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

Vacuum aims to reduce beam-gas interaction which is
responsible for:

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

Background to the experiments

Non-captured particles which interact with the detectors

Nuclear cascade generated by the lost particles upstream the
detectors
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Vacuum in Particle Accelerators
What are the Vacuum Engineering constraints? (1/2)

Beam vacuum pipes are designed to:

Minimise beam impedance and HOM generation
Optimise beam aperture

Intercept heat loads (values are given for LHC)
Synchrotron radiation (0.2 W.m-1 per beam)

Energy loss by nuclear scattering (30 mW.m-1 per beam)
Image currents (0.2 W.m per beam)

Energy dissipated during the development of electron clouds

Vacuum systems shall be optimised for integration and
radiation issues

Operation & Maintenance costs
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Vacuum in Particle Accelerators
What are the Vacuum Engineering constraints? (2/2)

Basic vacuum requirements

Depend more on beam performance than on beampipe sizes
Nature of particles, Energy, Intensity, Bunch densities, etc.

Dynamic effects dominate when increasing beam energy and
Intensity,

Low energy ion accelerators are an exception

Higher beam energy means larger size
Requires a trade-off between performance and cost
Higher demand on integration and logistics
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Vacuum in Particle Accelerators
LHC Injectors — Large diversity in age & Technologies
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Vacuum in Particle Accelerators
LHC Arcs & Long Straight Sections — Cold & RT systems
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Vacuum Basics
Physical Quantities

A gas in an enclosed space can be physically described by:

Volume

Space occupied by the gas ; takento be the volume of the
vacuum enclosure since a gas will expand to fill the space in
which it is confined; often measured in litters [S.1. in m3].

Temperature

A measure of the kinetic energy possessed by the gas
molecules; generally determined by the temperature of the
surface in contact with the gas molecules; measured in
Celcius [°C]or K Kelvin [K]

Amount

Number of gas molecules; measured in gram-mole
[6.022 x 1022 atoms/mole]
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Vacuum Basics
Limiting mechanisms during pump down

1
10+
‘ Volume Gas
10 ( e Kt )
=
o 10 - Surface Desorption
== -5 ( 1 )
9__) 10 — t
P =7 ] Diffusion
o 10
= (7 )
TR s e | / 3
-11 \ FPermeszstion
10 — . S sl
-13 1o| oy
AL 1 L 's . TS s  'i3 s
10' 10 100 1d 100 10" 10" 10'° 10

Time (seconds)

E/RW

N/

Dr. José Miguel JIMENEZ

CERN, Technology Department
Head of the Vacuum, Surfaces and Coatings group

7

The CERN Accelerator School



Vacuum Basics
Units of Pressure

The pressure is the force exerted by a molecule per
unit of surface : 1 Pa =1 N/m?

Pa kg/cm? Torr mbar bar atm
Pa 1 10.210% 7.5103 10-2 105 9.8110°6
kg/cm?2 98.110° 1 735.5 980 0.98 0.96
Torr 133 1.35103 1 1.33 1.3310°2% 1.3110°3
mbar 101 1.02 103 0.75 1 103 0.98 103
bar 1.0110° 750 103 1 0.98
atm 101 300 1.03 760 1013 1.01 1

Never forget: Pressure = Force = 1 kg/cm?!
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Vacuum Basics
Gas Laws (1/2)

Avogadro’s Law

Under the same conditions of pressure and temperature, equal

volumes of all gases have the same number of molecules: called a
mole.

6.023x10% parficles
22.41

=2.69x10% particlesx’l‘

Talorr 273K

=2.5x10" parﬁcles:’l‘

Talkarr 2737 K

3.3x10" particles /1

lorr 293° K 1mbar293° K

Boyle's Law
Original pressure times original volume PV =PV
equals new pressure times new volume 171 2" 2
Charles’ Law
As we cool a gas, its volume gets smaller. Vl Vz
2

If we heat the gas, its volume increase. — =
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Vacuum Basics
Gas Laws (2/2)

Law of Gay-Lussac

If the temperature of a volume of gas at 0°C is

changed by 1°C, the volume will change (+/-) by 1/273 of its
original value.

Lord Kelvin used this relationship to develop the absolute
temperature scale (1 K =-273 °C)

°C °C
V=V+| — XV, or V=V,|1+
273 273

General Gas Law
Resulted from the combination of Boyle’s and Charles’ Laws:
By _Bb,
L T
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Vacuum Basics
Units of gas density

The quantity of gas can be presented in number of molecules (N) or in
pressure-volume (PV) units.

The two values are related by the ideal gas equation of state:

P.V:N.KB.T %N:ﬂ

pil
The pressure-volume units are transformed to number of molecules when
divided by KgT. A given number of molecules is expressed by different
pressure-volume values at different temperatures. In general the pressure-
volume quantities are quoted at room temperature
N-m Pa-nt
SELE }

k. 1.33-1023[

ki 1_38_1023[1051;13 } 1.04.10—2{%;'6 } :1.3'3.1()—22["""5‘““’3 }

K
for T= T, = 296K

~2.45.10°|Pa- ' | =3.3.10°[Torre | EZ.S-lOw[mbar-E I

1

RT
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Vacuum Basics
Gas Flow regimes

Molecules hit
each others

Pipe diameter. o

101 o]

Molecules hit the
vacuum vessel walls
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* Continuous flow
- Laminar, Re < 2,300,
for circular pipes
- Turbulent, Re > 4,000,
for circular pipes
> Knudsen flow
*» Molecular flow

> Knudsen number Kn ,L
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Vacuum Basics
Mean Free Path

It is the path length that a molecules traverse between two successive
impacts with other molecules. It depends on the pressure, the temperature
and on the molecular diameter. 1 LT

It increases linearly with temperature A= _\/2' N - ﬁPﬁOz
| witho : moleculediamete]

For air at room temperature : ﬂ’air [Cm] T

At atmospheric pressure, A =70 nm
At 1 Torr, A =50 um

At 102 Torr, A=0.5cm

At 106 Torr, A=50m
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Vacuum Basics

Gas Throughput
The gas throughput defines a gas flow or a pumping speed times the
pressure.

S being defined as the pumping speed (often in I/s)

In steady-state or equilibrium conditions, the throughput is conservative, the
same at one end of a vacuum system as it is at the other

Gas Load

The major sources of gas loads in a vacuum system are: leaks, outgassing,
contamination and permeation.

Q and Power
The throughput is define as a “work” per unit of time so can be converted in Watts

7.50torr % —1Watt =1000 Pa%
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Vacuum Basics
Conductance (T,m) dependance

The conductance is defined as: C=Q/(B -F,)

Since the conductance is determined by the mean velocity of the gas

molecule and the kinetic energy is given by: (1 /Z)IIW2 =kT

. 1/2
The conductance varies as: (T/m)

Conventionally conductance are given for: N,,m =28

Conductance
D°[cm
Of a tube o l/8]=12.1———= [em”]

l[cm]
Of an orifice €, [1/s]=11.6 Alcm*]
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Vacuum Basics
Conductance - Basic Formulas (1/2)

The conductance is defined by the ratio of the molecular flow (Q) to
the pressure drop along a vacuum vessel.
Is a function of the shape of the vessel, the nature of the gas and temperature.

C: Q Pl { — } P2
(Pl_PZ)
Adding conductance in parallel
C
Q | . |
C=C,+C, P, =0 E& P,
C,
Adding conductance in series
11,1 . il K
C C, C, . [l ?
Q
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Vacuum Basics
Conductance - Basic Formulas (2/2)

The pumping speed (S) is the ratio of the flux of molecules pumped (Q) to

the pressure (P) Q - mbar.l/s
Is—|S ==~
P S mbar

Coupling of a pump and of a vacuum chamber :

Q=c(p-P)

{QzP'S C P’

_9_ C8 P 5 :|
S =p s 9 _l

ifC>>S, S, ~S
ifC<<S,S.,~C

Example :

Considera turbomolecular pump of 4001/s (CHF 15°000)to evacuate a 10 cm diameter
tube of 2 m long.

S=4001I/s;C=60Il/ssoS,~50I/s ...the assemblyis conductance limited !
Alternative: S = 60 I/'s (CHF 5°000); C =601/s so S4~301/s
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Vacuum Basics
Total and Partial Pressure

The gas is usually composed of several types of
molecules (ex: air, gas in vacuum systems)

Py=> P =kT) n,

The total pressure, P+, Is the sum of all the partial
pressure, P, (Dalton law)

Partial pressures for atmospheric air

Gas % Pi (Pa)
N, 78.1 7.9 10°
0, 20.5 2.8 10°
Ar 0.93 1.2 10°
CO, 0.0033 4.4
Ne 1.8 107 2.4 10"
He 5.210° 710~
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Vacuum Basics
Outgassing of Materials (1/4)

Outgassing is the spontaneous evolution of gas from solid or liquid.

\
W

—/

\

P / X

Degassing is the deliberate removal of gas from a solid or a liquid.
N/
N7/

Desorptionis the release of adsorbed chemical species from the
surface of a solid or liquid.

AN

2N
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Vacuum Basics
Outgassing of Materials (2/4)

The various sources of gas in vacuum systems

Bulk thermal outgassing: Permeation and Diffusion
Surface thermal outgassing: Water, Hydrogen

Stimulated desorption: lons, Electrons and Photons
Reduction of gas loads by
Surface finishing, Chemical polishing, Bake-out and Firing

Outgassing rates are measured by
Accumulation method

Throughput method

For both methods gas repumping has to be taken into account.

Pressure gauges interfere with the outgassing measurements
by pumping and releasing gas molecules.
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Vacuum Basics
Outgassing of Materials (3/4)

Outgassing of Unbaked Metals
Water is the main gas desorbed
Outgassing rate of water decreases following a 1/t law

Water outgassing does not depend significantly on the nature of metals, on
surface treatments and on temperature (for temperatures lower than 110° C)

No methods, except heating, exist to quickly remove water from unbaked
metals

Outgassing of baked metals
Hydrogen is the main gas desorbed by baked metals
Diffusion model predicts values for the hydrogen outgassing

Firing decrease the hydrogen outgassing rate by more than 2 orders of
magnitude

Outgassing of Polymers

Much higher gas content and gas mobility than metals — 3 to 5 orders of
magnitude

Permeation of atmospheric gases is not anymore negligible

Elastomers — if could not be avoided - should be heat treated in air or in
vacuum before any application in high vacuum
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Vacuum Basics
Outgassing of Materials (4/4)

Unbaked stainless steel (10 h Bayard-Alpert gauges (W filaments)
pumping):

Qn20=2x10-10 Torr ¢/ s'1 cm2 Q~10° Torr / st
dr20=6.6x10° molecules cm-2 Q=3x10!° molecules cm-2
Baked stainless steel (1500 C x 24 h): Bayard-Alpert gauges (Thoria coated

W filaments)
Qu2=2%10-12 Torr / s-1 cm2 Q=10-10 Torr ¢ s'1
q42=6.6x107 molecules s-! cm-2 Q~3x10° molecules cm™
Baked OFS Copper (200° C x 24 h): Residual gas analyzer (W filaments)

gu>=2%x10-1% Torr ¢/ s'1 cm-2 Q=10-8 Torr /¢ st

~3x1011 molecules cm-=2
Jy>=6.6x10> molecules s cm2 Q
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Vacuum Basics
Electrical Analogy (1/2)

The ground potential is
equivalent to zero pressure.

Long tubes are subdivided in
smaller units and considered as
single vacuum chambers
(conductance + volume) in
series.

Non-linear electric
characteristics can be used to
simulate pressure and time
dependent conductance and
pumping speed.

In this way pressure excursions

Into viscous regime can be
evaluated

Dr. José Miguel JIMENEZ
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Vacuum element

Electrical elements

Conductance 1/R

Conductance C o—EER—o
Gas Flow Q Current |
Pressure P Voltage V
Capacitance C °
Volume V
Conductance to ground N
Pump
Current generator
Gas source —Q—
Voltage supply
Constant pressure o O—o

source

Vacuum chamber
with conductance
and volume
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Vacuum Basi CS Simple example: differential pumping

o

Electrical Analogy (2/2) - - Q65
QH l C 2 o—o Plc é o P2o
A more complex example: part of the Linac4 H- Vi Va v
source (C. Pasquino etal., CERN, ATS/Note/2012/043 TECH) ( ] — ) I] vy I]
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Vacuum Basics
Leak Detection

Remind to estimate the leak rates before starting the leak detection
Q=P X Sg¢

Check the leak tightness of the entire system
Leak detector + pumping station

Start the leak detection by moving against the air flow towards the
leak detector

|dentify all leaks and THE leak

Bigger leaks are more difficult to find
Install plastic bags to confine the helium spraying
Never saturate the leak detector unless you are SURE to be on THE leak

Recovering the helium leak detector background could require several hours
(ex: trapping on super-insulation layers)

Use very small helium flows to find the leaks
In case of doubt, go ahead with a confirmation by another team
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Vacuum Basics
Leak Detection - Pump down curves

Careful Pressure follow-up during pump down provides indications
on the leak tightness

COMPARE SUBSEQUENT
PUMPDOWNS WITH ORIGINAL
10--4 { T T T T
DISTINGUISH NORMAL PUMPDOWN
= FROM VIRTUAL LEAK
& 10-5F - 1041 T
o -
E .
o7 J
S DISTINGUISH NORMAL PUMPDOWN
2 ﬂ FROM REAL LEAK
E 10_5_ =3 E 10—5_ _‘ 10_‘_ ™ T T e |
0 r SN 1 o CURVE DUE
I ASUsED, N, ] = T VIRTUAL ]
- PUMPDOWN TIME S x L |
BECOMES LONGER—| — 2
i A 4 E
T s e R T 10-8 TR - c Wi CURVE DUE 7
1 10 100 1000 i (SLOPE = — 1) | E TO REAL LEAK
! "NORMAL" | w
SE o) PUMPDOWN S
@
w
10-7 s S S R e Dy bt il o
1 10 100 1000 T AR
HMEO PUMPDOWN
10-7 vl | e
- | 1 10 100 1000
Remember, use log-log plots ! s
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Vacuum Basics
Leak Detection - Pressure rise curves

Careful Pressure follow-up when valving off the pumping
provides indications on the leak tightness

RATE-OF-RISE CURVES

(OUTGASSING)
| RATE-OF-RISE CURVES
| (OUTGASSING AND LEAK)
|
|
% ‘ | VIRTUAL LESKRSOlﬂRCE
\«— IS DEPLETED: REA
' J LEAK TAKES OVER RATE-OF-RISE CURVES
at . (AIR LEAK)
[+ | |
=
7 '
@ |
@ | =
o~ =
|
x A ' ACTUAL RATE OF RISE
| ‘&‘ ' DEPENDS ON SIZE
| T : OF LEAK
| w |
' S|
A |
0
TIME g :

TIME

Remember, No pumping
Use log-log plots !
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Instrumentation & Pumping
Pressure Gauges - Range of standard sensors (1/2)

Vacuum measurement is required to establish the integrity of an enclosed
vacuum system, to determine the total gas pressure within the system,
and to know the residual gas species present.

The total gas pressure is the quantity most often measured and it may
vary other many orders of magnitude. Different methods need to be used
to cover the entire range.

The instruments which measure the pressure induced forces by an elastic
deformation of a membrane

Independent of the gas composition
Applicable only to low vacuum
Forces are too small at very low vacuum

The instruments which measure well defined physical properties which are
function of the gas density, e.g. Thermal conductivity or ionisation potential

Critically dependent on the physical properties of the gas
species

Applicable to ultra-high vacuum regime
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Instrumentation & Pumping
Pressure Gauges - Range of standard sensors (2/2)

Mechanical Diaphragm / Bourdon

Thermocouple

Piramni

Combined Piezo / Pirani

Capacitance Diaphragm

lon Process

Combined lon Process / Pirani gauge (with electronics on gauge head)

Cold-Cathode lonisation (Penning)
with electronics on gauge head)

Combined Cold-Cathode lonisation (Penning) / Pirani gauge |

Hot cathode lonisation (Bayard-Alpert)

Cmbined Hot cthode Icniﬁatan {Bavard—ﬂlﬁ:ert} J Pirani (with electronics on gauge head)

102 107° 107% 10° 10
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Instrumentation & Pumping
Pressure Gauges: PIRANI

Pirani gauges are commonly used in the range 1 atm -10-4 mbar.

The operating principle is based on the variation of the thermal conductivity of
the gases as a function of pressure. A resistor under vacuum is heated at a
constant temperature (~ 120°C). The heating current required to keep the
temperature constant is a measure of the pressure.

In the viscous regime, the thermal conductivity is independent of the pressure.
Therefore pressure readings given above 1 mbar are wrong.

Truevsindicated pressure
B

R(T) R

1E403 it

—

Current | ,
L 1E+02 - Pttt ‘,'..!

pinPa

1E+01

Heater R

|71 RS </

Vacuum

1E-02 1E-01 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05
PnginPa  —»

K. Jousten. J.Vac.Sci. 26(3), May/Jun 2008, 352-359
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Instrumentation & Pumping
Pressure Gauges: PENNING

Penning gauges are commonly used in the range 10 - 1019 mbar. They are
use for interlocking purposes

It's a cold cathode ionisation gauge i.e. there are no hot filament

The operating principle is based on the measurement of a discharge current in
a Penning cell which is a function of pressure : I* = P", nis close to 1.

At high pressure the discharge is unstable due to arcing.

At low pressure, the discharge extinguishes which means zero pressure reading.

- ANODE

AUXILIARY

Electrons are produced by field emission
CATHODE

and perform oscillations due to the
magnetic field

Along the path length, molecules are oN
ionised and ions are collected onto the ‘ SRR
cathode i) guiote)

Leakage current on the HV cables
simulates a higher pressure

||}<

Dr. José Miguel JIMENEZ
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Instrumentation & Pumping
Pressure Gauges: Bayard-Alpert

Bayard-Alpert gauges are used for vacuum measurement purposes in the
range 10° -1012 mbar.

A -

It's a hot filament ionisation gauge. Electrons emitted
by the filament perform oscillations inside the grid and
lonise the molecules of the residual gas. lons are then
collected by an electrode.

Y

*=[fonlL

Where :

[+ is the ion current

I- is the filament current

o is the ionisation cross section
n the gas density

T e

L the electron path lenght

The gauge needs to be calibrated
X-ray limit of a few 10-1?> mbar
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Instrumentation & Pumping
Residual Gas Analyser (RGA)

Residual Gas Analysers are used in the range 104 -10-1> mbar. Their
purpose is to do gas analysis
A filament produces electrons which ionise the residual gas inside a
grid. A mass filter is introduced between the grid and the ion collector.

The ion current can be measured in Faraday mode or in secondary
electron multiplier mode.

It is a delicate instrument which produces spectrum sometimes difficult

to analyse
. . M oas Ny
It can be also used to identify t Air leak
and find leaks (Ar, N,) : Residual Gas Spectrum :
pressure = 1510 mbar

The RGA needs to be 4006010 1 'n;
calibrated... |

E 3.00E-010 -

g | .

3 1o,

o -Soure M e é 2006010 4 | : " :J ¥
| ] |_| ﬂ'{] ! } lom Counting @ ' o - ,‘ J; ‘:T
| ]|I— e"qh::_ff_ ’/ l ¢ /.l"‘ ] " -

C\lﬁw Elesros Mulipler 0 00E+200 . - e ;T- e=d S p o %
> mas number {amu]

G0 Peter, N_Miller. CAS Vacweam in acceleraiors CERN 2007003



Instrumentation & Pumping
Pumps — Overview of all types

Gas Transfer
Vacuum Pumps

Vacuum Pumps
(Operating Principla)

Gas-Displacement
Vacuum Pumps

I

l

Kinetic
Vacuum Pumps

Gas-Binding
Vacuum Pumps

I

Oscillation Double-Rotor Single-Rotor Mechanical .
Displacament Displacament Displacement Kinatic — Propellant lon Transfer —  Adsorption
Pumps Pumps Pumps Pumps Pumps Pump Pumps
Diaphragm Liquid Ring Gas Ring (Side Propellant Jet
Pump R R Pump Channel) Pump Pump gl R
1 i
; Rotary Vane Liquid Jet Massive Getter
Piston Pump Screw Pump Purnp Turbopumps Sikivt Biomin’
| | | |
Claw-Type Multi-Call Axial Purnp Liquid Jet Sublimation
il Piston Pump Pump s Pump Vaporization Pump
| | ]
Rotary Piston Radial Steam Jat lon Gettar
Pump Pump Pump Pump
External Vane Molecular Diffusion
Pump Pump B Pump —|  Cryo Pump
|
Turbomolecular Diffusion Ejector
"~ Pump ue Pump = Condenser

Courtesy of Pfeiffer Vacuum
www.pfeiffer-vacuum.com/know-how/




Instrumentation & Pumping
Useful range of standard pumps

‘ Ro;ary, 'oil-séaled

Rotary, dry-sealed

Turbomolecular

*
Molecular Drag

P

Yapor Diffusion

_
Getter

Sputter-ion

Cryogenic

w012 10710 107 0% 104 102 100 102
Pressure, torr
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Instrumentation & Pumping
Pumps: Primary (or Roughing) Pumps (1/2)

Are used to pump down from atmosphere down to 10-2 mbar with a speed
of a few m3/h

Are often used as a baking pump for turbomolecular pumps
Two categories : dry and wet pumps.
Dry pumps are expensive and have a higher ultimate pressure

Wet pumps are operating with oil which acts as a sealing, a lubricant,
a heat exchanger and protects parts from rust and corrosion

Oil Sealed Rotary Vane Pump
1

/ ELECTRICAL CONNECTOR

VOLTAGE INDICATOR

Inlet exposed
Trapped vohune
Compression
Exhaust

HIGH VACUUM ROTOR
MODE SELECTOR

HIGH VACUUM ROTOR VANE

LOW VACUUM ROTOR
LOW VACUUM ROTOR VANE

A.D. Chew.CAS Vacuum in accelerators CERN 2007-003 on Levtl.wwoow\ '
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Instrumentation & Pumping
Pumps: Primary (or Roughing) Pumps (2/2)

Pumping speed versus pressure for a typical rotary-vane oil-sealed pumnp:

E

‘2 50_ Free Air Performe Factors:

S Displacemert . s pumping speed

i 40 : * maximum throughput
= : + ultimate pressure

= 204 2 Stage :

§ Single 760 /‘7'

a znge Tomr .

104 163 1ll}2 1(']" 1IU° 1llJ1 162 108
nlet Pressure (Torr)

In general, to estimate the purmnp-down time for a system in the high pressure regime with
volume ¥V (liters) from Py to P (Syand S are respective pumping speeds) use the formula:

t = ﬂlog_gu_

Pumping speed {(without gas ballast) SO + S Pumping speed

DUO 20 M, 50 Hz
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Fumping speead [1/s]

Instrumentation & Pumping
Pumps: Turbo Molecular Pumps

Operates in the molecular regime and is used to pump down small
and large volumes in accelerator vacuum system.

Often installed with its primary pump on a mobile trolley : it can be
removed after valving-off

Ultimate pressure can be very low : 10-* mbar
Pumping speed range from 10 to 3’000 I/s
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Instrumentation & Pumping
Pumps: Sputter lon Pumps (1/2)

Operates in the range 10 - 10- 1 mbar and is widely used to maintain
the pressure in the vacuum chamber of particle accelerators.

Pumping speed range from 1 to 500 I/s

W hen electrons spiral in the Penning cell, they ionise
molecules. lons are accelerated towards the cathode (few kV)
and sputter Ti. Ti, which is deposited onto the surfaces, forms a
chemical bounding with molecules from the residual gas.

Noble gases and hydrocarbons ,which does not react with Ti,
are buried or implanted onto the cathode.

Like for a Penning gauge, the collected current is proportional to
the pressure. It is also use for interlock.
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Instrumentation & Pumping
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Instrumentation & Pumping
Pumps: NEG Pumps (Capture Pumps) (1/2)

The dissolution of the oxide layer is possible only in metals having very high oxygen solubility
limit, namely the elements of the 4t group: Ti, Zr and Hf.

T=T,

Surface oxide Heating in vacuum

) Oxide layer dissolution-> activation Active surf_ace
No pumping Pumping
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Instrumentation & Pumping
Pumps: NEG Pumps (Capture Pumps) (2/2)

o9 slanabsaes MMM ‘S1anas) STIVS JO Asauno)

CapaciTorr D 2000 MK5 (nude)
1000 [H]

;‘i =1 . The maximum H, sorption capacity is limited by H,
2 — embrittlement of the NEG elements.
: e In general a safe limitis 20 Torr l/g is given by the

° H Socrption temperature: 25 °C 1 H Supplier'

e
L LTI LTI 1 | I The stored H, can be desorbed by heating and
—ruda mmmwith CF 100 body pumping with an auxiliary pump (for example a TMP).
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The LHC Case
LHC Layout

AR

8 arcs and 8 straight sections
Separation of cold and RT
vacuum systems

Create vacuum sectors in long
and fragile RT zones
Equipment which need and ex-
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_;______:"_-Magnets - At the experimental areas
R i ] DIBL .
\\ o’ » 46 km at cryogenic temperature
Service Module » 6.5 km at ambient temperature
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The LHC Case
Leak tightness is critical for the Beam Vacuum

Time to provoke a quench

150
1 year of operation ~ 150 days )|\ \ \ — Nominal

120 \ \ — 1/3 of nominal
90

Helium leak rate
above 5 107 Torr.l/s
shall be detected to

avoid the risk of a
quench'!

. AN
. NANEN
; \ &

1.E-07 5107 Torr.lls 1 £_o6 1.E-05

Time in presence of He leak (days)

Lower leak rate :
Require a pumping of the beam tube on the yearly basis (cold bore >~4K)

Larger leak rate will provoke a magnet quench within :
30 to 100 days beam operation for He leak rate of 10 Torr.l/s
A day of beam operation for He leak rate of 10~ Torr.l/s
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The LHC Case

Hydrogen is the limiting gas... LHC needs a Beam Screen!(1/3)

Heat Exchanger Pipe

Beam Pipe

Superconducting Coils

//
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Helium-Il Vessel

Spool Piece

Bus Bars Superconducting Bus-Bar

Iron Yoke
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4 Non-Magnetic Collars
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Pressure (Torr, 300 K)

The LHC Case
Hydrogen is the limiting gas... LHC needs a Beam Screen!(2/3)

Saturated vapour pressure from Honig and Hook (1960)
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The LHC Case
Hydrogen is the limiting gas... LHC needs a Beam Screen!(3/3)
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The LHC Case
Beam-induced dynamic effects are dominant effects...

Beam losses
Proton-induced desorption
LHC is “self-protected” by magnet quench levels

Proton-induced heating leading to thermal desorption

Case of the collimators
» Adiabatic heating =» several orders of magnitude in few seconds

Beam-induced effects

Synchrotron Radiation
Photon stimulated desorption = observable above 2 TeV

HOM-induced heating leading to thermal desorption
Electron cloud

LHC relies both on Vacuum cleaning & Beam
Scrubbing to operate at high Energy and Intensities!
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The LHC Case
Beam losses on Injection Collimators...
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Single shot Multiple shots

Pressure rise induced by the beam impact on the injection collimator
1 bunch (pilot) @ 450 GeV, 2.10° protons!
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The LHC Case
When Beams generate Clouds of electrons... (1/3)

As foreseen, the LHC beams have reached a stage where beam-induced
vacuum dynamic effects start to dominate...
Smaller bunch spacing with trains can provoke electron clouds

Vacuum pressure rise in warm sections
Additional heat load on the cryogenic system in cold sections
Electrons in the beam pipe can feed back to affect the beam stability

=» Can be eliminated by conditioning the surface - scrubbing

v ANVVT N “ LOST or REFLECTED v AVVVY7 W y AV
!(,
Z, Z, ¢
,/(. 7 ’/(. ? /,/ 'l'/,-,
- =3 ey s
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S > N $ - “on Y &
N -< ~ - &~
bar v -
P y Y y
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Schematic of e- cloud build up in LHC arc beam pipe, due to photoemission and secondary emission

Dr. José Miguel JIMENEZ
CERN, Technology Department ‘ ‘ h‘ ’

Head of the Vacuum, Surfaces and Coatings group
The CERN Accelerator School




The LHC Case
When Beams generate Clouds of electrons... (2/3)

Theelectron cloud build-up:

bunch population
number of bunchesin the train

|—> Linear build-up

Depends highly on the Secondary Electron Yield (SEY) 6

Is enhanced by the low energy electrons surviving the gaps between
bunch trains (reflectivity of low-energy electrons)

Is a threshold phenomenon <

Is attenuated by the spacing between bunches and bunch trains

Is affected by many other parameters like:

Size of the beam vacuum pipe
Magnetic field
Temperature of the beam pipe walls
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The LHC Case
When Beams generate Clouds of electrons..

Pressure
signature

Squeeze

Losses @ in;.
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The LHC Case
LHC relies on Vacuum Cleaning & Beam Scrubbing...

Expected decrease n and ¢ (calculations)
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Final remarks (1/2)

Beam lifetime depends on nature of residual gas
(lonisation cross-section)

Most of radiation resistant sensors provide total pressure
indications...

Computation of Beam-gas effects need conversion to gas
densities...

Beam-induced dynamic effects dominate by far for high
energy and intensity accelerators

Shall be considered at the design stage since mitigations are
always difficult and expensive to retrofit. ..

Thermal outgassing is a slow effect (few seconds) and
depends on local Conductance

Fast effects are Beam-induced effects!
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Final remarks (2/2)

Performance depends more on the design and on material

choices than on the pumping scheme

Reminds that outgassing of materials range within orders of
magnitude as pumping gets limited by Conductance...

An optimised vacuum engineering is essential
To minimise Vacuum-induced forces
Unexpected displacements and buckling...

To make more efficient Vacuum Cleaning and Coatings, Leak
detections, Installation, Survey and Maintenance...

Selecting the Vacuum instrumentation depends on:
Pressure range and local configuration

External constraints
Radiation: only passive gauges can stand radiations
Magnetic field: study in a case by case
Cable length (case of most of the accelerators)
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The end... Questions?

Operation with Beams ¢
v
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SIP

Instrumentation & Pumping
Pumps — Summary (1/3)

- No memory effects
- Constant pumping speed for pressures
lower than 102 mbar

TMP - Pumping speedindependent of total gas

load
- Starts working at high pressures
(molecular regime)

- Clean pumping

- No maintenance

- No vibrations

- Installation in any orientation

- Relatively long lifetime

- Relatively low cost

- Limited but high H, capacity

- The pump current gives a pressure
reading

Dr. José Miguel JIMENEZ

CERN, Technology Department
Head of the Vacuum, Surfaces and Coatings group

Mechanical fragility

Risk of contamination from the backing pump
Need of venting anytime the pumpis stopped
Need of valve on the main flange

Intrinsic limitation in ultimate pressure of H,
Possible vibrations

Maintenance

Low capture probability

Gas Selectivity and limited capacity
Memory effects (in particular for rare gases)
Ignition in 10-> mbar range

Bulky

Difficult starting for old pumps

Production of charged particles in particular
at start-up

Field emission problems forold pumps
Fringing magnetic field

Safety issue: high voltage

OO
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Instrumentation & Pumping
Pumps — Summary (2/3)

Clean vacuum

- High pumping speed forreactive gases

- With SIP, extremely low vacuum can be
achieve

- High gas capacity for porous NEG

- Lowcost

- Electrical power needed only for
activation; it works in case of power cut

- No maintenance

- No vibration

NEG pumps

Dr. José Miguel JIMENEZ
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Selective pumping (no pumping of rare
gases and methane)

H, enbrittlementif regenerationis not
applied

Formation of dust patrticles is not
excluded

Safety issue: pyrophoric, it burns when
heated in air at high temperature

OO
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Instrumentation & Pumping
Pumps — Summary (3/3)

Cryopumps

Sublimation
Pumps

Very large pumping speed for all gases
Clean vacuum

High pumping capacity

Limited selectivity

Clean vacuum

High pumping speed forreactive gases
With SIP, extremelylow vacuum can be
achieve

Low cost

Electrical power only for sublimation; it
works in case of power cut

Limited maintenance (filament change)
No vibration

Dr. José Miguel JIMENEZ
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Costand maintenance

Relatively large volume needed
(including refrigerator)

Gas release in case of power cut
Reduced pumping efficiency for H, for
high quantity of gas adsorbed:
regeneration needed

Need of valve on the main flange

Very limited capacity

Need frequent sublimations at high
pressure

Ti film peel-offfor high sublimation rates
Selective pumping (no pumping of rare
gases and methane)

Risk of leakage current in high voltage
insulators

Ideal for low pressure applications
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