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1. Introductory Material and Basics

1.1 Some Results from Kinetic Theory

Assumptions:

• Gas consists of large number of particles with random trajectories

• Particle diameter is much smaller than average interparticle separation

• Particles only interact through elastic collisions

• Pressure results from large number of collisions with wall producing a
constant force per unit area

1.1.1 Pressure and Molecular Velocity

For molecules travelling with average velocity 
  
vx  the distance they can

travel in time interval ∆t is

  
vx ∆t

If they move towards a wall of area A and the number density is n (= N/V),
the number of molecules that strike the wall in time ∆t is
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n⋅ A vx ∆t

But half molecules move towards, half away from surface

    

1

2
n⋅ A vx ∆t

When a molecule collides with surface, it's momentum changes from mvx to -
mvx (total 2mvx) (m = MW/NA)

Total momentum change is

    

= number of collisions × momentum change per collision

=
1

2
n ⋅ A vx ∆t

 

 
  

 

 
  × 2m vx( )

= n ⋅ m ⋅A vx
2 ∆t

Force is rate of change of momentum

    
= n ⋅ m⋅ A vx

2

Pressure is force per unit area

    
p = n ⋅ m⋅ vx

2

Generalizing

    

v2 = vx
2 + vy

2 + vz
2

= 3 vx
2

p = 1

3
n ⋅ m ⋅ v2
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1 atm = 1013 mbar = 1.013 bar = 760 mmHg = 760 torr = 101,325 Pa
(Nm-2)

1.1.2 Collision Frequency

A molecule of diameter d sweeps out a collision cylinder of cross-sectional
area

  σ = πd

and length

  
v ∆t

during period ∆t.

For two colliding objects we must really take into account their relative speeds
(not one fixed, one moving)

The collision frequency z (per unit time) per molecule is

    
z = 2 ⋅ σ ⋅v ⋅ n

1.1.3 The Mean Free Path

The time a molecule spends between collisions is 1/z.  The distance it has
traveled in this time is called the mean free path, λ



CEM 924 1.5 Spring 2001

    
λ =

v

z
=

1

2 ⋅ σ ⋅n

Using the Ideal Gas Law (pV = nRT) and n = N/V, this can be rewritten

  
λ =

1

2 ⋅ σ

 

 
  

 

 
  

nRT

N ⋅p

 

 
  

 

 
  

Since N=n·NA and k=R/NA

  
λ =

1

2 ⋅ σ

 

 
  

 

 
  

kT

p

 

 
  

 

 
  

Note: The product λ·p is constant for any gas at fixed T.

For N2 at 300 K and 1 atm (σ=0.43 nm2), λ=70 nm

Requirement for Experiment in Vacuum:  Pathlength between surface
and detector might be 1 m - p must be less than about 10-7 atm (7.6x10-5

torr).

1.1.4 Collisions with Surfaces

As above, the number of molecules crossing a plane per unit area A per unit
time can be calculated the velocity and number density of the particles

    
# collisions = n ⋅ vx ⋅

0
∞∫ f ( vx ) ⋅dvx

where f(vx) represents the velocity distribution of particles.  This is given by
the Maxwell-Boltzmann distribution of speeds

  
vx ⋅

0
∞∫ f ( vx ) ⋅dvx = kT / 2πm( )1 / 2

so the collision frequency with the wall per unit area, ZA, is (substituting n =
N/V = p/kT)
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ZA =
p

2πmkT( )1 / 2
Hertz-Knudsen Eqn

At 300 K and 1 atm for N2, ZA is about 3x1023 s-1 cm-2
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1.1.5 Monolayer Formation Times

If we assume a typical interatomic distance for a solid surface of 3.1 Å, then
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# surface atoms = 1

3.1x10 −10 m

 

 
 
 

 

 
 
 

2

= 1x10 19 m−2

= 1x10 15 cm−2

At 300 K, if every N2 molecule that strikes this surface remains adsorbed, a
complete monolayer is formed in about t=3 ns.

If p=10-3 torr (1.3x10-6 atm), t=3x10-3 s

If p=10-6 torr (1.3x10-9 atm), t=3 s

If p=10-9 torr (1.3x10-12 atm), t=3000 s or 50 minutes

Requirement for Experiment in Vacuum:  Clean surface quickly becomes
contaminated through molecular collision - p must be less than about
1.3x10-12 atm (10-9 torr).

10-10 to 10-11 torr (UHV - ultrahigh vacuum) is lowest pressure routinely
available in vacuum chamber.

1.2 Pressure Measurement

-14            -11            -8               -5                   -2                 1

XHV        UHV          VHV             HV             MV

Pressure (torr x10   )n
n=
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1.2.1 Mercury Manometer

Simple Hg-filled U tube: one side evacuated, one side open

Absolute (gas independent) gauge

atm to 10-3 torr (10-3 mm Hg)

1.2.2 Diaphragm Gauge

Absolute gauge

Mechanical connection between moving diaphragm and indicator (needle)

atm to 10-1 torr (>2 % accuracy)

Simple but sensitive to vibration
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1.2.3 Capacitance Manometer

Variation of diaphragm gauge but with electrical transducer

atm to 10-5 torr

Moderately complex, stable, accurate
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1.2.4 Bourdon Gauge

Absolute gauge

atm to 1 torr

Simple, stable
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1.2.5 Thermocouple Gauge

Constant current heats filament

Thermocouple attached to filament measure temperature

At high pressure, gas molecules collide and cool filament

Larger voltage need to drive filament to same temperature

Fast, simple, inexpensive

Gas sensitive

10 (convection) to 10-4 torr
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1.2.6 Pirani Gauge

Two identical heated filaments; one sealed at HV, one exposed to system

Current flows through  Wheatstone bridge circuit

Pressure difference indicated by meter (non-linear)

102 to 10-4 torr

Simple, reliable, inexpensive but gas dependant

1.2.7 Ionization Gauge (Bayard-Alpert)

Heated filament produces electrons via thermionic emission

Electrons accelerated towards anode grid
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Many electrons pass through grid, enter center region and create +ve ions
from gas molecules

Ions accelerated to collector wire

Measure current between anode and collector

10-3 (filament burnout, multiple ions per electron) to 10-11 (low current) torr

  

ip = S ⋅ p⋅ ie ie = electron emission current

S = gauge sensitivity

Sensitive, high accuracy, widely used

Gas dependant, moderately complex

Hot filament chemically poisoned, can produce gases

1.2.8 Mass Spectrometers
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Quadrupole mass spectrometer - RGA (residual gas analyzer)

10-4 to <10-14 torr

Total pressure mode integrates all ion intensities

Partial pressure mode indicates residual vacuum composition

Highly accurate, precise

Complex, expensive, gas dependant


