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Why Vacuum Acceptance Tests?

1. One of the main mandates of the CERN Vacuum Surfaces

Coatings group is to provide the beam operation with a

required vacuum level on all the accelerator complex.

2. To achieve that mandate, acceptance tests are needed to

assess the compatibility of all pieces of equipment to be

installed in the beam vacuum system of the accelerator

complex:

 Leak tightness.

 Detection of contamination.

 Measurement of outgassing rate and its time variation.

 Measurement of virtual leaks (in leakage).
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LINAC 2

6

LINAC 2 started up in 1978 

when it replaced LINAC 1. It 

was originally built to allow 

higher intensity beams for the 

accelerators that follow it in 

CERN's accelerator complex. 

LINAC 2 will be replaced by 

LINAC 4 in 2020.

LINAC 2: 39 Years old

Unbaked system

PLimit < 2x10-6 mbar*

ENERGY: Linac   50 MeV
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* After 24 h pump down
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PS Booster
The Proton Synchrotron Booster is made up of four 

superimposed synchrotron rings that receive beams of 

protons from the linear accelerator Linac 2 at 50 MeV 

and accelerate them to 1.4 GeV for injection into 

the Proton Synchrotron (PS).

PS Booster: 45 Years old

Unbaked system

PLimit < 5x10-8 mbar* for ions run

* After 24 h pump down

https://home.cern/about/accelerators/proton-synchrotron
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Proton Synchrotron 

PS: 58 years old

The PS first accelerated protons on 24 

November 1959, becoming for a brief 

period the world’s highest energy particle 

accelerator

ENERGY: 

PS 25 GeV
The Proton Synchrotron (PS) is a key

component of CERN’s accelerator

complex, where it usually accelerates

either proton delivered by the Proton

Synchrotron Booster or heavy ions from

the Low Energy Ion Ring (LEIR).

With a circumference of 628 metres, the

PS has 277 conventional (room-

temperature) electromagnets, including

100 dipoles to bend the beams round

the ring. The accelerator operates at up

to 25 GeV.

Unbaked system

PLimit < 2x10-8 mbar* for ions run

* After 24 h pump down

https://home.cern/about/accelerators
https://home.cern/about/accelerators/proton-synchrotron-booster
https://home.cern/about/accelerators/low-energy-ion-ring
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Super Proton Synchrotron
Seven kilometres in circumference, the

Super Proton Synchrotron (SPS) was

the first of CERN’s giant underground

rings. It was also the first accelerator to

cross the Franco–Swiss border.

Eleven of CERN's member states

approved the construction of the SPS

in February 1971, and it was switched

on for the first time on 17 June 1976,

two years ahead of schedule.

The SPS operates at up to 450 GeV. It

has 1317 conventional (room-

temperature) electromagnets, including

744 dipoles to bend the beams round

the ring

SPS: 41 years old

ENERGY: SPS    450 GeV

Unbaked system

PLimit < 1x10-7 mbar*

* After 24 h pump down
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The Large Hadron Collider: LHC

At 10.28am on 10 September 2008, a beam of

protons is successfully steered around the 27-

kilometre Large Hadron Collider (LHC) for the first

time. The machine is ready to embark on a new era

of discovery at the high-energy frontier.

LHC experiments address questions such as what

gives matter its mass, what the invisible 96% of the

universe is made of, why nature prefers matter to

antimatter and how matter evolved from the first

instants of the universe’s existence.
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Beams Protons 2800 bunches 1.2x1011 p+/bunch 25 ns separation

Energy 7 x 2 TeV 360 x 2 MJ Enough to melt 1 t of copper

Magnets 8.3 T 12800 A Superconducting TiNb 1.9 K superfluid helium

Vacuum 10-8÷10-12 mbar Better than on the Moon Innovative pumping

Collisions:109

per second

106 Gb per 

second of data

107 Gb per year of 

selected data

GRID development 

among 140 

computer centres
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CERN accelerators chain: vacuum 

systems and requirements

<10-8 mbar

<10-12 mbarLinac2 PSB PS LEIR

SPS LSS <10-7 mbar* LHC Arcs LHC LSS

ELENA ring<4*10-12 mbar

<10-10 mbar

* After 24 h pump down

<2*10-6 mbar* <5*10-8 mbar* <2*10-8 mbar*
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CERN accelerators chain: vacuum 

systems and requirements

<10-8 mbar

<10-12 mbarLEIR

LHC Arcs LHC straight sections <10-10 mbar

UNBAKED SYSTEMS (SEPTA..):

- TMP, ION PUMPS;

- SUBLIMATORS;

BAKED SYSTEMS:

- ION PUMPS;

- Non Evaporable Getter (TiZrV) 

coating

CRYO SYSTEMS:

- CRYOPUMPING;

ELENA ring<4*10-12 mbarLinac2 <2*10-6 mbar* PSB <5*10-8 mbar* PS <2*10-8 mbar*

SPS LSS <10-7 mbar*
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CERN’s vacuum beamlines
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Vacuum requirements: A little bit of history  
The Proton Synchrotron case
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Vacuum requirements: A little bit of history  
The Proton Synchrotron case
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Vacuum requirements: A little bit of history  
The Proton Synchrotron case

Courrier CERN Volume 6, N° 7, Juillet 1966

http://cds.cern.ch/record/1736024
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Vacuum requirements: A little bit of history  

The Proton Synchrotron case

• Elastomers seals: not more 

adequate

• Contamination problems: Heavy 

hydrocarbons bad influence on 

the beam 
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Vacuum requirements: A little bit of history  The 

Proton Synchrotron case

• Vacuum chemical cleaning

• Decrease the outgassing rate 

more than increase pumping 

speed

SOLUTION
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Intermediate Summary
From PS Experience:

1.Beam losses and beam lifetime drive the vacuum level but maximum 

pressure in N2 equivalent is used as acceptance criteria.

2.Work mainly on the total outgassing more than increase the pumping speed.

3.Cleanliness important factor: consequently gas composition start to have an 

important role

Pressure requirements different as a function of each machine:

 Difficult to define general criteria.

 Impossible to have a detailed simulation of each machine.

So….how to define the acceptance criteria?
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1. ADMISSIBLE OUTGASSING RATE

a) DRIVEN BY Beam-gas scattering: Beam losses and beam lifetime
• Estimation of average pumping speed to define a total admissible outgassing rate;
• Determine admissible molecules density;

b) DRIVEN BY Beam downtime: Allowed time to restart the machine in case of
components exchange.

c) DRIVEN BY Equipment requirement: Maximum allowed pressure/molecules density
to run devices like kickers or RF cavities.

How to define the acceptance criteria?

2. NO CONTAMINATION

• Anomalous presence of hydrocarbons, most probably due to error in design and/or lack
of appropriate cleaning (error in cleaning procedure or post-cleaning pollution);
inappropriate choice of materials (polymers, glues, lubricants …);

• Higher than expected CO and CO2 outgassing indicating the presence of carbonised
elements;

• Any chemical element or compound usually not present in the residual gas phase, for
example, F and Cl (issue with etching and cleaning), K and Na (manipulation), P and S
(issue with electrolytic treatments).
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Some examples: Baked system

Area Equivalent Hydrogen

gas density

Effective pumping

speed (indicative)

Arcs ≤10 +15 H2 m-3 ≥100 l.s-1

Experiments ≤10 +13 H2 m-3

LHC 

ELENA ACCEPTANCE THRESHOLDS

Ensures the limitation of momentum and

emittance blow up induced by the interaction of

100 keV antiprotons with a beam population of

107. No specification on gas composition

ELENA

Area Pressure

requirements

Effective pumping

speed (indicative)

Ring ≤4 x10-12 mbar Depend upon 
position (NEG 

sticking probability)
Transfer lines ≤10-10 mbar

Dynamic effects included!

LHC ACCEPTANCE THRESHOLDS

Ensure 100 h of circulating beams before

intensity degradation due to residual gas

interactions occurs and minimise the background

for the experiments.

In both examples, the pressure requirements are 

driven by beam requirements.

LHC Design Report

CERN-2004-003

4 June 2004
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Some examples: Unbaked system

Accelerator Area

Operational 

pressure 

requirement 

(24h pumping)

[mbar]

Average 

effective 

pumping speed 

(indicative) 

[l s-1]

Outgassing 

rate limit at 

24 h

[mbar.l.s-1]

PS complex

LINACS AND 

TRANSFER 

LINES CLOSE 

TO PSB AND PS

≤2.10-6 100 5∙10-5 (*)

PSB AND 

TRANSFER 

LINES CLOSE 

TO THE PS 

RING

≤5.10-8 100 5.10-6 (*)

PS ring ≤2.10-8 70 1.5.10-6 (*)

SPS

Arcs ≤10-6 10 10-5

LSS (kickers, 

septa, RF 

cavities)

≤10-7 100 10-5 (*)

TI2&TI8: From 

SPS to TED
≤10-5 1-2 2.10-5

TI2&TI8: From TED 

to LHC
≤5.10-7 5 2.5.10-6

ACCEPTANCE THRESHOLDS

LHC injectors:

o Ensure beam operation after 24h pump down;

o Ensure proper functioning of High Voltage and RF devices;

o Ensure ion operation at low energy (e.g. LEIR, PS);

SPS ARCs PUMPDOWN

In this case, the acceptance thresholds are 

beam downtime and equipment driven.
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Acceptance Criteria
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Plot P
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Intercept -4.73524
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Outgassing rate measurements
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 Outgassing rate: Q =
∆𝑃2 − ∆𝑃1

𝐶

 Pumping system:

I. Unbaked system:

II. Baked System
Turbo molecular pumps

Chemical pumps

c

P1 P2

RGA

Pumping

System

Component

Q

Fisher-Mommsen type dome
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Unbaked: Vacuum validation steps 

Measurement and verification of vacuum performance

 Functionality

 Leak tightness (First: high background)

 Outgassing rate after 24h of pump down

 Residual Gas Analysis

 Leak tightness (Final)
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Atomic mass units from 44 to 100                           

(Indication of organic contamination)
Atomic mass units from 18 to 44

Unbaked: Acceptance Thresholds Overview

 He leak rate:
 QAIR< 10-10 mbar∙l/s

 Outgassing rate after 24h of pump down: 
 QOut < Depends on the machine

 Gas composition: H2O is the dominant peak

All the masses between 18 et 44 are at least 100 

lower of the intensity of peak 18 (2 order of 

magnitude lower) except for masses 28 et 44

All the masses from 44 to 100 are at least 1000 

lower of the intensity of peak 18 (3 order of 

magnitude lower) except for mass 44



23/05/2017 CAS Vacuum – Sweden 2017 – G.Bregliozzi 31

Acceptance tests for unbaked 

components
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Equation y = a + b*x

Plot P

Weight No Weighting

Intercept -4.73524

Slope -1.08385

Residual Sum of Squares 0.87322

Pearson's r -0.99887

R-Square(COD) 0.99774

Adj. R-Square 0.99774
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PUMPDOWN

Pump down curve: outgassing rate

value at 24h in N2 equivalent to be

compared with the acceptance

criteria for each specific accelerator

and transfer line.

KEY FACTORS:

o The chosen materials (polymers, synthered

materials, high vapour pressures materials);

o The thermal treatments (pre-baked in air or 

under vacuum (cladded cables));

o The mechanical design: trapped volumes, leak 

tightness.
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Is it 24h of pump down enough?

• 24h represent a good compromise that allows performing test 

within 1 week of time: installation, first leak detection, air venting 

overnight and final test. However…………..
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Example of insulated 

cable with polyimide 

film of 0.2mm 

thickness

Exponential 

decay

𝑞𝐻2𝑂 ∝
1

𝑡

𝑞𝐻2𝑂 ∝
1

√𝑡

In presence of polymeric materials, the 

thickness has an important role on their 

outgassing rate behaviour and should be 

addressed in advance
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Residual Gas Analysis: after few hours of filament

conditioning, the amplitude of the peaks is compared to

the water content in the system. The component is

considered accepted if the ratio between the water peak

and the peaks up to mass 44 is higher than 100 and if the

same ratio is higher then 1000 for peaks above mass 44.

KEY FACTOR

Detect the presence of hydrocarbons, CO, 

CO2, P, S, F, Cl or any unusual peak. 

POSSIBLE SOURCES?

- NONCONFORMITY IN THE DESIGN 

(lubricants under vacuum, glues…);

- NONCONFORMITY IN THE CLEANING 

PROCEDURES;

- NON-CONFORMITIES IN THE 

HANDLING PROCEDURES;

 He leak rate:
 QAIR< 10-10 mbar∙l/s

Acceptance tests for unbaked 

components
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After bake-out the Maximum total outgassing is generally < acceptance criteria

Acceptance Thresholds 

Equipment subjected to partial bake-out

How consider the RGA Scan: Normalized? baked or unbaked?

Before Bake-Out 

QTOT >>>10-7 mbarl/s

Partial

Bake-Out

In general, before bake-out, the total outgassing rate is dominated 

by H2O: porous materials, polymers, etc.…

Need to have an in-situ bake out before installation…..however

x 100

x 103
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Acceptance Thresholds 

Equipment subjected to partial bake-out

RGA Guideline

• H2O intensity should decrease 

of ≈2 orders of magnitudes: 

• No more traces of 

contamination: hydrocarbons, 

carbonised elements and any 

chemical elements not present 

in a gas phase.
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Baked: Vacuum validation steps 

Measurement and verification of vacuum performance

 Functionality

 Leak tightness

 Outgassing rate 

 Residual Gas Analysis

 Leak tightness

 Functionality

Before bake out cycle

After bake out cycle
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Atomic mass units from 44 to 100                           

(Indication of organic contamination)

Acceptance criterion: RGA signals for all 

masses higher than 44 are at least 10000 times 

lower than the signal of peak H2 (mass 2).

Atomic mass units from 18 to 44

(Possible impact on NEG performance)

Different acceptance thresholds are selected as a

function of the gas.

Baked: Acceptance Thresholds Overview
LHC Case

 He leak rate:
 QAIR< 10-10 mbar∙l/s

 Internal leak rate:
 QAIR< 5∙10-9 mbar∙l/s

 Outgassing rate: 
 QOut < 1∙10-7 mbar∙l/s

 Gas composition: H2 is the dominant peak



23/05/2017 CAS Vacuum – Sweden 2017 – G.Bregliozzi 38

Maximum total outgassing ≤1∙10-7 mbar∙l/s

H2

CH4 CO
CO2

Affect the saturation 

level of NEG coating

Baked: Acceptance Thresholds Overview
LHC Case

RGA Scan normalized to H2
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H2: Stable 

Ar increase

Q[air_eq.] < 5 ∙ 10-9 mbar∙l/s  correspond to ≈ 1 m saturated NEG (80mm ) every 150 days

Baked: Acceptance Thresholds Overview
LHC Case

1.00E-12

1.00E-11

1.00E-10

1.00E-09

1.00E-08

1.00E-07

0 10 20 30 40 50

R
G

A
 c

u
rr

en
t 

[A
]

Mass [a.m.u.]

N2

N2+

Ar
CO2

Air leak RGA spectra 

after bake out

CH4

H2

12:31:41 12:34:34 12:37:26 12:40:19 12:43:12 12:46:05

Ar N2

VPI ON

Accumulation

VPI OFF, NEG PUMPING 

H2

N2+

CH4

Leak flow estimation

Time



23/05/2017 CAS Vacuum – Sweden 2017 – G.Bregliozzi 41

Maximum total outgassing << 1∙10-7 mbar∙l/s

Acceptance thresholds: 

Low outgassing but not conform RGA

RGA Scan normalized to H2

Need to scale down total 

outgassing and calculate partial 

outgassing for each contaminants
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NEG coatings in particle accelerator

NEG coatings provide very large pumping speeds: 

for H2 0.3 ~ 1 l/s/cm2

Surface capacity of ~5 1014 molecules/cm2.

for CO 5 ~ 10 l/s/cm2

EXAMPLE: chamber of 1 meter, =80 mm (LHC): 

SH2
~750 l/s; SCO~10000 l/s;

Capacity for CO ~1.25x1018 molecules:

10-5 ~1 hours

10-7 ~4.5 days

10-9 ~1.3 years

10-11 ~125 years

Leak rate

[mbar.l/s] 

Time to 

saturate

Zero order approach: considers

homogeneous saturation.

CAS Vacuum – Sweden 2017 – G.Bregliozzi
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Evaluation of NEG performance
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 Transmission: 𝑇𝑟 =
∆𝑃3
∆𝑃2

 Pumping speed: 𝑆 =
𝑄

∆𝑃𝐵𝐸𝐺𝐼𝑁
ൗ𝑙 𝑠

 Capture probability: 𝐶𝑃 =
𝑆

𝐶𝐴𝑃

c

P1 P2

RGA

Pumping

group

NEG coted beam pipe -

L/R

Gas injection

(H2, CO, ..)

R P3
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Practical use of NEG coatings
Measure the pumping speed of a thin film: 

=
∆𝑃3
∆𝑃2

Pressure ratio
Monte Carlo 

simulation

If pressure ratio too low:

very high P2 is necessary to get a signal in P3

c

P1 P2

RGA

Pumping

group

Gas injection

(H2, CO, ..)

𝑆𝑎

Getter tube

L/R

L

R
P3

transmission method 

P
re

s
s
u

re
 r

a
ti
o

If using CO => fast saturation at the entrance

If using H2 => dissociation of H2 in hot filament => methane
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NEG Transmission limitation: H2 Injection

CAS Vacuum – Sweden 2017 – G.Bregliozzi 45

10-10 mbar

In case of long coated beam pipe need to 

carefully consider the cleanliness of the 

injection line and presence of hot filaments 

or selective pumping in the system.
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Transmission method limitations

• H2 injection: 99% of the total

pressure is due to hydrogen,

allowing to always use the

ΔPTOTAL transmission to

evaluate the sticking factor

• N2 injection: 26% of the total

pressure is due to methane

and noble gases, so the

ΔPPARTIAL transmission has to

be used.

• CO injection: 66% of the pressure reading is due to gases others than 

CO. Only using ΔPPARTIAL transmission it is possible to obtain 

representative results.

46CAS Vacuum – Sweden 2017 – G.Bregliozzi

NEG Coated copper beam pipe - Length of 1 m –  80 mm
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Transmission method optimization

• The sticking factor strongly 

depends on the ratio L/R 

between the length and the 

radius of the chamber

• To have representative 

sticking factor values the 

transmission has to be in 

the range where the curve 

is steepest

• Different gases have 

different sticking factors

47CAS Vacuum – Sweden 2017 – G.Bregliozzi
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Conclusion & Advices
• Need to clearly analyze and define which is your driving parameter and 

then set the acceptance criteria;

• Once defined stick to the acceptance limits and try to be always coherent;

• Define gas density more than general pressure;

• Try to find a compromise: Do not be too stringent

• Be flexible on the total outgassing but do not accept any form of 

contaminations;

• Participate as much as possible to the design phase to eliminates 

problems and non conformities at the source.
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You’ll be able to predict much better your vacuum system,  

anticipate problems and malfunctioning and have fastest and 

simpler intervention in the accelerators.
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…….thank you very much for your attention
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Additional Slides:

Some special needs and examples
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How to deal with it?

An example in case of electron 

and photon flux

What about beam induced 

pressure increase?
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Beam induced pressure increase
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ATLAS:
Dipoles & 

Quadrupoles
2808b , 6.5 TeV, Flat Top

100× zoom in radial direction
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SYNchrotron RADiation: SynRad
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Material characterization: hph
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Definition of the SEY Threshold & 

Electron Flux
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Without Field:
• High SEY 

treshold

Dipole Field:
• Concentrated 

electron flux

Quadrupole Field:

• Trapping effect, 

area dependent 

on magnetic field

Example of LHC Beam Screen

SEY Threshold

Allow the definition of the minimum acceptable SEY 

for each materials 

Electron flux distribution

Allow to determine the impact of the electron flux on 

the beam pipe surface
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Material characterization
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SEY vs Primary energy:

o The SEY scan allow determining the secondary 

electron evolution function of primary energy;

o Accumulating electron dose bombardment it 

reduces the SEY and allow to create the 

‘conditioning’ curve;

Conditioning Curve:

o Allow determining and the SEY evolution and 

study its impact function of the simulated SEY 

threshold and electron flux. 
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Material characterization: hel
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Synchrotron Radiation & Electron Cloud 
Dynamic Pressure Profile: VAcuum Stability COde (VASCO)

ATLAS Long Straight Section

Synchrotron Radiation

Electron Cloud

Dynamic pressure profile
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New Sintered Materials 
new materials characterisation, MoGr

Collimator upgrade for LHC 

reduction of the transverse

impedance contribution of the

collimator jaws  new proposed

material MoGr.

Two grades have been tested so

far, with same initial composition

but different atmospheres during

the production process.

* *

*

%vol Mo=4.5
%vol Graphite=95.3

%vol Ti=0.2

HOW TO FIND THE CORRECT RECIPE TO MINIMISE THE 

OUTGASSING RATE?
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New Sintered Materials
Thermal Desorption Spectroscopy of MoGr

TDS (Thermal desorption spectroscopy ) is used to study gases evolution from the material under 

different conditions (before and after vacuum firing, air time exposure..).
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New Sintered Materials
new materials characterisation, MoGr

Thickness 6mm
Thickness 

25mm

- Different thickness

- Different orientation

- Different machining

- Different production plate

Effect of the vacuum firing (2h @ 950 ̊C) on the 

outgassing.
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Ion beam

New Sintered Materials
new materials characterisation, MoGr

Focus Ion Beam and SEM analysis to evaluate the presence of 

voids, pores and surface damages induced by machining.
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Glue or “strange materials” v.s. NEG

• Few tests done to validate the use of small 

not conventional components with NEG: 

Finally validated by XPS*

63

Chamber 1

Component to tests

Chamber 2

NEG coated sample

Chamber 1 Chamber 2

Step 1 – Temp for 24h 250⁰C 120⁰C

Step 2 - Temp for 24h 150⁰C 180-250⁰C

CeramabondEpotek 353
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*X-ray photoelectron spectroscopy
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XPS on NEG coated sample
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NEG sample with fluorine doped optic fibre NEG sample with 3 different glues
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