
February 14-16, 2013
JUAS 2017 -- Vacuum Technology – Vincent Baglin 

& Roberto Kersevan
1

JUAS 2017, Archamps, France

• Guidelines for the Design of Vacuum Systems for 
Accelerators

• R. Kersevan, TE/VSC-VSM – CERN, Geneva



2

AGENDA:

1. Introduction

2. Analytical and numerical methods

3. Vacuum chamber geometries by examples

4. Conclusions

5. References

February 14-16, 2013
JUAS 2017 -- Vacuum Technology – Vincent Baglin 

& Roberto Kersevan



3

Part 1
Introduction
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a) The vacuum system design philosophy depends on the type of 
accelerator: circular storage rings and linear accelerators have in 
general different vacuum requirements and therefore very different 
chamber geometries

b) A storage ring has to keep the beam(s) stored for up to tens of hours, 
while linear colliders have much shorter beam transit and vacuum feed-
back times (although the repetition rate plays a role)

c) The geometry of the chamber is generally much dependent on other 
accelerator components’ design and requirements: in particular, the 
vacuum chamber cross-section is a balance between i) the beam size 
envelope (with related sigmas, orbit displacements, and alignment 
tolerances) and ii) the inscribed circle of the quadrupoles (and/or gap 
opening of the dipoles). Designing the largest possible cross-section 
(i.e. conductance) by maximizing i) and minimizing ii) is one of the most 
important steps leading to a successful vacuum system design

d) A clear difference in chamber geometry stems also from the magnet 
technology, i.e. superconducting (SC) technology vs room-temperature 
(RT) one. By their very nature SC magnets call for circular geometries 
(e.g. LHC) while RT magnets usually have an “open” geometry which 
leaves more freedom to the design of the vacuum chamber (e.g. 
synchrotron radiation (SR) light sources)
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e) The material chosen for the fabrication of the vacuum chamber also 
plays and important role in the design, as it dictates the thickness 
of the vacuum chamber, and its capability to be baked (and 
therefore the attendant outgassing rate and ultimate gas 
composition)

f) The beam lifetime requirements dictate the highest average pressure 
tolerated by the beam or the experiments (background, radiation 
damage, etc…). This parameter, coupled with the previous ones 
determines the minimum effective pumping speed which has to be 
attained at the end of the machine commissioning phase. The 
equation Seff=(1/Sinst+1/C)

-1 tells the designer what pumping speed 
will need to be installed, and this relation makes it clear the 
importance of maximizing the (specific) conductance of the vacuum 
chamber, in order to reduce capital costs

g) Vacuum-wise, there are two types of vacuum chambers: “cylindrical” 
ones, where the cross-section stays +/- the same over its length 
(e.g. LHC arcs, transfer lines), and “variable cross-section” ones, 
where the cross-section changes frequently (e.g. SR light sources)
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An SPS-to-LHC Transfer Line in the Accelerator 
Complex

Beam pipe

Flange

Pump (sputter ion pump) 
installed on “T” 
connection

Courtesy: P. Chiggiato
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h) For a wider review of most of the analytical and numerical methods, 
see the two CERN Accelerator School courses related to vacuum 
technology, which can be found here

1. CAS - CERN Accelerator School and ALBA Synchrotron Light 
Facility : Course on Vacuum in Accelerators CAS 2007-003 
http://cds.cern.ch/record/923393?ln=en p.285

2. CAS - CERN Accelerator School: Vacuum Technology CAS 99-05 
http://cds.cern.ch/record/402784?ln=en p.127

i) The “smoothness” of the vacuum chamber, i.e. the way the cross-
section changes along the beam path, is often an important issue: 
the beam does not generally like sudden changes in cross-section, as 
they may lead to high-order mode (HOM) losses and beam impedance 
issues. To this aim, so called “tapers” become mandatory: there is 
an extensive literature of both numerical and experimental 
assessments of the beam impedance contribution due to these 
tapers. Similar arguments apply to the RF continuity of the vacuum 
chamber, e.g. contact fingers inside  corrugated bellows used for 
taking care of chambers’ alignment and their thermal elongation
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ESRF ID-to-CV3 Transition Chamber 
with BPM buttons, Tapered Section, 
RF Contact Fingers and Bellows, high-

vacuum gauge connection, 
and Ion-Pump Pumping Port
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j) Different types of accelerators are affected by different types of 
outgassing profiles:

1.Static thermal outgassing (e.g. unbaked transfer lines)

2.SR-induced outgassing (e.g. light sources, e+e- B-factories, 
LHC at energies>2.0~2.5 TeV)

3.Ion-induced outgassing (e.g. LHC)

4.Electron cloud-induced desorption (e.g. SPS, LHC)

5.Cryogenic “recycling” (e.g. LHC)

6.Combination of all or some of the above (e.g. LHC, which can 
be affected by all of them)

This presentation will focus mainly on the analysis and 
conceptual design of the geometry of the vacuum 

chamber vs the type of accelerator, and its effects on 
the pressure profiles
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Part 2
Analytical and Numerical Methods
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a) At the onset of accelerator technology, several analytical formulae 
have been obtained by physicists and engineers working on vacuum 
systems, for the calculation of:

1. Conductances

2. Pumping speeds

3. Outgassing rates

4. Pressure profiles

b) As the accelerators have evolved and diversified during the following 
decades, the limits of the analytical methods have become clear, and 
several numerical algorithms have been devised:

1. Continuity Principle of Gas Flow (CPoGF)

2. Finite-Elements

3. Applications of Diffusion Equations

4. Montecarlo Simulations (MC)

c) In particular, the exponential improvement in computing power and 
the dramatic decrease of hardware costs have put the MC method in 
front of the others, allowing a direct transfer of CAD geometries to 
the MC simulation software, thus streamlining design & integration 
issues
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a.1) Conductances
• P. Clausing (1931)
• W Steckelmacher (1966)

“beaming effect’
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b.1) Pressure profile
• Y. Li (1995): example of FEM for calculation of pressure profiles in the CESR accelerator 

(Cornell Univ., USA) 
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b.1) Pressure profile
• Y. Li (1995): example of FEM for calculation of pressure profiles in the CESR accelerator 

(Cornell Univ., USA) 
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a.2) Pumping speeds
R. Kersevan et al. 

(1997)

CESR: e+e- collider, 
5.3 GeV/beam

B-meson studies and 
‘parasitic’ SR light 

source
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b.4) Test-Particle Montecarlo
(TPMC) simulations
• R. Kersevan et al. (2008);
• R. Kersevan, M. Ady (2012-);
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b.4) Test-Particle Montecarlo (TPMC) simulations
• B.Durickovic, R. Kersevan, P.Gibson, Vacuum 104, 

June 2014, Pages 13–21

Aim: minimize charge-exchange 
ionization losses
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b.4) Test-Particle Montecarlo (TPMC) simulations (Molflow+)
B.Durickovic, R. Kersevan, P.Gibson, Vacuum 104, June 2014, Pages 13–21

Mostly an in-vacuum electrostatic electrodes design
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Part 3
Vacuum Chamber Geometries

By Examples
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a) As mentioned before, different accelerators come with different 
vacuum chamber geometries

b) Most often it is the cross-section’s size which is different. Some 
extreme examples are:

1. The Spallation Neutron Source (SNS) accumulation ring has a 
round circular cross-section of large internal diameter (ID~260 
mm)

2. One of the proposed geometries for the CLIC quadrupoles linac
has a “butterfly” cross-section (so called “double antechamber”), 
with a central circular pipe of 9.6 mm ID

3. The LHCb experimental chamber has a conical shape with ID 
going from 50 to 260 mm

4. The insertion device (ID) vacuum chambers of the ESRF light 
source have an elliptical cross-section of 57x8 mm2 (HxV) axis

5. LHC SC dipole arc sections: 1.9K cold bore with inserted 5-20K 
beam screen with pumping slots. Material is stainless steel, with 
co-laminated copper coating on the inside and sawtooth SR 
absorber
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1. The Spallation Neutron Source (SNS) accumulator 
ring has a round circular cross-section of large 
internal diameter (ID~ 260 mm)
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2. One of the proposed geometries for the CLIC quadrupoles linac has a “butterfly” 

cross-section, with a central circular pipe of 10 mm OD
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2. TPMC/Molflow+ calculation of the specific conductance of the CLIC quadrupole cross-
section (method 1): one plane of symmetry (w/ mirror reflection), ½ of the chamber is 
modeled; Molecules are generated on entrance (on the left), pumped at entrance and exit 
(sticking=1); ratio of exiting to generated molecules is the transmission probability PTR, 
PTR=0.01645; Specific conductance is obtained by multiplying PTR by entrance area (cm2) 

by 11.77 (l/s/cm2) (N2 gas at 20 C): Cspec = 2.626 (l.m/s)

By comparison, the transmission probability of the round tube only
would be, PTR=0.01253; Specific conductance obtained by multiplying 
PTR by entrance area (0.694 cm2) and by 11.77 (l/s/cm2) (N2 gas at 
20 C): 

Cspec = 0.1023 (l.m/s) (only 3.9% of the “butterfly” profile)
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2. TPMC/Molflow+ calculation of the specific conductance of the CLIC quadrupole cross-
section (method 2); Molecules are generated on all solid surfaces, pumped at entrance 
and exit (sticking=0.5); Fit to analytic “parabolic model” pressure profile gives the 
specific conductance in (l·m/s), by taking -½ of the reciprocal of the second order 

coefficient of the fit,and dividing by length in meters: Cspec = 2.591 (l.m/s) (~ 1.4% 
smaller than value obtained with method 1)
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3. The LHCb experimental chamber has a conical shape with ID going from 
50 to 260 mm, and it is made out of thin (and very expensive!) beryllium 
(courtesy M.A.Gallilee)
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4. Many insertion device (ID) vacuum chambers of the ESRF light 
source have an elliptical cross-section of 57x8 mm2 (HxV) axis, 
made out of extruded aluminium (seen here with other extrusions)

SOLEIL ID

PROTO.
30x20

10 mm
8x57

15 mm
11x74

10 mm
8x57

machined
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Bonus slide:Undulators at the ESRF
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In-vacuum cryogenic undulator: no 
“internal” chamber wall, minimum gap down 

to 6 mm

In-air undulator: the permanent 
magnet arrays are moved up 
and down to “tune” the energy 
of the SR generated; the 
minimum vertical gap is 10.5 mm
External chamber vertical size: 
10 mm

Vacuum chamber 
(approx. 300 mm ID)
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5. LHC SC dipole arc sections: 1.9K cold bore with inserted 5-20 K beam 
screen with pumping slots. Material is stainless steel, with co-laminated 
copper coating on the inside and sawtooth SR absorber

LHC “beam screen”:

Linear power density: 14 mW/m @ 3.5 TeV
222 mW/m @ 7.0 TeV

February 14-16, 2013
JUAS 2017 -- Vacuum Technology – Vincent Baglin 

& Roberto Kersevan



29

5. LHC SC dipole arc sections: 1.9K cold bore with inserted 5-20 K beam 
screen with pumping slots. Note the uneven adsorption profile on the 
cold-bore (sticking=1, “perfect” cryogenic pumping at T=1.9 K); Molflow+ 
model;
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4. Conclusions

The design of an accelerator’s vacuum system proceeds in steps & loops:

a) Get required base pressure from machine physicists (and/or experiments)
b) Define physical and functional interfaces with other subsystems influencing 

vacuum (magnets, RF devices, beam instrumentation, machine optics, etc…)
c) Identify all possible mechanisms and sources of outgassing
d) Draft the cross-section of the “best” vacuum chamber profile, in terms of 

conductances and pumping speeds
e) Create a first model of the vacuum system
f) Run simulations and get pressure profiles
g) IF average (and/or local) pressure or density satisfy physics requirement… 

THEN proceed with initial CAD integration work 
ELSE go back to b) and loop

g) Choose materials, fabrication procedures, vendors compatible with budget 
(if too_expensive you may need to go back to c) !)

h) Ready to start prototyping: IF OK proceed ELSE go back to g)
i) Fabrication (validation, testing, etc…)
j) Installation
k) Commissioning
l) Operation

Congratulations… you are done: NEXT PROJECT? 
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