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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 and SR: a review;

5. Practical examples of analysis, simulation, and design of key components of light 
sources;

6. Summary and conclusions.
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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 (Z=1) 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

5

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;

Increase 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. SC wiggler with closed-loop 

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

General case; arbitrary vacuum chamber shape:

• For tubes of arbitrary non-uniform cross-section and shape, there is no analytical 
solution to the integro-differential equations (seen during previous tutorial).

• 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’ 

geometry is modelled in three dimensions, usually 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, 2017,… 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/

For those participating to the “Practical Days at CERN” visits, a short tutorial on 
Molflow+ is foreseen, laptops will be provided on site

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

General case; arbitrary shapes: SYNRAD+ and Molflow+ codes run in sequence

•

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

https://cds.cern.ch/record/2157666?ln=en
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1. Basics of gas dynamics: outgassing, conductance, pumping speed

Block diagram of the TPMC/ray-tracing algorithm:

Once a geometrical model of the vacuum system is defined, then… 

ESRF dipole 2 -> narrow gap ID chamber -> dipole 1
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2. Basics of synchrotron radiation 
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Discovery of Synchrotron Radiation

1947, General Dynamics, Schenectady (NY), USA
70 MeV ring, tabletop size
The vacuum chamber was made of glass:

Visible light was observed by pure chance, after
previous failures (opaque chamber, silver-coated
glass, 1945):



11

2. Basics of synchrotron radiation 
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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 
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2. Basics of synchrotron radiation 
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Relativistic factor: 

Practical Formulae, as a function of relativistic factor g:

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 photon flux and power with energy 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 l vs l/lC.

Percent of FLUX at all wavelengths 
greater than l vs l/lC.

• POWER: the 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 
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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 
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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 (e.g. Auger);
• Thermal desorption caused by power 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--, the scientists developed an experimental program in 
order to measure carefully the photon-induced desorption (PID) yield, usually 
indicated in literature by the letter h.

• h 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

JUAS 2019 - R. Kersevan - Two-Step Vacuum Design Light Sources

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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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 or 

conductance limitations?
 Beam-gas scattering 

p here is momentum, not pressure!
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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 scientist must do his/her best to keep the residual 
gas composition as close as possible to “pure H2” (Z=1), with as low as possible 
contributions from 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 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)

Case study: 6 GeV European Synchrotron Radiation Facility (ESRF), Grenoble, FR
Circumference: 845 m; Energy: 6 GeV; Nominal current: 200 mA; 
https://www.esrf.eu/home/UsersAndScience/Accelerators.html

https://www.esrf.eu/home/UsersAndScience/Accelerators.html
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Conductance-limited systems: what are they?... What is the consequence?
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Example:
• The specific conductance of a 22 mm ID  m circular cross-section is 1.312 l·m/s (~MAX-IV and 

SIRIUS, mass 28 a.m.u., T=20 °C)

• 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

+

400 l/s 
Sputter-

Ion 
Pump

Crotch 
Abs.

3rd gen.
4th gen.
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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):



3. SR-induced desorption
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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 (500 l/s) ; elsewhere: GP200 (200 l/s)

P
E

N
1

P
E

N
3

R
G

A

P
E

N
4

P
E

N
5

P
E

N
6

P
E

N
7

 

R
G

A

CELL LENGTH: 

844 / 32 = 26.4 m

Narrow-gap chamber: elliptical 
profile, 57x8 mm2 size

Dipole
X-ray FAN
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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):

B
P
M

B
P
M
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):
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Crotch Absorber 1
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ESRF “Blue Book” CAD ray-tracing (in the plane of the orbit only):



3. SR-induced desorption
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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



3. SR-induced desorption
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DIPOLE-2  (CV12) GEOMETRY:
radius of curvature: 23.366 m

Pumping-port geometry simulated separately



3. SR-induced desorption
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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 NEG Pump
Pumping Port

60 l/s SIP
Pumping Port

PEN7 gauge
(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

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

Modern version of Molflow code:

Modern version of 
SYNRAD+ code:

“narrow-gap chamber: elliptical 
cross-section, 57x8 mm2 (HxV);
Specific conductance ~ 0.9 l∙m/s;
In-air undulator or wiggler installed 
around it

e-



Details of a crotch absorber ray-tracing with SYNRAD+; Texture scale proportional to flux absorbed by corresponding facet
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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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1. Basics of gas dynamics: outgassing, conductance, pumping speed

50

CV3-Type Vacuum Chambers, 3530 mm long:

Standard CV3 chamber: 2xNEG + 

1 SIP

Hi-temp brazing of Cu absorber ; 

precision eb-welding of SS parts

ESRF-2 extrusion: 

30x20mm2 (HxV)

chamber NO pumps, 

only NEG-coating

Soleil-type CV3: 

Al extrusion 70x35mm2; 

NO pumps, only NEG-

coating

GP200 

NEG 45 l/s StarCell

Ion-pump
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3. SR-induced desorption
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  ,LIpE
dx

dE
CP e 

LIEP e  22

Gas-bremsstrahlung power PBS generated along straight section:
(to be minimized at the beamline hutch!)

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

Exp.Hutch
~20-100 m awaySR

BS

BS
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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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1.5 GeV MAX-II 
ring, Lund, Sweden

Normal configuration of 
the crotch, with Ion-pump, 

Ti-sublimator, crotch 
absorber

Chamber material: 
stainless steel 

NEG_coated version, with NO 
crotch absorber, and no pumps

Chamber material: Copper

SR cones probed by Geiger-Muller 
and NaI bremsstrahlung detectors

The positive outcome of this 
experiment convinced the MaxLab

management that a fully NEG-coated 
machine would have been feasible
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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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3. SR-induced desorption
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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

APS: Advanced Photon Source;
7 GeV 3rd generation light source  6 GeV 4th generation with multi-bend and long. gradient dipoles



SR-induced desorption and its consequences
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Summary and conclusions
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• Some basic concepts of vacuum technology and accelerators 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

• The advantages of modern, fast computers and their application to Montecarlo
simulation codes have been also highlighted with examples

• The importance of a two-stage approach to the calculation of pressure profiles has been 
also discussed at length, with examples for 1. ESRF: beamline shielding; 2. MAX-IV: 
crotch area saturation of the NEG-coating; 3. APS-U upgrade: pressure profiles

• 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. This is extremely important as 
light sources have 100s of experiments per year, and need as close as possible 100% 
beam availability. The experimental hutches must be accessible at all times

• For light sources, the design of the vacuum system must put particular attention to 
protecting all vacuum surfaces from unwanted photon irradiation; Properly water-cooled 
absorbers must be foreseen, with appropriate geometry so as to trap as much as 
possible the scattered photons, and minimize irradiation of, and gas desorption from 
surfaces nearby

Many thanks for your attention 
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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 a and b be defined as such: b is the rotation about the Y axis which takes X onto X’; a 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
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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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