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A few words about me:

• I am a vacuum scientist working on accelerators since the end of the 80s;
• I have graduated from the university of Trieste (Italy) with a thesis on surface 

science;
• I’ve worked on the following accelerator projects:

• 2 GeV ELETTRA light source, Trieste, Italy, (1988-1992);
• 20+20 TeV SSC pp collider, Dallas TX, USA, (1992-1994);
• Cornell Electron-Positron Storage Ring (CESR), Cornell University, Ithaca NY, 

USA, (1994-1997);
• 6 GeV ESRF light source, Grenoble, France, (1997-2009);
• Spallation Neutron Source, Oak Ridge TN, USA, (2004-2005, on sabb. leave);
• International Thermonuclear Experimental Reactor ITER, Cadarache, France, 

(2009-2011);
• Vacuum Group, Technology Department, CERN, Geneva, Switerland, (2011- ), 

where I have the position of Applied Physicist, Senior Staff
• I have been a reviewer at various levels of many SR light source projects: NSLS-II, 

PLS-II, MAX-IV, SIRIUS, APS-U,…
• I have been a member of the Machine Advisory Committee of the DIAMOND and 

ALBA light source projects, and I am now a member of the MAC for the upgrade of 
the ESRF, the EBS project.
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Outline of tutorial:
1. Basics of gas dynamics: outgassing, conductance, pumping speed;
2. Basics of synchrotron radiation (SR), with examples relevant to vacuum design;
3. SR-induced desorption and materials for vacuum;
4. Computational methods for vacuum: a review;
5. Practical examples of analysis, simulation, and design of key components of light 

sources;
6. Summary and conclusions.
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ANNOUNCEMENT: Do not forget to write down on your agenda this event!... A must for any 
serious scientist/engineer who wants to become aware of vacuum issues for particle 

accelerators: http://cas.web.cern.ch/cas/Lund2017/Lund-advert.html
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Overview:
• Modern particle accelerators, in particular synchrotron radiation light sources 

need rather stringent conditions on their vacuum requirements, namely:
• Average pressures in the low 1.0E-9 mbar range;
• Average low-Z residual gas composition: H2 must be the main gas 

component during operation of the machine;
• Stable pressure profiles, with, in in particular, no pressure bumps along the 

straight sections where insertion devices (ID) are installed, in order to 
minimize the generation of high-energy bremsstrahlung (BS) photons;

• This translates into flows which are in the molecular flow regime, i.e. conditions 
for which the probability of the residual gas molecules to interact/collide which 
each other is much lower than the probability of hitting the walls of the vacuum 
system

• Apart from cases when the different molecular species can promptly react 
chemically with each other (e.g. chemical reactors, catalysed reactions), the flow 
regime of a gas can be described by the mean free path concept, i.e. the average 
distance travelled by a molecule between two collisions with another molecule at 
same density and temperature conditions in a ‘infinite’ volume;
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Why do we need vacuum in accelerators?

Excessive Losses

Collisions between gas molecules and particles have to be minimized, otherwise:

Particle energy can be reduced and/or trajectories can be modified, so that:

Bunch-size growth

Increased induced 
radioactivity

Damage to 
instrumentation

Risk of quench in 
superconducting 
magnet/cavities

Induced corrosion and 
material damage

Beam instability

Reduced bunch intensity

Lower luminosity, 
brilliance;

Increased emittance

Excessive noise in 
detectors

Excessive 
‘bremsstrahlung’  

radiation

Risk for personnel safety

A good vacuum is also necessary:
• To avoid electrical discharge in high-voltage devices (tens of MV/m in RF cavities);
• To reduce the heat transfer to cryogenic devices (e.g. insulating vacuum in cryostats)
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Vacuum science concepts:
At equilibrium a rarefied gas is described by the ideal gas equation of state:

PV = Nmoles RT
where P, T and V are the gas pressure, temperature and volume, respectively; R the 
ideal gas constant (8.314 J K-1 mol-1 in SI units) . 
From statistical physics considerations, this equation may be rewritten in terms of the 
total number of molecules N in the gas

PV = N kBT
where kB is the Boltzmann constant, kB=1.38 10-23 J K-1 in SI units.
In the International System of Units, the pressure is reported in Pascal: 1 Pa is 
equivalent to the pressure exerted by one N on a m2. 
Other units are regularly used in vacuum technology, in particular bar and its 
submultiple the mbar. The Torr is still used, mostly in the USA; it is equivalent to the 
pressure exerted by a one-mm high column of mercury. 

The conversion values between the common pressure units are collected in Tab.1.
------------------------------------
Source: “Vacuum technology”, P. Chiggiato, R. Kersevan, Joint University Accelerator School (JUAS), 2015; 
https://indico.cern.ch/event/356897/ ; 
https://indico.cern.ch/event/356897/contributions/1769003/attachments/709948/974550/JUAS_2015_
Vacuum_Technology.pdf
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Table 2 shows the number density n=N/V of molecules/atoms at room temperature 
and liquid helium boiling point (useful for superconducting devices, e.g. RF cavities, 
magnets):
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

The basis of vacuum technology: pressure

Definition of pressure:   ி௢௥௖௘	௖௢௠௣௢௡௘௡௧	௜௡	࢒ࢇ࢓࢘࢕࢔	࢔࢕࢏࢚ࢉࢋ࢘࢏ࢊௌ௨௥௙௔௖௘	௔௥௘௔
Ԧܨ

Unit of measurement:  ி௢௥௖௘ௌ௨௥௙௔௖௘ → 	 ே௠మ = ܲܽ → 10ହܲܽ = ݎܾܽ	1 → ݉ݐܽ	1 = ݎܾܽ	1.013
Still used in vacuum technology: 1	ܶݎݎ݋ = ݉ݐܽ	1	;݃ܪ	݂݋	݉݉	1	݂݋	݊݉ݑ݈݋ܿ	ܽ	ݕܾ	݀݁ݐݎ݁ݔ݁	݁ݎݑݏݏ݁ݎ݌ = ݎݎ݋ܶ	760
In	vacuum	technology ∶ ࢇࡼ	ݎ݋	࢘ࢇ࢈࢓	
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

• Sometimes it is useful to use pressure-volume units, such as mbar . liters, i.e. give 
the number of molecules in a given volume at given temperature and pressure:

1 mbar . liter = 6.022 . 1023  / 1013.25 / 22.414 = 2.65 . 1019 molecules
where 6.022 . 1023 is the Avogadro number, 1013.25 is the number of mbar in one
standard atmosphere, and 22.414 is the molar volume in liters (reference T=0 °C).

(See http://physics.nist.gov/cuu/index.html for a precise list of constants)

• Modern vacuum technology spans ~ 17 orders of magnitude, between 
atmospheric pressure and the lowest pressure measured so far:
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Pressure boundaries [mbar] Pressure boundaries [Pa]

Low Vacuum LV 1000-1 105-102

Medium Vacuum MV 1-10-3 102-10-1

High Vacuum HV 10-3-10-9 10-1-10-7

Ultra High vacuum UHV 10-9-10-12 10-7-10-10

Extreme Vacuum XHV <10-12 <10-10

Degree of Vacuum

As already mentioned, pressures and gas quantities are correlated by the gas equation 
of state. In vacuum the ideal gas law is always fulfilled :ܲ	ܸ = ݊	ܴ	ܶ (thermodynamic)ܲ	ܸ = ܰ	݇஻T (statistical mechanics)

P pressure, V volume, T temperature, n molar fraction and N number of molecules, R
gas constant (8.3145 J/mole/K), kB Boltzmann constant (1.38110-23 J/K)

The basis of vacuum technology: pressure
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1. Basics of gas dynamics: outgassing, conductance, pumping speed
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
The kinetics of ideal-gas molecules is described by the Maxwell-Boltzmann theory. 
For an isotropic gas, the model provides the probabilistic distribution of the 
molecular speed magnitudes, see below. The mean speed of molecules	 ݒ , i.e. the 
mathematical average of the speed distribution, is given by 

where m is the mass of the molecule and M is the molar mass. The unit of both 
masses is [kg] in SI. Typical mean speed values are shown in Tab. 4.
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1. Basics of gas dynamics: outgassing, conductance, pumping speed
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
Another important result of the Maxwell-Boltzmann theory is the calculation of the 
molecular impingement rate ϕ on a surface, i.e. the rate at which gas molecules 
collide with a unit surface area exposed to the gas. Assuming that the density of 
molecules all over the volume is uniform, it can be shown that

and using the previous equation for the mean speed as obtained by the Maxwell-
Boltzmann theory

Numerical values in terms of P, T and molar mass are given by the following equation, 
and some selected values are reported in Tab. 5.
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:



MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016
18

1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
Other than in free space, molecules collide between each other and with the walls of 
the vacuum system. In the first case, the average length of the molecular path 
between two consecutive collisions, i.e. the mean free path ത , is inversely 
proportional to the number density  ݊ = ௉௞ಳ் and the collision cross section σc , given 
by

The computation of the cross-section depends on the specific interaction potential. 
For elastic collisions between hard spheres, the previous equation can be written in 
terms of the molecular diameter δ:

Typical collision cross sections for common gas species in vacuum systems are listed 
in Tab. 6.
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
For numerical purpose, the previous equation can be re-written for a specific gas as a 
function of temperature and pressure. For H2 

The following figure shows the mean free path for H2 at room temperature as a 
function of the gas pressure: 

• When the mean free path is of the order of 
typical dimensions of the vacuum vessel, e.g. 
the diameter of cylindrical beam pipes, 
molecular collisions with the wall of the 
vacuum envelope become preponderant.

• For bigger ത, the dynamics of the gas is 
dominated by molecule-wall collisions: 
Intermolecular interactions cease to have any 
effect on the gas displacement.

”High-vacuum pumps DO NOT suck gases! “
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
(formula as per G. A. Bird, Molecular Gas Dynamics and the Direct Simulation of Gas 
Flows, Claredon, Oxford, 1994)
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1. Basics of gas dynamics: outgassing, conductance, pumping speed
Concepts of gas kinetics:
Gas Collision Rate, Impingement Rate, Number Density and Mean-Free Path all on 
one plot:
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
The a-dimensional Knudsen number Kn translates into numerical values the 
considerations expressed here above. It is defined as the ratio between the mean 
free path and a characteristic dimension of a vacuum system (D).

The values of Kn delimit three gas dynamic regimes as reported in Tab. 7:

1~10

1~10
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Concepts of gas kinetics:
• In modern synchrotrons, typical beam pipe diameters are of the order of 1~10 cm. 

Therefore, free molecular regime is obtained for pressures in the low 10-3 mbar 
range or lower. Except for areas where gas are intentionally injected into the 
system (e.g. “gas curtain beam detectors”, calibrated-leaks experiments);

• The free molecular flow regime characterizes and determines the pumping and 
pressure reading mechanisms that can be used in particle accelerators. Pumps and 
instruments must act on single molecules since there is no interaction between 
molecules. 

 Collective phenomena like pressure waves and suction do not influence gas 
dynamics in free molecular flow. 
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Free-molecular flow conductance:
In free molecular regime, the net gas flow Q between two points of a vacuum system is 
proportional to the pressure difference (P1-P2) at the same points:

C is called the gas conductance of the vacuum system between the two points. 
• In free molecular regime, the conductance does not depend on pressure. It depends 

only on the mean molecular speed and vacuum system geometry. 
• If the gas flow units are expressed in terms of pressure-volume (for example mbar l s-1 

or Pa m3 s-1, the conductance is reported as volume per unit time, i.e. l s-1 or m3 s-1).

The conductance is easily calculated for the simplest geometry, i.e. a small wall slot of 
surface area A and infinitesimal thickness dividing two volumes of the same vacuum 
system:  
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Free-molecular flow conductance:
The net flow of molecules from one volume to the other may be calculated by the 
molecular impingement rate given before. The number of molecules of volume 1 that go 
into volume 2 ( ߮ଵ→ଶ) is:

while that from volume 2 to volume 1 is:

The net molecular flow is given by the difference of the two contributions:

Multiplying both terms of the equality by kBT and applying the  ideal gas equation, the 
gas flow in pressure-volume units is obtained:
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Free-molecular flow conductance:
Comparing these equations, it comes out that the conductance of the wall slot is 
proportional to the surface area of the slot and the mean speed of the molecules:

From the previous equations, it comes out that the conductance of the wall slots is 
inversely proportional to the square root of the molecular mass. Therefore, for equal 
pressure drop the gas flow of H2 is the highest. Finally, for gas molecules of different 
masses, the conductance scales as the square root of the inverse mass ratio:

As an example, the conductance for N2 is ଶଶ଼ = 0.27 times that for H2, namely 3.7 times 

lower. Table 8 collects conductance values, for an orifice, per unit surface area (C’) at 
room temperature for common gas species.
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Transmission probability:
For more complex geometries than wall slots, the transmission probability τ is 
introduced. If two vessels, at the same temperature, are connected by a duct (see figure 
below for symbols), the gas flow from vessel 1 to vessel 2 (߮ଵ→ଶ) is calculated by 
multiplying the number of molecules impinging on the entrance section of the duct by 
the probability 	߬ଵ→ଶ for a molecule to be transmitted into vessel 2 without coming back 
to vessel 1:

Similarly, the gas flow from vessel 2 to vessel 1 is written as: 
In absence of net flow, ߮ଵ→ଶ = ߮ଶ→ଵ and ݊ଵ = ݊ଶ , then: 
When ݊ଵ ് ݊ଶ a net flow is set up. It can be calculated by combining the previous 
equations:

where, as already mentioned, C’ is the conductance of the unit surface area wall slot. 

P1 P2A1 A2

Vessel 1 Vessel 2



MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016
28

1. Basics of gas dynamics: outgassing, conductance, pumping speed

Transmission probability:
Comparing the equations, it comes out that the conductance of the connecting duct is 
equal to the conductance of the duct entrance in vessel 1, considered as a wall slot, 
multiplied by the molecular transmission probability from vessel 1 to vessel 2:

Evaluation of the transmission probability:
In general, only for simple and constant cross-sections of the tubes can the transmission 
probability be calculated precisely, via some analytical formulae or tabulated data.
One notable example is Santeler’s equation, giving t for a tube of circular cross-section 
of radius R and length L (accuracy is good, <0.7% error):

For long tubes, i. e. ௅ோ ≫ 1, the equation can be simplified to:
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Transmission probability:
Santeler’s formula for the transmission probability of a round tube vs Montecarlo calculation:

10-2

10-1

100

101

102

10-1 100 101 102 103

τ

L/R

Santeler 
Formula

8/3(R/L)

L=D

τ=0.5
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

P1 P2 P3

C1 C2 ܳଵ = ଵܥ ଵܲ − ଶܲܳଶ = ଶܥ ଶܲ − ଷ்ܲܳை் = ை்்ܥ ଵܲ − ଷܲ

It can be easily verified that:			்ܥை்= ஼భ஼మ஼భశ஼మ and ଵ			஼೅ೀ೅ = ଵ			஼భ + ଵ			஼మ	:
In general for N vacuum components traversed by the same gas flux, i.e. placed in series :1			்ܥை் =෍ ௜ேܥ			1

ଵ

In stable conditions, there is no gas accumulation in the whole system:ܳଵ=ܳଶ=்ܳை்

The basis of vacuum technology: conductance

Conductance of components connected in series:
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

P1
P2

C1

C2

ܳଵ = ଵܥ ଵܲ − ଶܲܳଶ = ଶܥ ଵܲ − ଶ்ܲܳை் = ை்்ܥ ଵܲ − ଶ்ܲܳை்=ܳଵ+ܳଶ → ை்்ܥ = ଵܥ + ଶܥ

For components connected in parallel (same pressures at the extremities):

ை்்ܥ =෍ܥ௜ே
ଵ

The basis of vacuum technology: conductance
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

In vacuum technology a pump is any ‘object’ or surface treatment that remove gas 
molecules from the gas phase.

The pumping speed S of a pump is defined as the ratio between the pump throughput QP
(flow of gas definitively removed) and the pressure P at the entrance of the pump:ܵ = ܳ௉ܲ						

ܵ = ݁݉݅ܶ݁݉ݑ݈݋ܸ = [݁ܿ݊ܽݐܿݑ݀݊݋ܿ]
vacuum 
vessel

Ap pump 
aperture

The basis of vacuum technology: pumping speed
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

The gas removal rate can be written as:ܳ௉ = ଵସܣ௉	݊ ݒ ߪ	 = ᇱ: is the conductance of the unit surface areaܥis the area of the pump aperture	௉:ܣߪ	ᇱ݊ܥ	௉ܣ
n: the gas densityߪ : the capture probability, i.e. the probability that a 

molecule entering the pump is ultimately captured; also 
called equivalent sticking coefficient;

As usual, in term of pressure and PV units:ܳ௉ = ߪ	ᇱ݊ܥ௉ܣ	 ݇஻ܶ = ܲ	ߪᇱܥ௉ܣ
From the definition of pumping speed:							ࡿ = ࣌ᇱ࡯ࡼ࡭

The basis of vacuum technology: pumping speed
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

vacuum 
vessel

Ap pump 
aperture

ID [mm] H2 N2 Ar

36 448 120 100

63 1371 367 307

100 3456 924 773

150 7775 2079 1739

Maximum pumping speed [l s-1]for different circular pump apertures (flanged)

 The maximum pumping speed is obtained for ࣌ = ૚ and is equal to the conductance 
of the pump aperture

ࡿ	 = ࣌ᇱ࡯ࡼ࡭
S depends on the conductance of the pump aperture ܣ௉ܥᇱ and the capture probability 
σ.ߪ is in general not a constant; it may depend on many parameters including pressure, 
gas specie, and quantity of gas already pumped (‘saturable’ pumps, like Ti-sublimation or 
Non-Evaporable Getter (NEG) pumps):

The basis of vacuum technology: pumping speed

Example: what is the capture probability for N2 of a 500 l/s pump having a 150 mm ID 
flange?   =࣌	ࡿ/(࡯ࡼ࡭ᇱ) = 500 / 2079 = 0.2405
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

A gas flow restriction interposed between a pump and a vacuum vessel reduces the ‘useful’ 
pumping speed. 

The effective pumping speed Seff ’seen’ by the vacuum vessel is easily calculated: 

vacuum 
vessel

P1

pump 
aperture

S

P2

C

vessel
aperture

ܳ = ଵܥ ଵܲ − ଶܲ = ܵ ଶܲ = ܵ௘௙௙ ଵܲ
௘௙௙

For C<<S:		ܵ௘௙௙ ≈ ܥ

The basis of vacuum technology: pumping speed



MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016
36

1. Basics of gas dynamics: outgassing, conductance, pumping speed

Example 1: 

Vessel and pump connected by a 10 cm diameter tube; N2, S=250 l/s and 1000 l/s.

The basis of vacuum technology: pumping speed

0,00

100,00

200,00

300,00

400,00

500,00

0 5 10 15 20 25 30

Conductance

S=250 l/s

S=1000 l/s
S e

ff
an

d 
C 

[l/
s]

ࡰࡸ

vacuum 
vessel

P1

pump 
aperture

S

P2

C

vessel
aperture
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Example 2: Is this pumping arrangement efficient?
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Conductance-limited systems: what are they?... What is the consequence?

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

Example 3:
• The specific conductance of a 22 mm ID  m circular cross-section is 1.312 l·m/s (~MAX-IV and 

SIRIUS)
• In a uniform cross-section tube with uniform longitudinal outgassing, a regular pump spacing of 

L meters will decrease the installed pumping speed Sinst via the equation seen before:
1/Seff = 1/Sinst + 1/Cspec  Seff = (1/Sinst+L/12/Cspec)-1
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

General case; arbitrary shapes:
• For tubes of arbitrary non-uniform cross-section and shape, there is no analytical 

solution to the integro-differential equations (not discussed here for lack of time).
• Unfortunately this is the case for most synchrotron light sources, where e.g. the 

dipole/crotch chambers have a “Y” shape and are connected to straight parts going 
through the FODO sections (quadrupoles/sextupoles necessary for “beam optics”).

• In this case a number of approximate numerical methods have been developed 
during the years, and among them (*) 
• “Slicing” the system in short segments and applying the Continuity Principle of 

Gas Flow (Finite-Elements codes, either proprietary or custom-written);
• Slicing/subdividing the system in short segments and applying the Electric-

Network Analogy (ENA), and then using codes like LTSpice;
• Angular coefficients method (analogy to thermal radiation propagation);
• Applying the Test-Particle Monte Carlo method (TPMC). The components are 

modelled in three dimensions, possibly by means of a CAD program.
In a nutshell:
• The TPMC codes generate molecules at the entrance of the component pointing in ‘random’ directions 

according to the Lambertian cosine distribution. When the molecules impinge on the internal wall of the 
component, they are re-emitted again randomly, unless pumped.  

• The program follows the molecular traces until they reach the exit of the component. 
------------------------------------------------------------
(*) For  a review see for instance: “Analytical and Numerical Tools for Vacuum Systems”, R. Kersevan, CERN 
Accelerator School, Platja d’Aro, Spain, 2006,… and references therein.
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Transmission probability for the general case of arbitrary shapes:
• The transmission probability is given by the ratio between the number of ‘escaped’ 

and ‘injected’ molecules. Many simulated molecules are needed to reduce the 
statistical scattering, sometimes billions!  (e.g. KATRIN neutrino mass experiment case)

• The reference TPMC software at CERN is MolFlow+. This powerful tool for high-
vacuum applications can import the 3-D drawing of the vacuum components and 
generate ‘random’ molecules on any surface of interest.

• The randomness of the generation follows the physical laws of  vacuum technology: 
for thermal desorption it is assumed to be spatially uniform on surfaces and 
depending only on the wall material properties (temperature, surface finish, chemical 
cleaning procedure, bake-out,…) while for synchrotron radiation (SR) induced gas 
desorption it is derived from the distribution of photons hitting the walls of the system 
(e.g. see below, SYNRAD+ code), which are then converted into molecular fluxes using 
empirical/experimental data (see further below).

• CERN develops, maintains, and uses on a daily basis the TPMC code Molflow+, which 
has become the de-facto standard in the field of particle accelerator design:

https://test-molflow.web.cern.ch/
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

General case; arbitrary shapes: Molflow+ TPMC code
•

On Molflow+ and the companion code SYNRAD+, please see the excellent reference “Monte Carlo simulations of Ultra High Vacuum 
and Synchrotron Radiation for particle accelerators”, M. Ady, CERN, doctoral dissertation at EPFL, Lausanne, CH, May 2016;
Dowloadable at https://cds.cern.ch/record/2157666?ln=en
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

General case; arbitrary shapes: Molflow+ TPMC code
•
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Block diagram of the TPMC algorithm:
Once a geometrical model of the vacuum system is defined, then… 
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TPMC method and algorithm:
• Let’s assume, without loss of generality, that a vacuum system be modeled using polygonal planar facets;
• Let XYZ be an arbitrary cartesian frame of reference;
• Let X”Y”Z” be the frame of reference whose origin corresponds to the location of a molecule located on the facet, with Z” 

perpendicular to the facet;
• Let X’Y’Z’ a frame of reference parallel to X”Y”Z”, whose origin is the same as XYZ;
• Let α and β be defined as such: β is the rotation about the Y axis which takes X onto X’; α is the rotation about X (X’) which 

makes Y become Y’;
• With such definitions, the following transformations can be written:

• Upon desorption of the molecule from the source facet s, 
let L be the generic length of the trajectory to the next 
target facet t;

• Combining the two relations, one gets

where the value for L, Lt, i.e. the length of the trajectory to the next facet encountered, is a function of the geometric description of 
facet t, and it is not given here (see (*) and references therein)
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TPMC method #2:

•Averaging over a large number of molecular traces
yields estimates of the pressure, inpingement rate,
conductance, pumping speed, etc…:

•Let N be the number of molecules entering, for instance, a 
tube from one end;

•Let m be the number of molecules leaving the tube at the 
other end:

w = m/N      is the transmission probability;

•The values for w follow a binomial distribution, which has a 
standard deviation 

• If ni is the number of molecular hits in the i-th segment of the 
tube, and Pi the associated pressure, then the normalized 
standard deviation for the pressure Pi is:
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TPMC method #3: how to convert from molecular hits 
to pressures:

•If ni is the number of collisions on one segment of the 
vacuum chamber (A cm2), and Q is the outgassing (in 
mbar·l/s), then Q/kT is the number of molecules/s. If N 
is the number of molecules traced, then, the mean 
number of collisions/cm2 in that segment is

•The estimate of the impingement rate is

•At equilibrium, the relation between the pressure Pi (on 
segment i) and the corresponding impingement rate Zi is
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TPMC method #4: non-stationary, time-dependent case
•Time-dependent case: acoustic delay line at Tristan 

synchrotron
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•The length of all trajectories is translated into time 
intervals by means of the average molecular speed

TPMC method
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TPMC method #5: non-stationary, time-dependent case via Molflow+

When there is a need to simulate transient vacuum effect one can instruct Molflow+ to use “moments”, i.e. short intervals in time 
during which the collisions with the surfaces of the model are taken into consideration, and then translated into pressures or 
densities as in the steady-state, stationary case:
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TPMC method
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2. Basics of synchrotron radiation 

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

Sources: Schwinger; Sokolov-Ternov; 

Fundamental paper by J Schwinger: 
it gave for the first time quantitative and
qualitative insights into the properties of
radiation emitted by relativistic charged
particles moving in a magnetic field.

Followed by second paper…

… while in the meantime Sokolov and Ternov
in the USSR had come to similar results
expanding the breadth of knowledge (radiative
polarization of electrons and positrons in a
magnetic field).
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2. Basics of synchrotron radiation 
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As the velocity v increases, the emission of photons from an electron
subjected to an acceleration perpendicular to its velocity vector changes
and goes from being “isotropic” to being highly skewed and collimated in
the forward direction
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2. Basics of synchrotron radiation 

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016



53

2. Basics of synchrotron radiation 
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Relativistic factor: 

Practical Formulae, as a function of relativistic factor γ:

Integrated Photon Flux, F  :                                                        (ph/s/mA)

Integrated Photon Power, P:                                                       (W/mA)

Critical Energy, ecrit :                                                              (eV)

As a function of beam energy (GeV), for e-/e+ machines:

kf, kp = fraction of photons with energies above given energy threshold (see next slide);
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2. Basics of synchrotron radiation 
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Photon distributions: power- and flux-wise

Percent of POWER at all wavelengths 
greater than λ vs λ/λC.

Percent of FLUX at all wavelengths 
greater than λ vs λ/λC.

• POWER: critical energy is the median of the SR
power distribution: ½ of the power at photon
energies ABOVE ec, ½ BELOW

• FLUX: only 9% of the SR photons are generated
above ec.

 Most photons have low energy! 

Average photon energy: 0.30792 · ec
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2. Basics of synchrotron radiation 
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Photon distributions: Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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2. Basics of synchrotron radiation 
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Photon distributions: Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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2. Basics of synchrotron radiation 
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Sources: X-Ray Data Booklet, LBNL; “Spectra and Optics of SR”, BNL
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2. Basics of synchrotron radiation 

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

M
C 

si
m
ul
at

io
n,

 S
YN

RA
D
 -

> 
au

th
or

;



59

2. Basics of synchrotron radiation 
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Source: “Monte Carlo simulations of Ultra High Vacuum and Synchrotron Radiation for particle accelerators”, M. Ady, CERN

7/8 of the total power is 
generated as parallel 
polarization photons, 1/8 only 
in the perpendicular case;
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2. Basics of synchrotron radiation 

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

Photon distributions: SYNRAD+, 3-d ray-tracing code
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2. Basics of synchrotron radiation 
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How can spectra and fluxes be calculated efficiently and fast?

• Several numerical algorithms have been developed during the years:
•This one, is particularly fast:

•Note: compared to the CDC 7600 supercomputer of the 70’s, the same code running on just 
one core of a modern multi-core CPU looks like a rocket: 1.6M values/sec vs 38600 
values/sec, an improvement of > 40x: 

This means that today Montecarlo simulations of SR are affordable even on laptops and 
desktops.

Source: “Efficient computation of synchrotron radiation spectrum”, H.H. Umstatter,  CERN/PS/SM/81-13, 1981
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3. SR-induced desorption
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Since SR has been observed for the first time in an accelerator (1949), scientists have 
immediately realized that X-ray photons of energies higher than few eV were capable 
of causing desorption of molecules from the walls of the vacuum system, via a 
number of different phenomena, namely:

• Generation of photo-electrons;
• Direct desorption via X-ray excitation;
• Thermal desorption caused by heating deposited by SR;

• In order to design the vacuum system of e-/e+ storage rings-- in particular light 
sources where the e- beam needs to be stored sometimes for tens of hours 
without interruptions--, scientist had to develop an experimental program in 
order to measure carefully the photon-induced desorption (PID) yield, usually 
indicated by the letter η.

• η gives the average number of molecules of a given gas species per incident 
photon, and allows the designer of the vacuum system to size and space properly 
the pumping system, a major input to the budget of a light source;
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3. SR-induced desorption
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Some examples of PID yield measurements: design of 2.75 GeV SOLEIL light source
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3. SR-induced desorption
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Some examples of PID yield measurements: design of 2.75 GeV SOLEIL light source
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3. SR-induced desorption
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Some examples of PID yield measurements: design of 6 GeV ESRF light source 
(NEG-coating developments, 1999 onwards)
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3. SR-induced desorption
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Some examples of PID yield measurements: design of 6 GeV ESRF light source 
(NEG-coating developments, 1999 onwards)
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3. SR-induced desorption

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

Question: What happens if the PID yield is not sufficiently low and/or the corresponding 
pressure profile is too high-- for instance because of lack of pumping speed?

 Beam-gas scattering 
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3. SR-induced desorption
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Question: What happens if the PID yield is not sufficiently low and/or the corresponding 
pressure profile is too high-- for instance because of lack of pumping speed?

 Beam-gas scattering  Generation of bremsstrahlung (BS) radiation:

Bremsstrahlung (BS) radiation:
It is a “braking “radiation generated by the e- in the beam interacting with the strong 
electric field of a proton in the field of a nucleus of a residual gas molecule/atom.

• Depends strongly on the atomic number Z of the gas species: generation of 
extremely high-energy gamma rays, with upper energy range close to the e- beam 
energy: ~ Z(Z+1)  …. see further below…

• Consequences:  the vacuum designer must do his/her best to keep the residual 
gas composition as close as possible to “pure H2”, with as low as possible 
components made up by CH4, CO, CO2, Ar, etc… 

• For light sources it is particularly important to keep BS low along the straight 
sections where experimental beamlines are installed: radiation protection dose 
limits are more and more stringent!... This has an impact on the availability of a 
given beamline.

• We’ll come back to this issue a bit later…
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How to calculate the SR photon distribution and related gas loads?
(valid, of course, also for assuring proper cooling of surfaces)

1) Do like the ESRF “Blue Book”, CAD ray-tracing (in the plane of the orbit only):
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ESRF: STANDARD CELL IP/NEG DISTRIBUTION AND LOCATION OF VACUUM GAUGES:

Ion pumps (Varian): ID:120 l/s ; CV4/CV11: 120 l/s; CV3/CV10/CV15: 45 l/s;  
dipoles: 60 l/s ; crotches: 400 l/s

NEG pumps (SAES): crotches: GP500 ; elsewhere: GP200
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CELL LENGTH: 

844 / 32 = 26.4 m
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):

Source: O.B. Malyshev, pers. comm., for the 
DIAMOND Light Source
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):



3. SR-induced desorption

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016
77

ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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•

TOP-VIEW

< --------------------------- SIDE-VIEW / CUT-OUTS --------------------------- >

CROTCH-2 AND CV13 GEOMETRY:
Total flux @200ma: 5.82E+18 ph/s (46mrad)

PEN7 
location
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DIPOLE-2  (CV12) GEOMETRY:
radius of curvature: 23.366 m Pumping-port geometry simulated separately
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•

400 l/s SIP + GP500 NEG: 
simulated total pumping speeds of 500, 750, 

1000 l/s

PEN7

crotch 
absorber

Closer view of the Molflow simulation model: 
total number of points: 339; total number of facets: 131

computation time: ~15 hours

pressure test facet:

320x20mm2

OLD DOS-based Molflow code ( 1989 2008)
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•

GP200
Pumping Port

60 l/s SIP
Pumping Port

PEN7 
(star symbols)

400 l/s
+

GP500
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A

B

sticking coefficient:
s=1.0  913 l/s

s=0.0656  60 l/s

beam chamber: 
molecules are 

generated here

ESRF DIPOLE PUMPING PORT GEOMETRY
MODELED AND SIMULATED WITH MOLFLOW:

C

D

CPPORT

CPPORT

CPPORT New Molflow+ code
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Molflow+ TPMC code: sample of modelling of one ESRF dipole/crotch 2 vacuum 
chamber and its pressure profile
•



MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

84

1. Basics of gas dynamics: outgassing, conductance, pumping speed

Modern version of Molflow code:

Modern version of 
SYNRAD+ code:



Details of a crotch absorber ray-tracing with SYNRAD+; Texture scale proportional to flux absorbed by corresponding facet

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016
85

After 2’ 
calculation

After 36’ 
calculation



SR flux and power distribution and flux and power spectra with SYNRAD+
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Left: 
• SR flux and power 

distributions along the ~ 
150 mm long flat absorber 
facet

• Note different width of 
“Gaussian” profile for F 
and P in the vertical 
direction (Red vs Blue 
curve)

• All curves normalized to 1

Right: 
• SR flux and power spectra 

generated by SYNRAD+, 
normalized to 1;
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3. SR-induced desorption
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( ) ,LIpE
dx
dECP e ××××=

LIEP e ××∝ 22

Gas-bremsstrahlung power:

electron stopping power
pressure in straight section
electron beam intensity
length of straight section

( )
IEp

EE
dx
dE

e

ee

×∝

∝

ESRF: going from 200 mA  300 mA: P × 2.25

Ref.: P. Berkvens et al., “Assessment of beamline shielding at the ESRF”, 7th RadSynch
Workshop, Saskatoon, CA, 2007
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3. SR-induced desorption and 
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3. SR-induced desorption
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3. SR-induced desorption
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3. SR-induced desorption
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3. SR-induced desorption
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3. SR-induced desorption
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Summarizing: a double MC scheme is used;
• First a detailed 3D model of the storage ring’s vacuum system is made:

• SR ray tracing (SYNRAD+) generates the photon flux
• TPMC simulation (Molflow+) converts the flux on all surfaces to local desorption, 

and then calculates the pressure profile along the e- beam path
• A second detailed model of the shielding of the Front-Ends (absorbers, collimators, etc…) 

and of the experimental beamline hutches is made:
• Another independent MC simulation (based on EGS4-derived custom code) is run 

taking into account as source terms the beam-gas scattering in the storage ring and 
the subsequent scattering of the high-energy gamma rays along the FE and the BL 
components
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Another example: Analysis and optimization of the crotch absorber of MAX-IV
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Ref.: “Monte Carlo simulations of Ultra High Vacuum and Synchrotron Radiation for particle accelerators”, M. Ady, CERN, 
doctoral dissertation at EPFL, Lausanne, CH, May 2016; also as an IPAC-15 paper;

From CAD model to SYNRAD+ simulation
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3. SR-induced desorption
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From SYNRAD+ simulation to Molflow+:  Pressure profile for CH4
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3. SR-induced desorption
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Molflow+ : simulation of NEG-coating saturation
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Molflow+ : simulation of NEG-coating saturation
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3. SR-induced desorption
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Molflow+ : simulation of NEG-coating saturation, pressure profile for 
several gas species
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring

Source: J. Carter, APS Upgrade team, ANL, Argonne, AVS Conference, 2015
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption
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SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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3. SR-induced desorption

MEDSI conference, Barcelona– R. Kersevan, 12 Sept 2016

SYNRAD+ : simulation of SR power and flux on crotch absorbers of the APS ring
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Summary and conclusions
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• Some basic concepts of vacuum technology and gas dynamics have been recalled
• We have then briefly seen how important it is to be able to calculate the pressure/gas 

density along the path of the e- beam stored in a synchrotron radiation light source
• Various methods used in literature and by the vacuum community for calculating 

relevant quantities have been highlighted
• The advantages of modern, fast computers and their application to Montecarlo

simulation codes have been also highlighted with several examples
• The importance of a two-stage approach to the calculation of pressure profiles has been 

also discussed at length, with examples
• The relevance of this two-stage approach with respect to accelerator issues other than 

vacuum has been demonstrated with the example of the reduction of bremsstrahlung 
radiation fluence on the experimental beamline hutches

• Bibliographical references have been given, although a complete and detailed list would 
need many pages… there are literally hundreds of papers to be read in order to have a 
clear picture about these issues

• It is hoped that this 2-hour tutorial will push at least some of the participants to look at 
the literature and get involved in this exciting field of research, which is particularly 
important for the design of many future accelerators (not only SR light sources, see the 
100-km FCC rings design at CERN, for instance)

• Do not forget to mark down and/or to advertise to your colleagues the CERN Accelerator 
School on Vacuum Technology of June 2017!... http://cas.web.cern.ch/cas/Lund2017/Lund-advert.html

... and many thanks for your patience and attention! 
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