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-

Specific lonisation Coefficients
of Some Gases atT = 273 K

R J Reid

o =N © Q

Number of ion pairs cm™ . Torr”

Q

The Measurement of Vacuum

AS5TeC

lonisation Processes

and P = 133 Pa

The ionisation probability for
a gas atom by an electron
depends not only on the
species, but also on the

- energy of the incident
(
Vi~ Py electron
/’ < Ar . . . - .
// \\‘ J/ The ionisation probability is
/“El:i, \ plotted for a number of
- \\ \ﬁ\ir common gases
7 \
He N~
10 10 10° 10° 10° o
Electron energy (eV)
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= The Measurement of Vacuum K&
The Cold Cathode lonisation Gauge

An important class of gauge in the medium to high vacuum ranges is
based on a cold gas discharge in crossed electric and magnetic
flelds. In such discharges, free electrons are accelerated by the
electric field and are trapped by the magnetic field so that they have
very long path lengths — much longer than the gauge dimensions

This means that even at low pressures, these electrons have a good
chance of ionising a gas molecule

Many configurations are possible for such gauges which are often
referred to as Penning Gauges, since the most popular
configurations are based on the Penning discharge.

Discharge gauges have a significant pumping speed, so indicated
pressures may be lower than true pressures in some circumstances.

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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O The Measurement of Vacuum

The Cold Cathode lonisation Gauge

Cold Cathode Manometer

JRiE=nning) This is the classic Penning discharge
configuration. It operates at fixed voltage and

e Y fixed magnetic field

A

= 4 lons are collected on the ring anode

S

HHH——(MA— 10 ol

A7 A
A I(A) /7 T He
The gauge characteristic is .shown as a 10° i
function of pressure for a few gas species /// A
: _ 10° ¥
At low pressures the discharge is unstable J,/
and the calibration can change abruptly 10° o 100 e
P (Pa)

R J Reid Vacuum Science and Technology in Accelerators Lecture S
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= The Measurement of Vacuum K&
The Cold Cathode lonisation Gauge

Various Penning
cell configurations

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

The Cold Cathode lonisation Gauge

This a commercial realisation of the
Penning gauge

The useful range of standard
Penning gauges is between 103
mbar and 10-® mbar, or in special
versions, 10 mbar. The accuracy of
Penning gauges is not very good,
especially at low pressures and
large changes in sensitivity are not
uncommon

They are susceptible to
contamination leading to errors in
pressure measurement.

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum K&
The Cold Cathode lonisation Gauge

A development of the cold cathode gauge based on a different
configuration known as the Inverted Magnetron Gauge has become
quite popular. This gauge can operate down to 10 mbar or lower.

The accuracy and repeatability are similar to the Penning gauge.

However, like all discharge gauges, the discharge can be reluctant to
strike at very low pressures.

Starting times (i.e. before the gauge actually measures pressure) can
be quite long, often several hours, which may, or may not be a problem.

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

The Cold Cathode lonisation Gauge

Inverted Magnetron
Gauge

This is the construction
of the Inverted
Magnetron Gauge as

( Anode

Auxillary

Cathode proposed by Redhead

A <\ w TR

A N o

+ ‘ Collector
6 kV__;__
B \\
(#) lon Current Amplifier
L
R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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O The Measurement of Vacuum

nverted Magnetron Gauge

For accelerators operating at UHV pressures, the inverted
magnetron gauge (IMG) has largely become the gauge of choice.

This Is because

|t operates in the desired pressure regime (and can be
paired with a low cost low vacuum gauge to cover the full
pressure range)

 Itis robust and reliable

* In most accelerators, contamination is not a serious problem
* The problems of low pressure starting are not an issue
 ltis (relatively) cheap

R J Reid Vacuum Science and Technology in Accelerators Lecture S
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R J Reid

The Measurement of Vacuum

The Hot Cathode lonisation Gauge

The hot cathode ionisation gauge was developed to provide a
convenient method of measuring pressures in the high vacuum
and later the ultra high vacuum regimes.

In such a gauge, a heated filament generates a beam of
electrons which ionise the gas molecules.

The ions are collected on a negatively biased collector and the
resultant current is a measure of the pressure.

There are various configuration, but in this lecture we discuss
only one, the Bayard-Alpert gauge (BAG) which is a true UHV
gauge.

Vacuum Science and Technology in Accelerators
Cockcroft Institute Lectures - 2010
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= The Measurement of Vacuum

Hot Cathode lonisation Gauges

Electrons are emitted from a heated
filament and are attracted into an open
grid structure, which is at a positive
potential. In this space they oscillate L.
back and forth until they eventually are

collected on the grid.

Bayard - Alpert Gauge

Filament 1 Filament 2

As they travel, they
generate ions from
the gas molecules by
Impact. These ions
are collected on a
very thin wire, axial
collector

Glass
envelope

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Hot Cathode lonisation Gauges
Because it is a hot filament gauge, the BAG has an upper pressure
limit of about 10-3 mbar to avoid filament burn out.
Its lower limit is about 10-* mbar, for reasons discussed later
It Is delicate, prone to damage and susceptible to contamination

Like all ionisation gauges, its sensitivity

lonisation Manometer - Correction

IS species dependent (and at higher Coefficients For Some Gases Relative To Ai
Calibration

pressures, pressure dependent) and so .

It must be calibrated 1

Its calibration may change, especially }

after exposure to atmosphere —

Correction factor

variations of 50% have been observed
Sensitivity can vary from gauge to I III..]
gauge for nominally identical gauges by bbb b L
a factor of 2 or more Z AtomicldikE
R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Hot Cathode lonisation Gauges

S b
s B3
SR

R J Reid Vacuum Science and Technology in Accelerators SHOLIE 2

Cockecroft Institute Lectures - 2010 37 of 58



- The Measurement of Vacuum

Hot Cathode lonisation Gauges

The ion current I* is proportional to the emission current i- and the pressure
p, So that

1" =&l p=Kp

where ¢ is a gauge constant with units of mbar- and K is the gauge
sensitivity with units of Amp mbar-!

€ is typically between 10 and 30 mbar-!

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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- The Measurement of Vacuum

Hot Cathode lonisation Gauges

lon scattering/recombination

P\NDICATED

X-ray limit

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Hot cathode gauges — error sources

Some of the physical processes
which occur in a hot cathode
lonisation gauge which lead to
errors on pressure measurement
are

« Soft X-ray emission
 Photoemission

 Electron Stimulated
Desorption

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Hot cathode gauges — error sources

The apparent pressure p,, IS given by

1 4= =R
pm:E(l [ 4 SE,

Where K is the gauge constant
I” is the “real” ion current
I IS @ current due to X ray photoemission

I"4es IS @ current from a local pressure increase due to
desorption

R J Reid Vacuum Science and Technology in Accelerators SHOLIE 2

Cockecroft Institute Lectures - 2010 41 of 58



= The Measurement of Vacuum K&
Hot cathode gauges — error sources

Other sources of error include

 The hot cathode causes local heating of the vacuum system and
therefore outgassing from the walls, giving an apparent increase in
pressure.

 The created ions can be buried in the collector and so the gauge
can “‘pump’”

» A lot of chemistry happens at a hot filament, so the gas composition
can change

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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O The Measurement of Vacuum

Vacuum — What'’s in it?

In accelerators, although it is important to know the pressure |.e.
number density of residual gas molecules, it is often just as important

to know the number densities of individual gas species.
We therefore need a means of performing residual gas analysis.

Lecture 3

Vacuum Science and Technology in Accelerators
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) The Measurement of Vacuum

Residual Gas Analysis
A common RGA- The quadrupole radio frequency analyser (“Quad”)

DETECTOR

APERTURE E
\
ENTRANCE MASS RESOLVED
APERTURE ION BEAM
(A)
x” X

= QUADRUPOLE ~ -¢—¢
FILTER RODS
|ON SOURCE

¢ =U +V cos wt

QUADRUPOLE CROSS SECTION
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= The Measurement of Vacuum
Residual Gas Analysis

Lecture 3

R J Reid Vacuum Science and Technology in Accelerators
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) The Measurement of Vacuum

Residual Gas Analysis

L] Q'Illﬁl’ff.f
R T
| 5 .': :t
Ll
Tl
‘. A ]'._.

Peak positions give a characteristic spectrum for a given molecular species

Peak heights give information about the amount present

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
Cockcroft Institute Lectures - 2010 46 of 58



+- The Measurement of Vacuum

Residual Gas Analysis

A mass spectrum taken
B by a quadrupole rga in a
- system pumped by a

> diffusion pump

2 - The mass scale is linear
_‘E - o and the peaks are of

o | % constant width

2 c

Z‘: ~ © This is typically how

U i
~ such instruments are set
- 32 44 55 67 78 up
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= The Measurement of Vacuum

Residual Gas Analysis

Since the ion source of this type of rga is similar to a hot cathode
lonisation gauge, the characteristics and sources of error are also
similar.

e Sensitivity Is species dependent
« At low pressures, esd may give rise to spurious peaks

* At high pressures, scattering and recombination of ions may
give rise to sensitivity changes (important for trace analysis)

Transmission through the mass filter is mass dependent (Mass
discrimination).

Therefore each analyser must be calibrated (preferably in situ) for
accurate analytical work.

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Residual Gas Analysis

Sensitivity may vary with pressure and

from analyser to analyser
1. 5=
'%: 1.04
£
p
£
1]
E 5,5+
4] T Y T T Y 1tiv/i
o g s T = 5 Sen§|t|V|ty_of arange o,f
Total pressire(Pa) nominally identical rga’s
for nitrogen
R J Reid Vacuum Science and Technology in Accelerators HEGIIRE &
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S The Measurement of Vacuum [KCES
Residual Gas Analysis

- S A pulse of gas of known
3-\ - composition is admitted to a
_ 1011\\ - ) small vacuum system
g AN . :
= s "%\. ) The measured peak height of
[~ + CoO T -
S \ x\ 2 - each species can then
T o7 N RN determine the relative
L x SpO. OpC
S \ xo . sensitivities of the analyser for
S 0.1l -\ ??\ \ each species
c
c— I )
€t CH, \ X\ 1  The decay of each peak can
o \ % give the pumping speed of the
. \ system for each species
00 ———=2"3"4 5 6 7
Time (s)
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= The Measurement of Vacuum  JRGRES
Residual Gas Analysis

Atomic and molecular species are identified by their so called
cracking patterns

These are the relative peak heights in the spectrum of each
fragment ion after the molecule is broken up by electron impact

They will also reflect the isotopic composition of each atomic
species present

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum  JRGRES
Residual Gas Analysis

co,

12A16~ +
100%  Rel. Intensity C 0,

12C160+

1216~ ++

12C160180+

5 13+ 13A16 A+
1000 ppm - 4 i
5 3

100ppml | S NS SR I (R (TR e (G M SR (N | T T R
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48

Mass [amu]
The cracking pattern of CO, after ionisation by 70eV electrons
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= The Measurement of Vacuum

Residual Gas Analysis

Atomic and molecular species are identified by cracking patterns

* Detalls (i.e. precise peak height ratios) vary from analyser
to analyser

« Usually tabulated for large magnetic spectrometers
« Different species interfere

« Simple linear superpositions have considerable
uncertainty

« Complicated matrices may be set up for these
superpositions and solutions fitted by a least squares
type minimisation

Simple rga’s are best used as monitors for changes unless the
system is relatively simple and frequent in situ calibration is
undertaken

Modern systems hide this complexity inside software packages

R J Reid Vacuum Science and Technology in Accelerators SHOLIE 2
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O The Measurement of Vacuum

Residual Gas Analysis

As noted earlier, the ion source of an rga has some of the same
problems as a hot cathode ion gauge.

One particularly troublesome spurious effect is caused by electron
stimulated desorption or by surface ionisation.

Here, an ion which does not come from the gas phase is created in
a region where the potential is not the same as that in the region
where the gas phase ions are formed.

The energy of the ion will therefore be different from that of a gas
phase ion and this may be used to differentiate them

R J Reid Vacuum Science and Technology in Accelerators Lecture 3
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= The Measurement of Vacuum

Residual Gas Analysis

Spurious peaks caused by esd

Is mass 19 Fluorine?
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+- The Measurement of Vacuum

Residual Gas Analysis

Hydrogen

[E-094]
0.15000 4

0.14000
0.13000
0.12000

0.110003 N Metha.ne?

0.10000

0.09000

[Cyc]

10
L g

0.08000
0.07000

0.06000

0.05000

I].I]4I]I]l]:5

0.03000
0.02000

0.010003

0.00000 P e 1
1] h 10 15 20 2h 30 35 A0 45 0
Tamul

The evolution of methane in a large sealed-off vacuum system
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= The Measurement of Vacuum

Residual Gas Analysis

Spurious peaks caused by esd

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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