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QRL (Cryogenic Line Installation)




He inventory per sector

%

O Cold masses
B Header C

MW Other headers
& Cryoplants

LHC TDR

+ 1260 T LN2 per secth




LHC Cryogenics

From RT to 80K: Precooling with

LN2 1200 tons of LN2 (64 trucks of
20tons) & [Three weeks]

Hell

From 80K to 4.5K: Cooldown with
He turbines 4700 tons of material to
be cooled = [Two weeks]

k/lne
Pressurized He II‘\ /
\/r<
/

Saturated He II

saturated He Il flowing heat exchanger tube
pressurized He Il, static

TIK]

From 4.5K to 1.9K: Cold compressors
(15 mbar) More than 15 tons of helium
inventory [One week]

Tuning before powering:
Instrumentation, Electrical feed-boxes

(DFB’s), global process [One week]

wivdi K\im "4 Z (i
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magnet sc bus bar connection

helium vessel







LFC Dipoles Installation
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LHC Arc

106.80 m

LHC TDR

MBB: Main Dipole
MQ: Main Quadrupole

MQT: Trim Quadrupole

MQS: Skew Trim Quadrupole

MO: Lattice Octupole

MSCB: Sextupole (Skew Sextupole)+Orbit Corrector
MCS: Spool Piece Sextupole

MCDO: Spool Piece Octupole + Decapole

(BPM: Beam Position Monitor)

MO MQT 2205




LHC Magnet Inventory.

Description

Magnet Type

Description

Number of Magnets

Main Dipole Coldmass

Alice Spectrometer (Muon Dipole)

Nuux gnets
1232

LHC-b Spectrometer

Octupole Lattice Corrector in Arc
Short Straight Section

336

Twin Aperture Separation Dipole (194 mm) D4

MQ

Lattice Quadrupole in the Arc

Insertion Region Quadrupole 3.4 m

P
G
38

Twin Aperture Separation Dipole (188 mm) D2

Insertion Region Quadrupole 2.4m

12

Single Aperture Separation Dipole D3

Insertion Region Quadrupole 4.8 m

36

Twin Aperture Warm Dipole Module D3 and D4 in IR3 and IR7

Skew Quadrupole Lattice Corrector in Arc Short Straight Section

64

Single Aperture Warm Dipole Module Compensating
Alice Spectrometer

Skew Quadrupole Q3

8

Single Aperture Separation Dipole D1

Tuning Quadrupole Corrector in Arc Short Straight Section

320

(MQTL Half Shell Type)

48

Single Aperture Warm Dipole Module D1 in IR1 and IRS

(MQTL Inertia Tube Type)

72

Single Aperture Warm Horizontal Dipole Module Compensating
LHC-b Spectrometer

BB [ [ 12| 12| B2 [ 12| b2

Twin Aperture Warm Quadrupole Module in IR3 and IR7.
Asymmetrical FD or DF

40

Single Aperture Warm Horizontal Dipole Short Module

Single aperture warm compensator for ALICE

Twin Aperture Warm Quadrupole Module in IR3 and IR7.
Symmetrical FF or DD

Orbit Corrector in MCBCA(B.C.D)

Single Aperture Triplet Quadrupole (Q1, Q3)

Orbit Corrector in MCBCA(B.C.D)

Single Aperture Triplet Quadrupole (Q2)

Arc Orbit Corrector in MSCBA(B.C.D). Horizontal

Insertion Region Wide Aperture Quadrupole 3.4 m.

Arc Orbit Corrector in MSCBA(B,C,D), Vertical

Single Aperture Warm Orbit Horizontal Corrector

Arc Sextupole Lattice Corrector Associated to MCBH or MCBV in
MSCBA, MSCBB, MSCBC and MSCBD

Single Aperture Warm Orbit Verticall Corrector

Ejection dump septum, Module A

Horizontal Orbit Corrector in MCBX(A)

Ejection dump septum, Module B

Vertical Orbit Corrector in MCBX(A)

Ejection dump septum, Module C

Orbit Corrector in MCBYA(B)

Injection septum, Module A

Orbit Corrector in MCBYA(B)

Injection septum, Module B

Decapole Corrector in MCDO, (Spool Piece Corrector)

Octupole Corrector in MCDO, (Spool Piece Corrector)

Arc skew Sextupole Corrector Associated to MCBH
in MSCBC and MSCBD

Skew Octupole Spool-Piece Associated to MQSX in MQSXA

Octupole Spool-Piece Associated to MQSXA

Sextupole Corrector, (Spool Piece Corrector)

Skew Sextupole Spool-Piece Associated to MQSX in MQSXA

Sextupole Spool-Piece Associated to MCBXA

Dodecapole Spool-Piece Associated to MCBXA

Tune kicker

Ejection dump kicker

Injection kicker

R (Y N N (oY (75 751 (K7 [N IO IS IO’ YU U U Y (Y (U U GG G SR S SN

Kicker For Q And Aperture Measurement

~ 9000 magnets powered with
~1700 power converters
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~ 11 GJoule (only in the main dipoles*)
i corresponds to ...

* 400 MJ in the main quadrupoles
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~ 11 GJoule (only in the main dipoles*)
i corresponds to ...

. k * . an aircraft carrier at battle-speed of 55

the energy of ~3 Tons TNT

the energy of 370 kg dark chocolate

More important than the amount of energy is ...
How fast (an safe) can this energy be
released?

* 400 MJ in the main quadrupoles
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}.f' urin agnet tt cmpain, the 7 M stored in
“one magnet were released into one spot of the coil
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Energy, Stored in the Magnets:

Quencn sc@uench Protection System




Energy, Storedin the Magnets:

Quench & Quench Protection System

e A Qu'qeht:hsis the phEse /tfz?nsitig of a super- \\Q
conducting to a normal conducting state

S \
/\ >4TL48




Energy. Stored in the Magnets:

Quench & Quench Protection System

o A Qu4e'n'ch is the ph.'ase /ti"'éi\nsitio of hlper- o\

conducting to a normal conducting state N
® Quenches are |n|t|ated by an energy re r\lease of
/ theorder ofml: i, (

o Movement of the superconductor by\several
um (friction and heat dissipation)

L H Beam losses:

C b, @7 TeV 0.6 J/cm- can quench a dipole; this enerﬁy‘vs
density can be generated by 10’ protons

* @450 GeV (injection energy), 10% protons are

needed \
(—4 Failure in cooling




Energy, Stored in the Magnets:

Quencn sc@uench Protection System

“\“*\On every mt =



Energy Stored in the Magnets:

Quench 8cQuench Prg“;acilg'n System

-~ To limit the temperature mcrease after a quench
® The quench has to be detected -) Quench Detectors*

® The energy is dlstrlbuted in the magnet by force-quenching
the coils using Quench Heaters*

-® The stored energy is released in aéontrolled way > Cold

by-pass diodes* & Energy Extraction System
® The magnet current is switched off W|th|n << 1 second

S Power Intérlock System

% On every mt <




Energy Stored in the Magnets:

Quench 8cQuench Prg“;acilg'n System

-~ To limit the temperature mcrease after a quench
f ® The quench has to be detected -) Quench Detectors*

® The energy is dlstrlbuted in the magnet by force-quenching
the coils using Quench Heaters*

\ ® The stored energy is released in aéontrolled way > Cold
by-pass diodes* & Energy Extraction System

® The magnet current is switched off W|th|n << 1 second

. S Power Intérlock System
Ly c
b

Quench Protection
System

% On every mt <




Quench d&cQuencnh :ﬂrmaciﬂc)n System

e To limit the temperature mcrease after a quench
e The quench has to be detected > Quench Detectors*

® The energy is dlstrlbuted in the magnet by force-quenching
the coils usmg uench Heaters*

\ ® The stored energy is released in af:ontrolled way 2> Cold

by-pass diodes* & Energy Extraction System
® The magnet current is switched off wnthm << 1 second

. S Power Intérlock System
Ly c
b

® Failure in QPS:
®* False quencl

C

Quench Protection
System

CMS

‘of some hours

% On every ;met\




Quench d&cQuencnh :ﬂrmaciﬂc)n System

e To limit the temperature mcrease after a quench
e The quench has to be detected > Quench Detectors*

® The energy is dlstrlbuted in the magnet by force-quenching
the coils usmg uench Heaters*

\ ® The stored energy is released in af:ontrolled way 2> Cold

by-pass diodes* & Energy Extraction System
® The magnet current is switched off wnthm << 1 second

. S Power Intérlock System

Quench Protection
System

L
ch Carg
® Failure in QPS: /
®* False quencl of some hours ‘

e “* On every ;met -




Energy, Stored in the Magnets:

Quencn d&c@uench :ﬂrmaﬁilgn SEIE

-~ To limit the temperature mcrease after a quench
fe The quench has to be detected > Quench Detectors*

® The energy is dlstrlbuted in the magnet beorce-quenching
the coils usmg uench Heaters p

-® The stored energy is released in aéontrolled way > Cold

by-pass diodes* & Energy Extraction System
® The magnet current is switched off within << 1 second

. S Power Intérlock System
Ly c
b

®* Failure in QPS:

Quench Protection
System

% On every g(met .~




Energy, Stored in the Magnets:

Quencn d&c@uench :ﬂrmaﬁilgn SEIE

-~ To limit the temperature mcrease after a quench
fe The quench has to be detected > Quench Detectors*

® The energy is dlstrlbuted in the magnet beorce-quenching
the coils usmg uench Heaters p

-® The stored energy is released in aéontrolled way > Cold

by-pass diodes* & Energy Extraction System
® The magnet current is switched off within << 1 second

. S Power Intérlock System
Ly c
b

®* Failure in QPS:

Quench Protection
System

% On every g(met .~




Energy, Stored in the Magnets:

Quench & Quencn Protection System

LHC Main Dipole System in one sector

Cold diode

R N R

o LW R sl
. % @ L (SC Magnet) L (SC Magnet) Lis4 (SC Magnet)
o >
A O Switch

& (Energy

Extraction)




Energy, Stored in the Magnets:

Quench & Quencn Protection System

LHC Main Dipole System in one sector

Cold diode

R N R

N 11 e ) il
. % @ L: (SC Magnet) | ) (SC Magnet) Lis4 (SC Magnet)
o >
A O Switch

& (Energy

Extraction)




Energy, Stored in the Magnets:

Quench & Quencn Protection System

LHC Main Dipole System in one sector

Cold diode
R e -
N it} . Y B
s (@
. g L: (SC Magnet) | ) (SC Magnet) Lis4 (SC Magnet)
o >
A O Switch

& (Energy

Extraction)




Energy, Stored in the Magnets:

Quench sc@Uencn Protection System:

LHC Main Dipole System in one sector

Cold diod
oo Quench Detectors

—Nf =2 Vi-V2#0 —N

R I _

@W I sl

Li (SC Magnet) | (SC Magnet) L154 (SC Magnet)

S —
Switch

& (Energy

Extraction)

Power
Converter




Energy, Stored in the Magnets:

Quench sc@Uencn Protection System:

LHC Main Dipole System in one sector

Cold diod
oo Quench Detectors

—Nf =2 Vi-V2#0 —N

R I S
Nt S 1)
s (@
. g L: (SC Magnet) | ) (SC Magnet) Lis4 (SC Magnet)
o >
2 B -
A O Switch
& (Energy
Extraction)




Energy, Stored in the Magnets:

Quench sc@Uencn Protection System:

LHC Main Dipole System in one sector

Cold diod
oo Quench Detectors

—Nf =2 Vi-V2#0 —N

R P .
ey - e Ly
= (9
. g L: (SC Magnet) | ) (SC Magnet) Lis4 (SC Magnet)
o >
2 8 -
A~ O Switch
: w Quench Heaters *
(Energy
Extraction)




Energy, Stored in the Magnets:

Quench sc@Uencn Protection System:

LHC Main Dipole System in one sector

Cold diod
oo Quench Detectors

—Nf =2 Vi-V2#0 —N

| R T
o~ LM e YEBL™
s (@
. g L (SC Magnet) L (SC Magnet) Lis4 (SC Magnet)
o >
2 8 -
A~ O Switch
: w Quench Heaters *
(Energy
Extraction)




Magnet Energy:
Energy; ExtractioniSystem

13kA Energy Extraction Facilities in the UA's
for LHC Main Dipole and QF/QD circuits




Magnet Energy:
Energy; ExtractioniSystem

During normal operation every
ramp down of the magnets
implies energy extraction, b
this takes ~20 min & too
slow in case of a quench

13kA Energy Extraction Facilities in the UA's
for LHC Main Dipole and QF/QD circuits




Magnet Energy:
Energy; ExtractioniSystem

During normal operation every
ramp down of the magnets
implies energy extraction, b
this takes ~20 min = too
slow in case of a quench

A dedicated Energy Extraction
System for quench protectlon._”__ ———
Is needed

Switches

13kA Energy Extraction Facilities in the UA's
for LHC Main Dipole and QF/QD circuits




Magnet Energy:
Energy; ExtractioniSystem

During normal operation every
ramp down of the magnets
implies energy extraction, b
this takes ~20 min = too
slow In case of a quench

A dedicated Energy Extraction —
System for quench protectlon. -
Is needed

There are 32 EES for the 24
13kA main circuits (dipoles &
quadrupoles) (+ the EES for! S s =~
the 600 A correctors) T owItches

13kA Energy Extraction Facilities in the UA's
for LHC Main Dipole and QF/QD circuits




Magnet Energy:
Energy; ExtractioniSystem

During normal operation every
ramp down of the magnets
implies energy extraction, b
this takes ~20 min & too
slow in case of a quench

A dedicated Energy Extraction
System for quench protectlon. e
is needed

There are 32 EES for the 24
13kA main circuits (dipoles &
quadrupoles) (+ the EES for! S s =~
the 600 A correctors) T owItches

This system releases the Res 0 s
energy in 104 s for the dipoles
(-125 A/s) and in 40 s for thE s i
quadrupoles (-325 A/s)




PowWerInteriockiController

. @ 36 PICS'in LHC for the SC ﬁ1agnet”§‘(warm \ )\
magnets also have PICs) N
® 1 PIC per Powering Subsector St
/ Powering Subsectors between IP1 and IP8
Atlas LHC- b

Inner Matching | Matching Inner

O Triolet Section Arc continuous cryostat Sections Triplet
| ] L

Control Network v




Power Interiock

- @ 36 PICS'in LHC for the SC magnets (warm | . [Power gﬁp\nsverters
magnets also have PICs) = ch;\ |/
® 1 PIC per Powering Subsector UPS. AU G\:

-

3
/ »Powering Subsectors between IP1 and IPS =

Inner Matching | Matching Inner
Triplet Section Arc continuous cryostat Sections Triplet

(5

P.I.C.

Control Network ’




. @ 36 PICS'ih LHC for the SC magnets (warm . [Power Cﬂ\nsverters
magnets also have PICs) < 8Pc;\ y
® 1 PIC per Powering Subsector \ UPS?IAU G\:
L §
/ Powering Subsectors between IP1 and IP8 0
s /N
Inner Matching | Matching Inner
Triplet Section Arc continuous cryostat Sections Triplet

Control Network ’




POWERINTELIOCK:

- @® 36 PICéqil"l LHC for the SC |41agnet’§“(warm ) \ Power ggp\nsverters
magnets also have PICs) = ch;\ |/
® 1 PIC per Powering Subsector UPS AUGQ:?
,, D\ e =
/ Powering Subsectors between IP1 and IP8 -
Aﬂas /N LHC—b
O Inner Matching : Matching Inner
Triplet Section Arc continuous cryostat Sections Triplet
i

Control Network v
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Energy.Stoeredinitne Beams

4, | ’ 24
S @ Ok / & %
: e S - \\,,/
e = O
T
4
/ébeam = E,, x Kb x Num p+/bunch %} s \ J
4 J :‘ﬂ/ 7 (
E,, =7TeV. E
Kb'=,2808
=t ominal values s

Num p+/bunch’= 1.15 x10:*
Ebeam = 362 MJule

<

.

) i 08

.



Energy.Stered in the:Beams

2 Vi ’ el
S— S LQE / D o
: b e e e i \\,/
CE
o5 e ) wn)
4
/ébeam = E,, X Kb x Num p+/bunch , ZEESS )\ J
P 7 l
E,, =7 TeV =
Kb'=,2808
8 - ominal values s
Num p+/bunch = 1015 X 10**

4 62 MJules

E‘%u h to fcopper .
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( Energy.Storediinithe Beams
S e

e e

Energy stored in the beam [MJ]

10000.00 +
1+ A factor 2 in magnetic field

Increase with respect o existing accelerators : LHC

1000.00 -+

energy in
magnets

- A factor 7 in beam energy |

1+ A factor 200 in stored energy LHC top}

—HF | energy

LHC injection

100.00

|

(12 SPS batches)

SPS fixed

10.00

Factor
~200

1.00

0.10

0.01 T

1

Momentum [GeV/c]




Energy. Stored in the Beams:
Beam DUmp:System

|Beam Dump Block
(graphite)

H-V kicker for painting the
' beam
: B : g ;/”‘””- e

Aimant déflecteur
rapide

Bloc absorbeur

T —_— Aimant dilueur
uadripodle

concrete
shielding

Septum magnet deflect ‘
the extracted beam =G
net

15 kicker ma
Aimant dégﬂec/testf ‘ '\\\

rapide

Is the only system in LHC able to
absorb the full nominal beam




Energy. Stored in the Beams:
Collimation ' System

9

Collimation System Functionality:
1. Absorb beam halo to avoid
am +/- quenches
.y' 2. Once beam losses appear they
protect the equipment and
experiments. If BLMCs >

E.g. Settings of collimators @7 TeV. with Threshold & Beam Interlock
=» Beam Dump

luminosity optics
Very tight settings = orbit feedback!!




Energy. Stored in the Beams:
Collimation ' System

9

Collimation System Functionality:
1. Absorb beam halo to avoid
am +/- quenches
.y' 2. Once beam losses appear they
protect the equipment and
experiments. If BLMCs >

E.g. Settings of collimators @7 TeV. with Threshold & Beam Interlock
=» Beam Dump

luminosity optics
Very tight settings = orbit feedback!!




E.g. Settings of collimators @7 TeV wit
~~ luminosity optics
Very tight settings = orbit




LHC Collimation

i-stage collimation at the LHC aY

(An illustrative scheme) , \'-_

Primary Secondary Shower Tertiary SC
i collimator collimators absorbers | i collimators ~ Triplet

—r
Temary beam halo
+ hadrdn/c showers

Secondary beam halo
+ hadronic showers

Cold aperture «— Warm cleaning insertion

TCDI TCP TCSG TCLA

TCLI/ TDI

TCS.TCDQ o
Large and distributed system...

S. Redaelli, OP WG on Checkout, 08-11-2007
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Green = ready
before

first beam

2 Machine Protection System

Beam Current c t 5
Monitors urren Safe LHC

(0] O

DCCT Dipole !
Current 1

(0}

©Beam Energy Injgction SPS Extraction
Tracking o_Kickers o e —— Interlocks

DCCT Dipole © o
Current 2 F a9 TL collimators
(0] 0

RF turn clock
Beam Dumping BLMs aperture ‘
BLMs arc

Collimators / Absorbers

O

_______ Beam Dump

Access Safety Trigger
System |

BPMs for Beam Dump

NC Magnet Interlocks
BPMs for dx/dt + dy/dt

)
Discharge l
Switches

dl/dt beam current
dl/dt magnet current

RF + Damper
LHC Experiments
Vacuum System
Screens

LHC
Beam

é\ Interlock
System

CryOgemCS essential

circuits
(0)

O O

Interlock | auxiliary

| circuits

Quench i
Protection

Power Converters

Operators

ali

Timing Software Interlocks
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USER SYSTEMS | LHC Beam Dump

System

L J

Beam ‘Permit’
Signals
/

4

153 User Syste d over 27 km
<
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Overall Strategy for
€o nnlrrlwl)rﬂmg

Install Coll
Phase II
and MKB

/ No beam

Lch

4




Overall Strategy.for
€o mrr]}s*il)m]ng

75ns Install Coll
Pilot Physics Run o8 25ns Phase II
P and MKB

/ No be;m / Bearh* I" 4 ., f
Hardware Commissioning

Thorough comm&ion of technical
systems:
¢ "Magnets, vacuun
quench detection, energy extraction,
RF, beam instrumentation; KICKers;
septa, collimators Torbe 'S, etc.

# Services: AC distribution, water-
cooling, ventilation, acces umuj,

safety, etc




4 Stage A | B | C | D
LICE
. Install Coll
Hardve I\cllomhrrué ot Physics Run Phase II
ac |n and MKB
9 2 )
No beam Beam® TL
4s
Hardware Commissionin
Thorough commission of technical Stages:

systems:

& "Magnets, vacuum, cryo, PG,
quench detection, energy extraction,
RF, beam instrumentation, Kickers,
septa, collimators, absorbers, etc.

# Services: AC distribution, water-
cooling, ventilation, access control,
safety, etc.

1. Individual system test
2. Global system test €y, S

ommissioned energy:
1. 2008 = Eb =5.5TeV (no
training quenches)

2. 2009 => Eb=7TeV
(magnet training required)




.global pressure test & I Cool down
Il Powering Tests

(NS N N
300K 300K-80K  80K-20K 20K-4.5K  4.5K-1.9K

onsolidation

POINT 4

_POINT 6

Pow. Test Phase I

POINT3 finished 19.03.08

&




Overall Strategy for
€o nnlrrlwl)rﬂmg

Install Coll
Phase II

/ No beam

Lch

C




Overall Strategy.for
Commissioning

StigeA NS | »)
)
Hardware commissionin Ir;it:!eCIcI)”
Machine chec e R
— o
Iy R G T r
) Machine Checkout \
& Drive all systems through the standard
operational sequence@n‘dhronized) -
& Check Control System functionality from
CCC hi Cmg
# Check beam instrumentation acquisitic
chain
® Check timing synchronizatiot
@ Check all equipment contrc tionality
@ Check machine protection and interlock
system L r\




Overall Strategy.for:
Commissioning

Stige A | | D
J/
Install Coll
Phase II
and MKB
No b / Sean X
/ g-\aeam \ | G a L4 . \ f
Machine Checkout

® Drive all systems through the standard Stages:

operational sequence\(s\yn'Chronized) 1. Individual system test. First
& Check Control System functionality from integration into the OP

CCC high-level soft group Cms

@ Check beam instrumn Multi-system test, e.g.

chain Machine Protection (BLM,

& Check timing synchronizatior BIS, LBDS)

& Check all equipment control functionality Dry run: drive the whole

@ Check machine protection and interlock machine through the

system ominal sequence. \




Overall Strategy.for
Commissioning

P | | |

Install Coll
Phase II
and MKB

Hardware commissionin
Machine chec

Nob V. Beam
/Y \ Beam C_ommlsasionll’nfb? \ J

Stage A: Pilot physics run
@ First collisions

rf‘-u 43 bunches, no crossing a gle, no squeeze
oderate intensities

& Push’performance
&' Performance limit

Stage B: /5ns operation
‘t Es’g?blish multi-bu h towards nominal performance
intensities J ReQUITESy et e pU S
# Relaxed machine parameters (squeeze and. colliffators: w:_:j" DA OB YSLENT
crossing angle) ' Performance goal: 1034 cm2s'?

‘@ Push squeeze f\
N J

& Perfor

Stage C: 25ns operation I
® Nominal crossing angle

® Push squeeze
' Increase intensity to 50% nominal
' Performance limit 2 1@%25'1

D s operation II
* P

Op€eratic noderate

d Crossing




® | HC:Design Parameters:

Design Parameters

Nominal Settings

Lumi IP 1,5 (cm?st) |1034 Eoearn (TEV) 7

Lumi IP 2,8 (cm~?'s1) |5 1032 # p*/btinch 1.15 1011
3 1D 1E (11m) 16.7 # bunches/beam 2808
Q... IP 2.8 (um) £0.° Epeam Stored (MJ) 362
Crossifig angle (prad) 263 anY (um rad) 3.75

Bunch length (cm) |7.5

B (1P: 1,2,5,8) (m) |0.55,
0.55, 10,




Reyes 25/03/08

Find a balance between
robust operation and
satisfying the experiments

Maximize integrated
luminosity

Minimize event pile-up (to
event + 2)

Avoid quenches (and damage)

) i Lo
Higher b* to avoid problems in 3 pOSSIbIe = — 22" [ §EvtRate/ Cross =—"2&

b

- eter (kb, N, g*) at a time
« All values for: Protons/beam < 1013
= nominal emittance (LEP beam currents)
- 7 TeV Stored energy/beam < 10MJ
(SPS fixed target beam)
= 2 m p* (IP: 1&5)
Parameters Beam levels Rates in 1 and 5 Rates in 2
Ky, \ B* 1,5 Iwm - Luminosity Events/ Luminosity Events/
1 1010 11 1 1010 102 ’1.6 i027 <<1 ’1.8 i027 << 1
1010 11 4.3 101! 0.5 7.0 10%8 <<1 7.7 108 <<1
43 11 1.7 1012 2 1.1 1030 <<1 1.2 1030 0.15
43 4 1010 1.7 1012 2 6.1 1030 0.76 1.2 1030 0.15
4 1010 2 6.2 1012 7 2.2 1031 0.76 4.4 1030 0.15
156 1010 2 1.4 1013 16 1.1 1032 3.9 2.2 1031 0.77




Beam Commissioning with p+
Stage'A
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Beam Commissioning with p+
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Beam Commissioning with p+
Stage'A
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Beam Commissioning with p+
Stage'A

6000

dipole current (A)

4000 Phase A.1: 1 Phase A.2: Cir«¥|Elilglels]llo]s
and first turn Phase A.3: Inisz]Reelaiggli(e]allple
Phase A.4: Op i [efelEle S
450 GeV Phase A.5: Inc e8RS 18Y%
""""""""""" === Phase A.6: Tw «JlslsElpResS1ulels!
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Stage'A

6000

dipole current (A)

4000 Phase A.1: I " Phase A.2: CirJ|E]ulgleNe]l[o]s
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Beam Commissioning with p+
Stage'A

Phase A.9: Top energy checks

12000
10000
< 8000
=
D
3 6000
o )
o)
o 4000 Phase A.1: I " Phase A.2: CirJ|E]ulgleNe]l[o]s
b and first turn Phase A.3: Inisz]Reelaiggli(e]allple
2000 Phase A.4: Op i [efelEle S
450 GeV Phase A.5: Inc e8RS 18Y%
""""""""""" = Phase A.6: Tw cflolsElnNe]slsig=]ule]g
0) lase A/ : CONSions
-4000 240[0]0) 0 2000 1010]0

time from start of injection (s)




Beam Commissioning with p+
Stage'A

Phase A.9: Top energy checks Phase A.10: Collisions

12000
10000
< 8000
=
D
3 6000
o )
o)
._g- 4000 Phase A.1: I " Phase A.2: CirJ|E]ulgleNe]l[o]s
and first turn Phase A.3: Inisz]Reelaiggli(e]allple
2000 Phase A.4: Op i [efelEle S
450 GeV Phase A.5: Inc e8RS 18Y%
""""""""""" = Phase A.6: Tw cflolsElnNe]slsig=]ule]g
0) lase A/ : CONSions
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time from start of injection (s)




Beam Commissioning with p+
Stage'A

Phase A.9: Top energy checks Phase A.10: Collisions

12000
| T
10000 A.11: Squeeze
=3
~ 8000
=
o
3 6000
o )
o)
._g- 4000 Phase A.1: I " Phase A.2: CirJ|E]ulgleNe]l[o]s
and first turn Phase A.3: Inisz]Reelaiggli(e]allple
2000 Phase A.4: Op i [efelEle S
450 GeV Phase A.5: Inc e8RS 18Y%
""""""""""" = Phase A.6: Tw cflolsElnNe]slsig=]ule]g
0) flase Ax/: COlNIsSions
-4000 240[0]0 0 2000 1010]0

time from start of injection (s)




Beam Commissioning in the
INJECLOrS




Beam Commissioning in the
[Rjectors

, w0 LHC nominal requirements:
‘ ¥0Cevie | 4x72 bunches ~ 3.3 x 10p
Beam current . o ‘ Beam emittance < 3.5 um

3 ./ ~3.3x10%%p m——

I~ "o

t | Bk v L
Wi e i
. .

230 334 236 33

B Rl b

O e -
NEN TSI MR RN

INFEASTTY 10 pppl
MOMENTUM [GeVic]

B L T )
o0 iy e VA Mgasie Gl e e O
TN IR LA WA Ao e L Y

Flat bottom
R. Bauey, P. Colier, LHC Proj. Note 323

10000 15000 20000 2500
miEnmecvaems  Magnetic cycle
SPS 2004 run. Courtesy of G. Arduini, E. Métral

L b e P SR LS T T

Beam emittance < 3.5 ym

U X000 0 TN dp A RESRe o 3

3 Redaclh, LI beam commissioning 30.01. 2000 §
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Beam CommisSIoning
INjECLOrS

3

Bunch
2 J pt

transinission

o obtained

Ng

e/A (eVs) 28 0.076
7 (ns) 8 K 0.94
Ap/p (1074 2, 29

Courtesy of T. Bohl

~TT60.ETV.610317 /Image

(el v 9 | d of 1 acquisitions) Cycle: LHCION SC Nb: 1370

rlmage Vertical projection

. e =TT = V=T "=%§ Extracted Lead
20 i sigma = LOL [mm] 250 sigma = 1,64 =
15 — 400 | Amplitude = 452.19 ]

Awpide - 23034t 48 jon beam in TT60!

2|

3
£l
%
s
H

=3

-25-20-15-10 -5 0 5 10 15 5 10 15 20
X [mm] Y [mm]

SPS 2007 run. Courtesy of D. Manglunki.

S. Redaelli, LHC beam commissioning, 30-01-2008




Beam Commissioning in the
Iransfer Lines

P exfes .

23.10.2004, 13:39 = first beam atend of TI 8

IR8
Combined length 5.6 km, = T1 8 beam tests s
over 700 magnets = ca. 2/3 of SPS 23 /24.10.04 . '
124.10. :
<SPS

6./7.11.04 /TT40 + TI 8

R | | beom | LA IE
y P

28.10.2007, 12:03
- first beam at end of Tl 2

7t 2 ~(a 0 1Krv

+—

Temporary dump — 1
Tl 2 beam test T~ TI2upstream part installed and
28./29.10.07 ' HW commissioned by 2005.

Courtesy of J. Uythoven

5. Redaeli, L1C beam comissioning, 30-01-2008 &







and first turn
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Altitude SPS BA4

[ 1 |
Point 8
Ferney-Voltaire
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5 FlrsRommlssmnmg of key‘beam
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Nominal Proton Bunch Pattern in the LHC for 25nS Spacing

LHC (1-RING) = 88.924 us

4-batch

\ T/ / \14 Bunch Train Paem
sps - 727 Luc 234 334 334 334

>
»

Filling Scheme

3564 =
2x (72b + 8e) + 30e + 3x(72b + 8e) + 30e + 4x (72b + 8e) + 3le +
3x { 2x [ 3x (72b + 8e) + 30e] + 4x (72b + 8e) + 31e } + 80e

Beam Gaps

I
PS = 1/11 SPS!

g 12 bunch gap in the PS (72 bunches on h=84)
""""llr!l"!!!"c!!" LT 8 missing bunches (SPS Injection Kicker Rise time = 225ns).
&3hs Spacihg | = 38 missing bunches (LHC Injection chker Rise Time = 0.975us)
IIIIIIIIIIIIIIIIIIIIIII
39 missing bunches ( 1.0ps)
119 missing bunches (LHC Beam Dump Kicker Rise Time = 3ps)

P. Collier 02/10/2003




o3 “Phase A.10: op energy. collisions
ALlESlopieEnergys squeeze




ze*Phase A.10: Top energy.collisions

Phase ALl opienergys squeeze
Sl Pha§é‘ A.10 Ob]eC’éIVES é \\3/

Get beams into collisions at top energy

=  Optimize integrated 1um|n05|ty with relative™ Ium|n05|ty as the
/  main performance parameter

/ - = Keep background low and/stéable'w1thout spikes f

= Provide a rough knowledge of the absolute |u\m|n05|ty from
beam parameters (beam intensities and sizes)




s “Phase A.10:Top energy collisions

Phase AviETopenergy squeeze

| Phaée A.10 obJec’élves o R
Get beams into collisions at top energy K/

=  Optimize integrated luminosity with relative™ Ium|n05|ty as the
© main performance parameter

/ W Keep background low and sté‘l':)le'W|thout splkes h f

"= Provide a rough knowledge of the absolute luminosity from
beam parameters (beam intensities and sizes)

—

Comm|55|o | ' rossing in IP1 and IP5at 7
i&%% £ =2 5
~ Squeez of IP8 |

8 10 i ratio with reduced beam
intensities (f*=2m
=  Setup of the required protection, in particular,.commissioning
r/ of the tertltelry collimators, i.e., collimators to protect the
imen sﬂ ‘




hase A.10: Top energy. collisions
gy Phase Al alop energy: squeeze

¢ ARC+ML6+LR5 (156 PCs) @ 5 TeV

1900 px | L show legend | v smooth griphs | . show paints)

PQUEEZE




Beam CommisSIONINg WIth p+

~Nase AT commissioning plans




Beam CommiSSIonINGg WIth P+

~Nase AT commissioning plans

Inj ection
First turn

Circulating ; Top energy
beam = checks

450GeV
Increase I




5 5 Beam Commissioning With p+

[ J - =) ) o Y E
PNase AT commissioning plans
Injeétion ‘ } Snapback
First turn IE Injection Ramp
First turn
Circulating Top energy
) Top energy f
\ checks

beam & Circulating checks
Squeeze

beam

450GeV /
optics ,.
C
450GeV m S

Increase I 450GeV
Increase I

450GeV 4 ‘_ :
- Collisions



5 5 Beam Commissioning With p+

PNase AT commissioning plans

Inj ection
First turn

Top energy
checks

Circulating
beam = Circulating
beam

; Top energy f
\ checks

Squeeze

450GeV /
optics

Ramp C
450GeV both beams m S
Increase 1 450GeV ‘
Increase | ., Top energy Squeeze
' Collisions both beams

450GeV

Collisions .
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w3 5 Beam Commissioning with p+
PNase AT commissioning plans
Injection -! Snap;)ack

First turn Injection Ramp
First turn N

: - Snapback
Circulating : Top energy Ram
P
beam Circulating checks

beam
Top energy
checks

450GeV / Squeeze

initial 450GeV
initial

S
450GeV queeze

optics 450GeV

optics Ramp

450GeV both beams

Increase I 450GeV ‘ Dipoles OFF
Increase I Squeeze

Exp. Magnets OFF

Top energy
Collisions both beams Beam 2

Beam 1

| Pilot
450GevV » physics | ~‘
Collisions




4 o | S
@ Relaxed IE:r'o’ésing angle (250 uraé) \3 \

& Start un-squeezed \

& Then go to where we were in stage A

/ ¢ All values for \ 8 | ar, as (
= nominal emittance . \
- 7 TeV Protons/beam = few 10"3
. = 10 m [3* in p0|nts»2 and 8 I Stored energy/beam < 100 MJ
Parameters Beam levels Rates in 1 and 5 Rates in 2 and 8
Ky, \ B* 1,5 | Ipeam Epeam Luminosity Events/ Luminosity Events/
4 1010 11 3.7 1013 42 ’2.4 i031 << -1 12.6 i031 0.1;5
936 | 4 1010 3.7 1083 42 1.3 10% 0.73 2.6 103! 0.15
936 1010 p 5.6 1013 63 2.9 1032 1.6 6.0 1031 0.34
936 1010 1 8.4 1013 94 1.2 1033 7 1.3 1032 0.76
A —— =




4 Nommallcrossmg angle (285 urad) | \ ,
@ Start un-squieezed ) | o\
® Then go to where we were in‘stage B S

@ All values for N \ |

/ = nominal emittance 4 TL, | .
R \ i)\ 4 SStor:dr :Klrs;:/iaer:; :(;oo MJ
= 10m f* in points 2 and 8 B
Parameters Beam levels Rates in 1 and 5 Rates in 2 and 8

Ky, \ B* 1,5 Ipeam - Lum|n05|ty Events/ Lum|n05|ty Events/
4100 | 11 1.1 10* 126 7 P 1031 << .1 79 1031 0.1;5

2808 | 4 10%° 1.1 10 126 3.8 10%* 0.72 7.9 103! 0.15
2808 1010 2 1.4 1014 157 5.9 103 1.1 1.2 1032 0.24
2808 | 5 1010 1.4 10 157 1.1 1033 2.1 1.2 1032 0.24
2808 | 5 1010 1.4 1014 157 1.9 103 3.6 1.2 103 0.24
Nominal 3.2 10 362 1034 19 6.5 10% 1.2
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# Hardware Commissioning Coordination R e ———

Beam Commissioning Procedure

® ' Machine Checkout

LHC COMMISSIONING WITH BEAM:
PHASE A.1 (FIRST TURN)

Abstract
This document describas the LHC beam commussionng proceduras for the first tum. It
covers the entry condtions, the commissioning proceduras and exit conditions of this
phasa, Possible problems and open questions are also listed,

@ L HC Commissioning Procedures i e
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http://hcc.web.cern.ch/hcc/
http://hcc.web.cern.ch/hcc/
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#To fuIIy'tbmmlssmn LHC thI/ ee steps . are envisaged: \/

= Hardware Comm|SS|on|ng

= Machine Checkout e \
/ = Beam Commissioning ) ar, A




Summary.

& To fuII?/ & bmission LHC thrée\steps are envisaged: \/
= Hardware Commissioni'ng
= Machine Checkout S \
/ = Beam Commissioning 2 =l ._ (
@ To tackle the machine unprecedent co?nplexit\y and potential

N

danger cgenergy stored in the magnets and in the beam), each
step Is

Lch

ivided-in well defined phases =




®To fully%bmmlssmn LHC thI/ ee steps are envisaged: \Kj/

= Hardware Comm|55|on|ng

= Machine Checkout \
I Beam Commissioning ATy, (
@ To tackle the machine unprecedent cofaneX|ty and potential

danger éenergy stored in the magnets and in the beam), each
step is divided-in well defined phases et

& The success of the ommlsgﬁ‘Tﬁg relies, among other things,
upon: Cmg
= Carefull elaboration of procedures (Documentatlon)

= Perfect matching betwee e exit onditions of one step
or phase with the er «g]gﬁ;n.g 5 the\next one

- Have always a « plan B » preparec

.
“




gt }
The content of this preséntatio has been \\,/
elaborated from material coming from the

Y e, \ e ) are,, y f

LHC Commissionin

g Working Group

Ll'lcb ‘d
Lo Cms
Hardware CGommissioning Coordination Group
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Commissioning Status

- Life cyClerof a sector (after i

nstallation, before beam)

mInstallation

b

Cryostat

Done in all Ks

47~L

Interconnection of fhe co}utlnuous

he last sub-sectors

/

J
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Two warm cleaning insertions

IR3: Momentum cleaning
1 primary (H) - TCPIC]
4 secondary (H,S) — TCSICI]
4 shower abs. (H,V) —» TCLA [W]
: Betatron cleaning
3 primary (H,V,S)
11 secondary (H,V,S)
5 shower abs. (H,V)
3 beam scrapers (H,V,S)

Local cleaning at triplets
8 tertiary (2 per IP)— TCT [W]
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Multi

Physics debris absorbers [ Cu ]
2 TCLP’s (IP1/1P5)

Protection (injection/dump)
10 elements = TCLI/TCDQ [ C]

Transfer lines
13 collimators - TCDI[C ] 41 movable ring
Passive absorbers for warm magnets collimators per beam!

S. Redaelli, OP WG on Checkout, 08-11-2007



Critical apertures around the LHC
(in units of beam size 6) 7 TeVand *=0.5min IR1 and IR5

‘ \ collimators ‘ \ I collimators
. {momentum Tcpq  (betatron

cleaning) I I at~10 o cleanlng)
- arc aperture

about - 50«

' | beam dump

triplet aperture * partial kick
about+14 o

aperture in cleanlng
lnsemons about=6-9¢c




Machine Protection System:

The Beam Permit Loops in LHC




4 fibre-optic channels from IP6
1 clockwise & 1 anticlockwise for
each Beam




4 fibre-optic channels from IP6
1 clockwise & 1 anticlockwise for
each Beam

10MHz Square wave generated at
IP6

-Signal can be cut by any
Controller




L cs Machine Protection) System:

a The Beam Permit Loops in LHC
4 fibre-optic channels from IP6 N | \ o
1 clockwise & 1 anticlockwise for W

each Beam i S “rena |,
10MHz Square wave generated at R oA w

-Signal can be cut by any
Controller




e

4 fibre-optic channels from IP6
1 clockwise & 1 anticlockwise for
each Beam

10MHz Square wave generated at
IP6

-Signal can be cut by any
Controller

16 BICs per beam
- Two-at each Insertion Point

L cs Machine Protection) System:

The Beam Permit Loops in LHC
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4 fibre-optic channels from IP6
1 clockwise & 1 anticlockwise for
each Beam

10MHz Square wave generated at
IP6

-Signal can be cut by any
Controller

16 BICs per beam
- Two-at each Insertion Point

Up to 20 User Systems/BIC
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L cs Machine Protection) System:

a The Beam Permit Loops in LHC
4 fibre-optic channels from IP6 N | \ o
1 clockwise & 1 anticlockwise for W

eaCh Bea m = / ~‘*‘i?‘ :“ \ Be;;na 5!_12"19 )
10MHz Square wave generated at R oA w

-Signal can be cut by any
Controller

B1 / B2 are Independent!

16 BICs per beam
- Two-at each Insertion Point

Up to 20 User Systems/BIC




Pnase A.2: Circulating pliot




4, lc ’ W
\ E
¢ QObjectives: / \\3/
Establish closed orbit \
Con%mssmmng of addltlor{al4nstrumentat|on J

BPM |n’ten5|ty acquisition ‘

Prellrkmna orbit, tune, coupling and chromaticity
adjustmer

Obtaining circulating beam (few hundred turns" s
at least)

SPS-LHC ene gy matching
Commissioning of RE capture

) i 08




Phase A.5:450 GeViinitial
COMMISSIGNING




®  Objectives:

Commissioning of BI (BWS, BSRT,
BCT, BGI, Q, Q', BLM, BPM)

Improving lifetime
First optics checks

First commissioning ‘of the
Dump System

Configuration du systeme d'arrét de faisceau au Point 6

Beam Dump Block

) H-V kicker for painting
% _*he beam

a> Bloc absorbeur
Aimant déflecteur

rapide « \\

Quadripdle ™~ \\.__ Aimant dilueur
Septum magnet
deflecting the

extracted beam 15 klcker

magnets




Phase A.5: 450 GeViincreasing
[NTENSILY,




Phase A.5::450 GeViincreasing

NEENsIty

/I

v @ O'bJectNes }

=  Safe machine operatlon with up to 1.410%3 p+ at 450 Gk/

=  Multi-bunch |n]ect|on comm|55|oned up to 16.x 910%° p+ and
~ . Wwell tuned, including cleanlng and protection

: [- LHCBIS fully commlssmnéd A [

= Comm|SS|on|ng of the Beam Dump System up to
1.41013 p+ at injection energy

¢ ) = Collimators set-up for operation up to 1.41013 p+ at

<

/

- | “% injection energy,in particular, BLM loss patterns, .
| establishec
.\ = TImproved definition of thresholds for the BLMs

= Beam instrumentation operational with up to\156 bunches

and total intensity of up to 1.410% p+

RF adjusted for injection and circulating muIt| bunch operation
. N J \




Phase A.6: Iwo beam
OPErAtion




OPENAtion

@ Objectives;. ) >
= Establish two safely N
circulating (unsafe) beams \
/ with a 1|fet|me of 5t0 10 | 47, g ) (

~hours. Separatlon bumps
fully commissioned

- Aperture in triplet and IR
“# cverified for

= [nterleave
- working

= Two beam collim
( commissioned




PNase A.S: SNap=back & Ramp




S AL = _
& Objectives: ’ / \KJ
= Single beam through snap-back, checking the key
instrumentation and control of the key-beam

/ parameters orbit, tune /coupllng, chromaticity f

= Stop |n ramp’ and theﬁ push h O in steps (AE ~ 1
TeV) = commission beam dump and machine
protection along the ramp. Beam based checks

L would also be possibleat these intermediate
Hey energles , Chy
] I S
- ‘beam
— eams at the same







> FGC Spy 4.8

3.664997E+2 -

1 | 1 | | | | | | | | | | | | | | | 0 |
6.068 6.070 6.072 6.074 6.076 6,078 6.080 6.082 6.084 6.086 6.088 6.090 6.092 6.094 6.09% 6,095 6,100 6.102 6.104 6,106

FFT: [5cale £10 Suo o Mean Slope RMS PtoP
o A —_— -

RPHE.UAB3.RQD.A78:LA |3.6626112E+2 ~ 17.98E+0  |1.00E-2 |4.22E-2

RPHE.LAB3.RQD.A78:1_B
RPHE.UAS3.RQF.A78:1_A D 13.6629198E+2 |3.14E+0 |1.44E-2 |7.37E-2

|3.6628465E+2 |3.07E+0 |1.36E-2 |3.67E-2

RPHE.UAS3.RQF.A78:1_B D 13.6627885E+2 |7.99E+0 |1.10E-2 |4.81E-2

RPTE.UAB3.RB.A78:1_A i D |3.6629101E+2  |7.95E+0  11.29E-2 |3.64E-2
Reca||4| RPTE.UAB3.RB.A76:1_B D 13.6628446E+2 |8.01E+0  |1.41E-2 |6.55€-2




2Phase A.8: Snap-back & Ramp




RI1dSEA.S: SNdP=DACKISERAMIP

@ The magnetic field the current) in a magnet
decays when the urrent is kept constant, like—"
for example durlng the injection phase in 'LHC.

A5 S )

- / /




@4 Phase Ai8: Snap:back &Ramp

4 | | ” =
@ The' magnetic field (@%current) IN @ magnet
decays when the current is kept constant, like—

for example during the injection phase in LHC.

@ The decay of the curr'en"trgets manifested as a:
/8 the current'gets ,




i TAh"e’ magnetic ffeld (@%current) in @ magnet
decays when the current is kept constant, like—
for example during the injection phase in LHC.

/ @ The decay of the current’gets manifested as a:

‘= DECAY of the multiple errors seen by the beam at
constant cprrent;




~—@ TAh"e’ magnetic fi‘elccl/('t%current) in @ magnet

decays when the( urrent is kept constant, like—
for example during the injection phase in LHC.
/ €' The decay of the cury’en’trget§ manifested as a:
'm  DECAY of the multiple errors seen by the beam at
constant current;
= Fast recovery (SNAP-BACK) when the current is




4 ‘ = —~\
@ The magnetic field/({che\current) ina magnet
decays when the current is kept constant, like—

for example durin(g the injection phase in LHC.

/@& The decay of the current'gets manifested as a:

'm  DECAY of the multiple errors seen by the beam at
constant current;

= Fast recovery (SNAP-BACK) when the current is
L # ¢, varied again.

= The source of this effect is mainly the,.Eddy currentss
flowing in'the superconducting cables.

/\ ) i 08







¢2 \Phase A.9:Top energy.checks

—

N ALIQ }

¢ ObJectlves / \b

= Measure and correct the optics at 7-TeV_before
- colliding/squeezing beams orbit, tunes, coupling,
/ chromaticity and beta'beatt 4 S J
= Transition from |nJect|on optics to un-squeezed
collision optics

= Aperture measurements at 7 TeV

“H com Disentangling of tr|p et alignment errors and D1/D2
transfer function errors; set good conditions for’ s
squeeze

= (Optimization of beam lifetime
‘= (Optimization of the Beam Dump System before we
sta'Ftholllsmn Or squeeze, and before we increase

ntensity o )\




o3 “Phase A.10: op energy. collisions
ALlESlopieEnergys squeeze




ze*Phase A.10: Top energy.collisions

Phase ALl opienergys squeeze
Sl Pha§é‘ A.10 Ob]eC’éIVES é \\3/

Get beams into collisions at top energy

=  Optimize integrated 1um|n05|ty with relative™ Ium|n05|ty as the
/  main performance parameter

/ - = Keep background low and/stéable'w1thout spikes f

= Provide a rough knowledge of the absolute |u\m|n05|ty from
beam parameters (beam intensities and sizes)




s “Phase A.10:Top energy collisions

Phase AviETopenergy squeeze

| Phaée A.10 obJec’élves o R
Get beams into collisions at top energy K/

=  Optimize integrated luminosity with relative™ Ium|n05|ty as the
© main performance parameter

/ W Keep background low and sté‘l':)le'W|thout splkes h f

"= Provide a rough knowledge of the absolute luminosity from
beam parameters (beam intensities and sizes)

—

Comm|55|o | ' rossing in IP1 and IP5at 7
i&%% £ =2 5
~ Squeez of IP8 |

8 10 i ratio with reduced beam
intensities (f*=2m
=  Setup of the required protection, in particular,.commissioning
r/ of the tertltelry collimators, i.e., collimators to protect the
imen sﬂ ‘




hase A.10: Top energy. collisions
gy Phase Al alop energy: squeeze

¢ ARC+ML6+LR5 (156 PCs) @ 5 TeV

1900 px | L show legend | v smooth griphs | . show paints)

PQUEEZE




