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• Vacuum in Particle Accelerators

• Vacuum Basics
-What is vacuum and vacuum ranges?

-Ideal gas law. 

-Gas flow, conductance and pumping speed.

• Gas sources in accelerators

• Pumping & Instrumentation

• Leak check 

• Vacuum material and cleaning

• Vacuum system integration



Beam inside Vacuum Chamber



TPS one cell model
(Magnet and Vacuum Chamber)



Accelerator Vacuum – highly interdisciplinary



Vacuum in Particle Accelerators
• Why is Vacuum needed in particle accelerators?

Vacuum aims to reduce beam-gas interaction which is responsible for:
• Machine performance limitations:

• Reduction of beam lifetime (nuclear scattering)
• Reduction of machine luminosity (multiple coulomb scattering)
• Intensity limitation by pressure instabilities (ionization)
• Electron (ionization) induced instabilities (beam blow up )

• Background to the experiments
• Non-captured particles which interact with the detectors
• Nuclear cascade generated by the lost particles upstream the detectors



Why do we need vacuum in accelerators?



Vacuum in Particle Accelerators
• What are the Vacuum Engineering constraints? 

• Beam vacuum pipes are designed to:
• Minimise beam impedance and HOM generation

• Optimise beam aperture

• Intercept heat loads 
O Synchrotron radiation 

O Energy loss by nuclear scattering 

O Image currents 

O Energy dissipated during the development of electron clouds

• Vacuum systems shall be optimised for integration
and radiation issues

• Operation & Maintenance costs



Vacuum in Particle Accelerators
•What are the Vacuum Engineering constraints? 

• Basic vacuum requirements
• Depend more on beam performance than on beampipe sizes
O Nature of particles, Energy, Intensity, Bunch densities, etc.

• Dynamic effects dominate when increasing beam energy and
intensity,

O Low energy ion accelerators are an exception

• Higher beam energy means larger size
• Requires a trade-off between performance and cost

• Higher demand on integration and logistics



Basics of Vacuum Physics



Vacuum Basics

• Physical Quantities
• A gas in an enclosed space can be physically described by:
• Volume
• Space occupied by the gas ; taken to be the volume of the vacuum enclosure since a gas 
will expand to fill the space in which it is confined; often measured in litters [S.I. in 
m^3].

• Temperature
• A measure of the kinetic energy possessed by the gas molecules; generally determined by 

the temperature of the surface in contact with the gas molecules; measured in Celcius
[°C]   or K Kelvin [K]

• Amount
• Number of gas molecules; measured in gram-mole [6.022 x 10^23 atoms/mole]



Vacuum Basics



Vacuum ranges in particle accelerators













Kinetic Picture of a Ideal Gas
Five Assumptions
1. Gases are made up of large numbers of very small particles
(atoms or molecules).
2. The particles of a gas are widely separated compared to their
size, so they do not interact except when elastic collisions occur
between them.
3. The particles are in constant, random motion.
4. The collisions between the particles and the walls of their
container are assumed to be perfectly elastic collisions
(momentum and kinetic energy are conserved).
5. The particles obey Newton’s Laws



Vacuum Basics



Vacuum Basics



Gas Laws 

PV=const. (N, T const.)

V/N=const. (P, T const.)

V/T=const. (N, P const.)



Vacuum Basics





Velocity of a gas molecule



Molecules Moves Fast at Higher Temperatures
Light Molecules Moves Faster



Maxwell-Boltzmann Energy Distribution 



Mean Free Path

Mean Free Path – Air @ 22°C 



Particle Flux 



Total and Partial Pressure



Gas Flow regimes

Viscous flow Transition flow



Throughput (Q)



Conductance(C)



Pumping speed (S)



Reduction of pumping speed by connecting pipe
Application of the combination of conductances in series.  
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S* effective pumping speed at the chamber
S real pumping speed
p* pressure in the chamber
p pressure at the entrance of the pump
C connecting conductance
Q throughput through the pipe and into the pump
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S* is less than S! 
Lets plot S*/S reduction of pumping 
speed, against C/S, ratio between 
conductance and pumping speed

Ex: If the conductance is equal to the 
pump’s speed, we only get 1/2 of it at 
the vessel. To get 80% pumping speed 
at the vessel, we need a conductance 
4x larger than the pumping speed.
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Pump down 
curve
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Pumpdown: initial phase

Initially, the pumpdown process is dominated by evacuation of the free gas in the volume. 
Let’s write Qtot=0 and let’s call pinitial(t) the pressure decrease curve in the initial phase of 
pumpdown.

Gas quantity present in the volume (p V) decreases while gas is evacuated by the pump. 
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For unbaked metals of standard rugosity, 

Pumpdown: when outgassing dominates
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We write pultimate because this pressure won’t 
decrease on the time scale of observation (ex. 1h) 

Actually, it decreases, because Qout decreases, but this process is much slower.
The walls of the vessel get progressively emptied from their initial gas contents and gas 
release to the free volume decreases.

When pressure ceases to fall and becomes constant on the 
time scale of observation, dp/dt=0.
The equation becomes:
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Introduction to the gas 
sources in accelerators



Gas sources



Gas sources 
in accelerator



Gas sources 
in accelerator

𝑄 = 𝑄𝑃𝑆𝐷+𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝑄𝑃𝑆𝐷 =24.2 EIƞ
E-Beam Energy[GeV]
I-Beam Current[A]
Ƞ-Desorption Yield





Pumping & Instrumentation



Useful range of standard pumps





Gas-Displacement Vacuum Pumps:

Scroll Dry Pump Diaphragm(Membrane) Pump



Pumps used in the accelerator vacuum system



Turbomoleucular Pump

Roughing Pump Needed



Capture Pumps
Capture pumps are vacuum pump in which the molecules are retained by sorption; chemical combination or condensation on 
internal surfaces within the pump. store gases that are pumped
•Sputter ion pumps.
•sublimating the reactive metal in situ: evaporable getters or sublimation pumps, 
•dissolving the surface contamination into the bulk of the getter material by heating: non-evaporable getters (NEG); the 
dissolution process is called activation. 

SIP TSP NEG



Sputter Ion Pump(SIP)



SIP pumping mechanisms



Evaporable Getters



NEG: Non-Evaporable Getters



Direct and Indirect Gauges at a Glance



Vacuum Pressure Ranges



Vacuum Pressure Ranges-Low to Medium vacuum



Vacuum Pressure Ranges-High to Ultra-high vacuum
Ionization Gauges – General 



Ionization Gauges – Principle 



Electron Impact Ionization 



Hot Cathode Ionization Gauge –Principle 



HC Ionization Gauge – Sensitivity 



HC Ionization Gauge – Relative Sensitivity 



HC Ionization Gauge – Limitations 



HC Ionization Gauge – Soft X-Ray Limit 



Electron Stimulated Desorption in HC Gauges 



Cold Cathode Gauges 



CCGs – Magnetron and inverted magnetron 

Same advantages as Penning, improvement on drawbacks
• Electrode geometry evolved from Penning configuration
• Anode changed to a rod and auxiliary (shield) cathode added





Residual Gas Analyzer (RGA)



Why Residual Gas Analyzers 









Analysis of Mass Spectra

* Fragmentation or cracking
patterns  

• Dissociative ionization
• Isotopes
• Combined effects

Dissociative ionization – CH4 as example 

Isotope Effect – Ar as example Combined Effect – CO as example 



Cracking Patterns – “Fingerprints” 

Be careful with tabulated patterns



An unbaked 
vacuum system, 
H2O dominant 



An clean UHV chamber, H2 dominant 

Spectrum of an clean vacuum system 



Leak Checking



Why Leak Checking? 







Leak Detection –
Localized or Integral





Helium is the most common gas used as a “tracer” 



Leak Check – A key step in QC 



Leak Detection, Tips & Tricks 



Techniques for Detecting Small Leaks 



Locating a leak near multiple joints 



RGA Leak Checking



Vacuum Material and Cleaning



Vacuum Materials
Methods of Making Vacuum Joints





• SST, AL,Cu Cleaning procedures

• Special treatment:

*Ultrasonic wave Cleaning

*Electrochemical Clearning

*Electropolish

*Glow Discharge 

Vacuum Materials Cleaning



Accelerator Vacuum System 
Integration



Particle Accelerator Vacuum System Design 



Accelerator Vacuum Design Considerations



High Vacuum Systems



Ultra-High Vacuum Systems



Beam Lifetime in a Storage Ring



The quantum fluctuations due to photon radiation may 

cause a particle to exceed the energy aperture or physical 

aperture of the machine. The resulting lifetime is called the 

“quantum lifetime”.

Usually one designs for Xa >10 to provide adequate safety margin.

One typically designs for

Quantum Lifetime



• Touschek scattering involves scattering of particles within the 
bunch, transferring energy among themselves. Such an 
energy transfer, if large enough, may eject the particle out of 
the bunch, thus causing it to be lost.

Touschek Lifetime



Beam Loss by Residual Gas Scattering



Bremsstrahlung Scattering Lifetime

X0: Residual gas radiation length
M: Residual gas mass
P: Pressure[Pa]
Z: 



Elastic Scattering Lifetime

b: half height of vacuum chamber
γ: 
P: residual gas pressure
Z: atomic number
<βy>: average of β function



Elastic Scattering Lifetime

b: half height of vacuum chamber
γ: 
P: residual gas pressure
Z: atomic number
<βy>: average of β function



Beam Loss by Residual Gas Scattering



• Base Pressure

-most depend on material outgassing rate 

(material selection, surface treatment,…)

• Dynamic Pressure

-For e-/e+ storage rings, the dominating dynamic pressure rise is due

to photon-induced desorption from intense SR.

-For p+ and ion machines, SR usually negligible. The dynamic 

pressure rise is primarily due to lost particles. Though beam loss is 

small, proton/ion induced desorption is much higher than PSD.

Gas Load



Beam Chamber Materials – Electric and Thermal 



Vacuum Chamber Design



MAX-IV

SIRIUS





J-PARC



NEG Coating Facility at SAES(Italy)

Detail of the SAES sputtering system used to  apply  the  

IntegraTorr SNEG  coating, capable to process up to 7-meter 

long chambers.









From Lumped Pumps to Distributed Pumps



From Distributed Pumping to Integrated Pumping 
- NEG Coating

NEG-coating transforms 
a vacuum chamber from 
a gas source to a 
vacuum pump 



Closing 
• You may not need to deal with the vacuum fundamentals in your daily 

work, however, you still need to know how the different parameters 
in your system will affect your vacuum.

• Gas sources are important part which need to be under control at all 
stages, in order to achieve the required pressure.

• Relating outgassing, pressure, conductance and pumping speed 
together, will allow you to design a vacuum system

• Now you know the fundamentals of accelerator vacuum system, but 
as you know, “the devil is in the details”, so you need study hard to 
know all of them.

Good good study, Day day up! 


