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Machine

| Type

Introduction
CERN accelerator chain (2/2)

Year

| Energy | Bakeout | Pressure (Paj |

Length

Particles

Linac, Booster, ISOLDE. PS, n-TOF and AD Complex

2.6 km!

LINAC 2

linac

1978

50 MeV

lon pumps 107

40 m

p

ISOLDE

electrostatic

1992

60 keV

- 10

150 m

REX-ISOLDE

linac

2001

3 Meviu

partly 10°-10"

20m

ions: 700 isotopes
and 70 (92) elements

LINAC 3

linac

1994

4.2 MeViu

lon pumps 107

30m

ions

LEIR

accumulator

198212005

72 MeViu

complete 1010

78m

pbar, ions

PSB

synchrotron

1972

1-14 GeV

lon pumps 107

157 m

P, ions

PS

synchrotron

1959

28 GeV

lon pumps 107

628 m

P, ions

AD

decelerator

7

100 MeV

complete 10®

188 m

phar

CTF3 complex

linacfring

2004-09

partly 10°

300 m

-]

PSto SPSTL

Transfer line

1976

26 GeV

~1.3 km

P, ions

SPS Complex

15.7 km!

SPS

synchrotron

1976

SPS Morth Area

Transfer line

1976

SPS West Area

Transfer line

1976

450 GeV

SPS to LHC TI2/8 Line

Transfer line

2004/2006

CNGS Proton Line

LHC Accelerator

Transfer line

2005

¥i

Extractions 10"

7 km

~1.2 km

~14km

2x 2.7 km

~730m
~109 kin !

LHC Arcs (Beam x2, Magnets & QRL insul)

2% (2 x 25 km)

LSS RT separated beams
LSS RT recombination
Experimental areas

Beam Dump Lines TD62/68

2x3.2km
~570m
~180m
2x720m
~20 km
~57.5km
~ 50 km

collicler 2x=7TeV

8
complete 10

Transfer line 10®
High Vacuum
UHV wiwo NEG

Insulation vacuum

7 TeV -
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Introduction
Vacuum requirements (1/2)

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 (1onization)
Electron (1onization) mduced instabilities (beam blow up )

Magnet quench 1.¢. transition from the superconducting to the normal state
= Heavy gases are the most dangerous

*Background to the experiments

— Non-captured particles which interact with the detectors

— Nuclear cascade generated by the lost particles upstream the detectors




Introduction
(AL Contngs Vacuum requirements (2/2)

Beam vacuum pipes are designed to:

* Minimise beam impedance and HOM generation

* Optimise beam aperture

* Intercept heat loads (cryogenic machines)
— Synchrotron radiation (0.2 W.m per beam)
— Energy loss by nuclear scattering (30 mW.m™* per beam)
— Image currents (0.2 W.m! per beam)

— Energy dissipated during the development of electron clouds

= Intercept most of the heat load, 1 W at 1.9 K
requires 1 kKW of electricity




LHC Vacuum Systems

\J] Coatings An Overview...
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LHC Vacuum Systems

An Overview...




LHC Vacuum Systems

I C oatings An OverVieW. =

* 8 bendmg sections * 8 Long Straight
2.4 kam each . Sections (LSS)
L~ -

- 0.6 km each housing
* 2 independent beam -

pipes per arc and

; ) Octant 5 instrumentation,
m LSS Standalone W S
imjections, dumpS, etc.

collimators, beam

* 1.9 K operating
temperature E | 5 = ; :
T G = 2| iz Ny prpes (twin sectors
Standalones at 4.5 K FERRE E l jt )
. 5 \ except close to
Triplets (@ [.9 K a 5 :
P - K & experunents
» Non-baked beam vacuum (combimed sector)
2-3 weeks pumpimg time \ pr Oititing 5t BT
s e » Operating a
10-* Pa before cool ALCE I 5
down s « UHV systems with
: NEG coatmgs and
) -10 e s 1" - < =3 L
il g i it % bake out at 250°C
(Standalones at 4.5 K)

_» 2 mdependent beam

coolmg @ 1 9K
Temperatiire
dependant ' sz oac e P< 109 Pa after

NEG activation

— Wiorld & Largest V acuu
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LHC vacuum systems
Cryogenic Beam Vacuum in Bending Sections




LHC vacuum systems @
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Cryogenic Beam Vacuum in Bending Sections A

* Innovating conceptual design with a “beam screen”
— Beam screen inserted mside cryomagnet eadborpUsmisotherme pus e e
cold bore @ 1.9 K il g
— Operated between 5 and 20 K 'S8T pemeen4 2K and 19K R
* Most of the heat load 1s mtercepted =~ = 35;5
» Cryopumping ensures the beam ' 7| R B
litetime

== 3145 K
-3 380 K
Desorbed molecules transferred to
the magnet cold bore

-—=3.T00 K
—— 12K

« HOM trapping 1s reduced
— Standalone @ 4.5 K need cryosorbers

Pressure [Tor)
m m
g &
2

E

42K

— COOLING TUBES
- = & -~

™ MOLECULES

4
/ BEAM SCREEN P alchs.
/f
ff /
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o TONS |
Pt |() IONS Longitunal weld

PUMPING SLOTS
Beam screen tube

¥ MAGNET COLD BORE| :
1.9 K Sliding nng




LHC vacuum systems
Cryogenic Beam Vacuum in Bending Sections
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\Y/ Coatings RT Beam Vacuum in Long Straight Sections

Poster MOGRFPOO6 & WEGRFP0O48
6.8 km of RT beam vacuum in the LSS

— Except in standalone cryomagnets
303 sector valves as vacuum protection
— Prevents saturation of the NEG coating during warming up
Extensive use of NEG coatings
— All beam pipes are NEG coated
» Baked-out allows the activation of NEG coatings
780 ion pumps to avoid ion instability
— Prowvide pressure indications
* In complement to the 1084 Pirani and Penning gauges and 170
Bayard-Alpert
— Are used as sector valve interlocks
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LHC vacuum systems
Extensive use of NEG coatings in LSS

d

Temperatur

40
35
30
25

Stainless Steel
Temp = 250°C

NEG Beam
NEG Beam pipes
pipes Temp = 230°C
& Stainless Steel
Temp = 150°C

@-Pressure After 1 Month of Activation - 96 SVT gauges
4#-Pressure Before Beam Injection - 88 SVT gauges
“-Pressure During Beam (10/09/08) - 86 SVT gauges

JStandard NEG




LHC vacuum systems
An LSS Overview...

COF * —...' I
“Combined” sector
# Both beams circulates
111 the same beam pipe

“Twin” sector
Beams circulate i different
beam pipes |



LHC vacuum systems
LSS Installation Overview
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—— Bake out & NEG Activation comieted
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LHC vacuum systems
LSS Installation Overview

Resource management
— Ingstallation sequence and speed were fixed by the available slots
— Parallelizm had to be started to cope with delavs

— (Co-activities with the hardware commissioning were solved

*  Material management & handling
— Components tested at the surtace and trangported mto the tunnel right on tume (Limited
underground storage)
» At the night place
»  With the appropriate orientation

* Independent handling of the non-conformities

= Average speed for LSS installation: ~100 m/week !
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RT Beam Vacuum in Experimental Areas
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LHC vacuum systems

RT Beam Vacuum in Experimental Areas
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LHC vacuum systems
RT Beam Vacuum in Experimental Areas

Integration: Vacuum installation follows detector closure
— “Bad surprises™ are not acceptable
— Temporary supports and protections required at each stage ot the mstallation
Reliability
— Leak detection and bake-out testing compulsory at each step of the mstallation
» Vacuum pipes get encapsulated i the detector
Availability
— Detector mstallation imposes the “speed” and sequence of the mstallation
Performances
— Vacuum (<10 H, %), HOM, impedance and alignment requirements
»  Must be fulfilled
Engineering
—  Beryllium and alummum matenal used smce “transparent™ to the particles escaping from the
collizion point
— Innmovative bake-out solutions to fit with the limited space available between vacuum pipes
and the detector
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Insulation Vacuum in Bending Sections
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V)] Coatings Insulation Vacuum in Bending Sections A
Size and volume: 50 km and 15’000 m?

— 2-3 weeks pumping required — mobile turbomolecular pumps

10-! Pa enough to allow for the cool down

— Cryopumping by cold surfaces maintains a static vacuum in
the 10~ Pa range

* Low helium cryo-pumping

— Leak tightness 1s a key issue

« 2507000 welds, 907000 made m-situ, 100 ki mtegrated length

« 187000 elastomer jomts, 22 km mtegrated length
+ 178 turbo-molecular pumps to remove small helmun leaks
9 million square metres of multi-laver thermal insulation
— Huge outgassing after venting to atmosphere

» Huge amount of water partly trapped by these multi-layers.
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LHC vacuum systems
Injection Transfer Lines Beam Vacuum

Combination of arcs
and long straight
sections in both

horizontal and vertical
planes...




LHC vacuum systems

Injection Transfer Lines Beam Vacuum

L T Spe S
L TR = Tight injection into the
»
e

LHC ...

s

Combination of arcs
and long straight
sections in both

horizontal and vertical
planes...
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LHC vacuum systems
Dump Transfer Lines Beam Vacuum
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First operation with beams
Synoptic of LHC Vacuum Systems
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First operation with beams
Beam induced Dynamic Effects
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Sequence of Events

19 September 2008: during the powering test of the main dipole circuit in

Beam vacuum recovery after sector 3-4 incident

sector 3-4, an electrical fault occurred producing an electrical arc and
resulting in:

— Mechanical and electrical damages

— Release of helium from the magnet cold mass

— Venting and contamination of the msulation and beam vacuum enclosures

* Contamination by MLI or soot as observed in the tunnel after the

incident. The second number refers to the situation in the tunnel after

removing the 53 magnets of the D-zone

V1 V2 V1 V2 |Total
Status |Magnet Magnet | % % %
Ok 54/49 39/30 |26/31 |18/19 |22/25
MLI [124/111 |129/124 |58/69 (61/78 |59/73
Soot 35/0 45/6 16/0 |21/4 |19/2
Total (213/160 [213/160 | 100 100 100




Beam vacuum recovery after sector 3-4 incident
Review of Damages to Beam Vacuum

/| Coatings

Q8R3 V2: Arcing QS8L4 V1/V2: rupture
rupture ggaAm ____r}?gj'ﬁ_':"l o _1_9f_{5_f':* disk (lﬁfcl‘;;l:l‘t?:] blut not
disk blown ~ 310m 280 m . 1}&1 oratec
TR e # o o 1260 m Ty

Q7R3 — — 130m 390m 1600 m sl
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340 m .
QSR3 V2: rupture (magnets remov
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.500[

B Oxidized beam screen
Mark on surface
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Beam vacuum recovery after sector 3-4 incident Y
Review of Damages to Beam Vacuum A

Beam Sreen (BS : The red color is BSwit h some contamination b BSwith soot contamination. The
characterigic of a clean copper Y arey color variesdepending on the

sn.lper-mde_ltlm {-MU IrILERILERES thickness of the soot, from grey to
insulation) dark

-y
1) o ot 1 . (qillew
. - A
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Beam vacuum recovery after sector 3-4 incident
Review of Damages to Beam Vacuum

Beam Screen (BS) with debris of metal coming from melted RF fingers or
Cold Bore (CB) pipes. The red color is characteristic of a clean copper

surface
. = e m

] r.;_‘ur_:

The CEEN LHC — World’s Largest Vacuum Systems (WE4RAIDZ)
JM. JIMENEZ
PACT09, Vancouver (CA), 06 May' 09
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Review of Damages to Beam Vacuum

1 |-
U | Coatings

Interconnecting bellows (PIM) with
its RF screen to minimizethe beam
impedance. The shiny red color is
characterigic of the deanliness of

PIM with some contamination by
super-isolaion (MU multi layer
insulation)

BSwith soot contamination. The
grey color variesdepending on the
thickness ofthe soot, from grey to
dark

the copper surfaces




Beam position monitor (BPM). The
shiny red color is characteristic of
the cleanliness of the copper

Beam vacuum recovery after sector 3-4 incident @

Review of Damages to Beam Vacuum

BPM with soot contamination. The

grey color varies depending on the

thickness of the soot, from grey to
dark

BPM with some contamination by
super-isolation (MLI multi layer
insulation) on the electrode at 8h.

surfaces

' /:Eif 0. |

|

Another variant of beam position
monitor (BPM). The shiny red color
is characteristic of the cleanliness
of the copper surfaces

i 118 Q}“L:iY
‘@ L

BPM with some contamination by
super-isolation (MLI multi layer
insulation) on the electrode at Sh

117
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| Beam vacuum recovery after sector 3-4 incident
W) Coatings Review of Damages to Beam Vacuum

i

Beam Screens removed at the surtace from a heavily soot contaminated magnet

The pictures show that the external surtace of the beam screen (cold bore side) and the inner
surtface of the cold bore tube are also contammated by soot.

Cleaning the cold bore without removing the beam screen from the magnet 1s being studied
but can only be made at the surface.

SR CTEETA T A T
T =ystetns | :__-rl-.,":!ﬂ:?}




78 Beam vacuum recovery after sector 3-4 incident

| Surfaces...

T@RV Costings Review of Damages to Beam Vacuum
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Only the PIM bellows has buckled: 3.5-P<5 bars
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Position (DCUM)
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The CEEN LHC — World’s Largest Vacuum Systems (WE4RAIDZ)
JM. JIMENEZ
PACT09, Vancouver (CA), 06 MMay 09




Beam vacuum recovery after sector 3-4 incident
Review of Constraints




5| 28 Beam vacuum recovery after sector 3-4 incident
1]\ | Surfaces.., -
Al Beam Vacuum Cleaning

MLI and
debris

Cleaning procedure
aspirat.+ local blowing
+ mec. cleaning

Endoscopic

MLI, debris
inspection

Magnets e

stays in the
tunnel

Endoscopic
inspection

Magnets iR aspirat.+ local blowing

inthe g place :
tunnel Magnets + mec. cleaning
. removed

from :
the tunnel s BS is Installation of Endoscopic
removed anew BS inspection

Magnet not

reused
Comge . W Evaluation
Will be treated after storage valuarion

the 3-4 repair l,

B In-situ wet cleaning Endoscopic
Slll face tests will be inspection

carried on
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W Coatings Beam Vacuum Cleaning: Soot

* 59 magnets with beam pipes contaminated by soot
— 53 (14 MQ and 39 MB) within the D-zone were removed
« 37 (7 MQ and 30 MB) replaced by spare magnets

* 16 (7 MQ and 9 MB) recovered requiring the exchange ot 13 beam screens
and a cleaning of the cold bore (wet process, detergent circulation)

— 6 magnets (half-cells 19R3-20R3) left n the tunnel
* Only one aperture contaminated by soot
* Cleaned in-situ mechanically
* 50 passages per aperture alternating wet (alcohol) and dry foams

09/ 01. 09 10:42 , 0S.01.09 11:25
; 1. 8m 3

The CEREN LHC — W
J M. JIMEMEZ
PAC 0% Vancouwer {




Beam vacuum recovery after sector 3-4 incident
Beam Vacuum Cleaning: M LI & debris

Systematic endoscopy of both apertures,
— 4.8 km 1 total for the two apertures

Pumping/venting cycle: 20” pumping, 8”

—  Dunng at least 1 h (120 pumping/venting cycles)

— Pressure variations: atm - 8.104 Pa (800 mbar)

— Aur gpeed 1z about 20 m/s corresponding to a 70 § | - | e F

Aspiration with local perturbation controlled by endoscope (monitoring

of position and efficiency)
A nozzle blows tiltered awr (2 bar.l's), the MLI residues lett behund the beam screen and the
RF tingers are directed towards the beam aperture where they are aspired away
— 10 passages at 3.2 m/min and 5-10 nunutes on top ot the RF fingers (PIMs/nested bellows)
—  Specified cleaning efficiency: two dust (<1 mm?)/magnet and 1 fibre (<=3 mm)/half-cell
— Fmal endoscopy made by an independent team gives the final green light
cold-bore tube with plug-in cold-bore tube with

beam screen module beam screen

LANWAAAAL

| o
i ¥

&= air flow =3

turbine Automatic venting

nozzle W camera "
e v S > v = 2-3mimin. endoscope



Beam vacuum recovery after sector 3-4 incident y
Beam Vacuum Cleaning: M LI & debris

(L L T R DL

Fimi MUirleaning wilh gas sorzik in@lg 333
. P wnied fmmsecior 34
1.2 gi.e0.1 m? ———

MUlweight [mg]

I TITTISITIITdF
Sectar 34 ‘plug-in’ module

Measurements made at the surface on
PIMs removed from 3-4 sector

E.Mahrer, & . ZAnlwel, &, Zchnelder

First MLICIean g with

9 passages

2 passages 5 passages [ 4 bits
' 20 bats | 2 per dipole !

Pla PIb Plc P1d Ple P2 P3 FPE PS5

Mumber of nozzle passages from e
Measurements made in
the tunnel 3-4 sector



Closing remarks

Vacuum systems were operational to their nominal for the beam
injections on the 10™ September’08
The incident of sector 3-4 spoiled all the beam tubes in the arc
— After removing the D-zone, ¥4 of them were polluted with super msulation debris
— In-situ cleanmg was mandatory as well as the evaluation of the cleaning efficiency
and consequences ot the remaming dust for the future operation
Today, beam vacuum cleaning in sector 3-4 is completed, closure and leak
detections ongoing
— Equivalent to 58 km CLEANED and INSPECTED cm-by-cm !
Other vacuum sectors (beam and insulation) are being completed after
the safety relief valves consolidations
Surely, the operation of the LHC will be challenging due to the variety of

technologies, performances, expected behaviour in presence of beams and
collateral damages in case of incidents.
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