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LHC

Overview — what is LHC ?
Construction and first commissioning

Beam commissioning

=

LHC is a superconducting proton synchrotron based collider
installed in the 27km circumference LEP underground tunnel at CERN
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LHC dipoles (1232 of them) operating at 1.9K

Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Protection
Diode

Heat Exchanger Pipe

Beam Pipe

Helium-II Vessel
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel
f 4 § Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

Instrumentation
Feed Throughs

Cooled by liquid helium, distributed around 27km
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collimators

injection beam 2

LHCD

injection beam 1

ALICE

106.2¢ m
8-
B

MCS: spool piece sextupole

MQT: trim quadrupole

MQOS: skew trim quadrupole MCDO: spool piece octupole + decapole

MO: lattice octupole
MSCE: sextupole (skew sextupole) + orbit correctar

* 23 regular FODO cells in each arc
* 106.9m long, made from two 53.45m long half-cells
* Half cell
— 3 15m cryodipole magnets, each with spool-piece correctors

— 1 Short Straight Section (~6m long)
* Quadrupole and lattice corrector magnets
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e Standard arc cells with missing dipole magnet and individually powered
quadrupoles

¢ Threefold function

— adaptthe LHC reference orbit to the geometry of the LEP tunnel

— cancel the horizontal dispersion arising in the arc and generated by the
separation / recombination dipole magnets and the crossing angle bumps

— help in matching the insertion optics to the periodic solution of the arc

D1

L = 116 meter

Relative bezm sizes amund IP1 (&432) in callizion
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2 Motﬂjles per beam & <
4 Cavities per modul&.™®

Configuration du systeme d'arrét de faisceau au Point 6

Beam Dump Block

> H-V kicker for painting the beam

e
< B = Bloc absorbeur

Aimant déflecteur L
rapide ¥ o,

Aimant dilueur

Quadripole

Septum magnet

deflecting the extracted .
beam 15 kicker \\

magnets
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“Thus, to achieve high luminosity, all one has to do is make (lots of) high
population bunches of low emittance to collide at high frequency at
locations where the beam optics provides as low values of the amplitude
functions as possible.” PDG 2005, chapter 25

M+
* Nearlyall the parameters are variable Z/./'I

— Number of particles per bunch N p H p
— Number of bunches per beam ky — ©
— Relativistic factor (E/m,) ¥ ./ zZ
— Normalised emittance & ‘1';
— Beta function at the IP B \H'
— Crossing angle factor F

* Full crossing angle 6, 5

* Bunch length o, E=1/ 1+(‘9c°}]

* Transverse beam size at the IP e 20

20
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Nominal settings

Beam energy (TeV) 7.0
Number of particles per bunch 1.15 101
Number of bunches per beam 2808
Crossing angle (prad) 285
Norm transverse emittance (um rad) 3.75
Bunch length (cm) 7.55

Beta functionat IP 1, 2, 5, 8 (m)

0.55,10,0.55,10 |

Derived parameters
Luminosityin IP1 & 5 (cm2s?) 1034
Luminosity in IP 2 & 8 (cm=2 s)* ~510%
Transverse beam size at IP 1 & 5 (um) 16.7
Transverse beam size at IP 2 & 8 (um) 70.9
Stored energy per beam (MJ) 362

* Luminosity in IP 2 and 8 optimized as needed |
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Stored beam energy [MJ]
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* Energy storedin each beam

Nimitz class aircraft carrier (90 000 tons)
~at battle-speed of 30 Knots
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SPS

North Area

1976

N0t
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LHC Large Hadron Collider
n-ToF Neutron Time of Flight

A
o " LNac2™
4"
LINAC 3 "y
lons &

) protons P antiprotons  AD Antiproton Decelerator
p ions b electrons  PS Proton Synchrotron
b neutrons  p neutrinos  SPS Super Proton Synchrotron  CNGS CERN Neutrinos Gran Sasso

rastAreq LHC beam route

LINAC2
BOOSTER (PSB)
PS
SPS

4 CTF3

CTF3 CLIC Test Facility 3
23

» Brightness is limited by space charge at
low energy in the injectors
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= Need to increase the injection energy in the injection synchrotrons

Lot Moy i,
Exy

N, :number of protons/bunch

&y y -normalized transverse emittances

k, - number of bunches per ring

b

exy By 2

N, : number of protons/bunch

£y y -normalized transverse emittances

AQgc ¢

R : mean radius of the accelerator
Py :classical relativist ic parameters

24
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450 GeV SPS

LHC
7TeV

25

LHC

Overview — what is LHC ?
Construction and first commissioning

Beam commissioning
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Same tunnel !

2006

2002 :
: Start of hardware commissioning
2007 :

2008 :

Start of the LHC construction

End of installation and start of cool-down

First beam commissioning

27

Tunnel activity determined by
Helium Distribution Line

Magnet tests

PC SC tests

Magnet installation

Required magnet storage &

Allowed magnet sorting ©

I-M N

agnet interconnects

While not forgetting several major accelerator systems
* Injection systems
« Extraction systems
* RF systems
« Collimation systems
«Vacuum systems
«Beam instrumentation systems
*Machine protection systems
« Controls
« Experiments

Sector 78
commissioning

Sector 45
commissioning

Breakdown

28
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First cool-down of LHC sectors
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maintenance shut-down —y % . T At —
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+ ARCS6_MAGS_TTAVG.POSST M ARCTE_MAGS_TTAVGPOSST 4 ARCE1_MAGS_TTAVG.POSST + ARC23_MAGS TTAVG.POSST
+ ARCE7_MAGS_TTAVG.POSST m ARC34_MAGS_TTAVG.POSST 4 ARCL2_MAGS_TTAVG.POSST + ARCAS_MAGS_TTAVG POSST

Cooling sectars + Cryo tuning + Powering activities

3C-15Au9'08

LHC Cryogenics - Status for ICC
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Sector 34
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Length of bea
Length of new
Horizontal defle
Vertical_deflecti

FONTA POINT 6
RF Dine

POINT 3
Momentum -
Cleaning

Length of beor
Length of new

16 Sop 2008 09:41

o
Updated by Roger Badey NN L

31

Sector 12
Sector 45

dipole

— Later estimated (from cryogenic data on heat deposition)
to be 220nQ)

% of finished steps

pinnmnmnnh -

; : . SR T S
* Electrical arc developed which punctured the helium SN ETE
enclosure, allowing helium release into the insulating

vacuum

e Large pressure wave travelled along the accelerator in
both directions
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Development of resistive zone in dipole bus bar splice

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-II Vessel

Spool Piece _ . 4
Bus Bars v Superconducting Bus-Bar

Iron Yoke
Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

: Instrumentation
Pmt%ciggz Feed Throughs

Arc and helium released into the insulating vacuum

Liquid
to
Gas
Expansion
Factor

1000

6/8/2011
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— Cold-mass
= Vacuum vessel

Self actuating relief valves opened = LineE
but could not handle all | Cold support post
| Warm Jack
~~ Compensator/Bellows
$ Vacuum barrier

Large forces exerted on vacuum
barriers located every 2 cells

Connections to cryogenic line also
affected in several places

Beam vacuum system

also affected

6/8/2011
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ok
Debris
MLI

l30m 390m
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(magnets remove d)
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Had to treat to lesser or greater degree all magnets Q19 to Q33

53 had to be brought to the surface (39 dipoles and 14 quads)
Replaced with spare or refitted, then retested and reinstalled

Huge enterprise; last magnet back in mid April 2009

Not forgetting cleaning the beam pipes

Then have to align, make all interconnections, cool down, power test

6/8/2011
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Sector 34 repair

42003 el 200 )2 200 )2 2009 )4 200

Superconducting splices limit operation to 5 TeV
Copper stabilizers limit operation to 3.5 TeV

— Pressure relief valves installed everywhere
— Reinforcement of floor anchors everywhere

< 100K =» 80K
< 100K =» 80K

LHC

Overview — what is LHC ?
Construction and first commissioning

Beam commissioning

6/8/2011
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450 GeV

1.18 TeV
2kA

October 2009 | nQPS

45
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¢ Commission circuits to 6kA

450 GeV

1.18 TeV
2kA

46
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with safe beams

Some numbers

Pilot Single bunch of 5 10° protons | Quench limit
Safe beam 10*2 protons at 450 GeV Damage limit
Energy Safe beam
0.45 1.00E+12
1.18 1.94E+11 | Scales with 1/E*7
35 3.06E+10
6/8/2011 7 9.41E+09 47

|__injection | __Ramp___| _Squeeze | Collsions | _Rampdown

Many schemes Dynamic effects Optics Beam steering Ramp rates
Injection channel Feedbacks Collimators Beam-beam Reproducibility

€&——— Allthroughthecycle ———>

Beam dump
Collimations system
Protection devices

6/8/2011 48
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2019 201

3.5TeV 3.5TeV
Sector 34 |_ lsare < | < OIZHINE < 0.5 lom
B*>2m B*1.5m

e 2009
— Energylimited to 1.18 TeV
e 2010
— Energy limited to 3.5 TeV
— Intensity carefully increased to collimation limit
— B* nottoo low to provide margins
— Target luminosity 1032 cm2st
e 2011
— Energy limited to 3.5 TeV
— Push the intensity to 50% nominal
— B* pushedas low as possible
— Target luminosity 1033 cm2s?
— Targetintegrated luminosity > 1 fb!

40% efficiency for physics - 10¢seconds collisions per month
10° seconds @ <L> of 1033 cm2s! - 1 fb!

End of Physics,
SPS, PS, AD, nToF,

Isolde
Oct Nov \
Wk 40 41 42 43 44 45 46 47 k 48
Mo 28 s

Dec
[ 49
B s wl e ' W m —w
Tu E [ oo | $ . T -
:’: wwe | oY
Fr | !
$ . 5 i ooy |-
Sa E " H Collisions
E TEST I TEST
1.18 TeV
I Technical Stop 2 kA
[ ] Beam commissioning
i SPS et al physics 450 GeV

Su
AIMS Do this with SAFE BEAMS

BEAM COMMISSIONING
AT 450 GeV

450 GeV collisions 1012 at 450 GeV > 2 10'! at 1.18 TeV
106 events

LIMITS
Ramp to 1.18 TeV 2 on 2 with 5 10%° per bunch at 1.18 TeV
Collisions at 1.18 TeV 4 on 4 with 2 10*° per bunch at 1.18 TeV

25



201

7 15/8/2010
0 LHC Schedule e

Feb " Mar |

Hardware commissioning for 3.5 TeV

Ramp beams to 3.5 TeV

nOPS commissoning |

SINRE
T
I
< IR
g
:

1’ ZIE P Machine protection systems qualified

] Colliding safe stable beams (2 on 2 pilots)

nnnnnnnnnn
sssssssssssss

May June

Squeeze to 2m

C Low bunch currents, increase kj,
Machine protection systems qualified
13 on 13 low intensity bunches at 2m

osFs
Aug Sep |
=

High bunch currents, low k,

— E Increase k,,
g - Machine protection systems qualified
—— 50 on 50 high intensity bunches at 3.5m

Nov Dec

= ¢
o 2

Bunch trains on crossing angles, 150 ns
c Increase ky
Machine protection systems qualified

1 368 on 368 high intensity bunches at 3.5m

[ Techvical Stop
—JIRecommisssoning with beam
Elses eta-paysics

20 MJ stored energy per beam

2010 - Beam transfer and Injection

0.05—— T T T T T
] s00 1000 1500 2000 2500
S
s z H THT ”1 I T r T = OASIS VIEWER =]
‘ I I Il ‘ \ [ | ‘ File General Scopel Scope2 Scope3 Help
“ U I | | [0y s =A - Ea
o

HIXLMKI-PREPULSE... | ON

2.0us/div__| 81.644us

2.0v + L
HILINJ- BEAM- AS !
10.0mY/div__|[ -22.588mY|

HILMAG- CURRENT-B-AS ||
500.0mv/div || -960.699..|)
HILMAG- CURRENT-C-AS
500.0mV/div__|| -960.599.

HILMAG- CURRENT-D- AS

AN

sisi) 7i6

500.0mV/div_ || -720.524
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Pickup Q9
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horizontal tune
| Rvews | =6 [m @) ) ] ware ) b AB
Average Pas H_[10/06/10 02:20:31] & | mms pos 11006710 022031 & 6 | DBrp (10706110 0Z20:30) i s
0035

RMS orbit change B1
(during ramp)

j
i

500 1000 1500 2090 2508

]

500 1000 1500 2000 2500 200 1000 1500 2000 2500
Time. Time.

The orbits are now stable in ramp (and
squeeze) to 50 um rms MS Pas H [10/06/10 0220:32] i, Dp/p [10/06/10 022032] i~
oo 0.035 -@: ”’M
Previously ~ 300-400 pm 00s o
RMS orbit change B2
>> Better collimation efficiency. 1 f (during ramp)
>> Better protection (tighter interlocks). 003 j 7
oot d 002 |E‘ 0.01 f
0,008 #‘ o005}
0.01 4
- o
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Imsgedagick: betasqueeze.eps

2010 - Squeeze in points 1 and 5

Imageagick: betasguseze.eps

LHCB1 3.5TeV LHCB2 3.5TeV
‘ " PR, - ‘ ‘
IP1 . 1
2 o T : e A
10 IP5 [, -+ / IP5 By 1.7
IPS By / 10 idedl A7
ideal A -
8 "__’:/ E 8 r/:/ g
8 P! z 2 5 //
b AT
4 s 4 2
| ¥ 2o P
2 4 6 8 10 12 2 4 6 8 10
3* set value [m] B* set value [m]
Measured 3*s at 3.5m
Beam 1
3 /
3.27+0.01 | 3.8+0.3 |
P2 | 3.45+0.09 35
IPS| 3.70+2 |3.44+0.3 |3. ‘
IP8 | 3.42+0.14 | 3.940.7 \ 6L
6/8/2011

Important mismatch in IP2 (3, >

2010 - Beta-beat B1 on flat top (10/11 m) - reproducible

0.4
0.2

AB/By

-0.2
-0.4

0.4
0.2

AB/By

0.2
0.4

o £

LHCB1 3.5 TeV,

15-7-2010 - .

5000 10000 15000 20000 25000
Longitudinal location [m]

6/8/2011

29



LHCB1 3.5 TeW

AR/By

04 | :
g 0 I . ik '- \ L :ll g A
< H 3 ."1—‘ i { x i

02 19-06-2010 = 2 5

0.4 26-7-2010 ; 1 [ |

0 5000 10000 15000 20000 25000

Longitudinal location [m]

Collimation system is for beam cleaning and passive protection
Each collimator has to be positioned using beam based alignment

Beam based alignment: YT — = T
s
Collimator jaw | i, . Beam loss when jaw I|
¢ §res touches the beam \‘
§iaes I
e i
S i | !
000
Gap Beam ATO AT auitay 2uiew  piie  aieas 2o
T (25711708 TE1%15) T

t

Gap —>= Beam centre

Collimator jaw

Beam size => Nominal settings

Jaw posnions (mm]

| [T

s,

/

2EAP00 ZEAZN0 274D ZLAE00 211820 MLAEA0  2LA%00
sime [ahmincss| |
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01 . .
~cold ——

collimator
warm —— 3

—_
rs ] im

0.01 |
0.001 ¢

0.0001

1e-05 ¢

Momentum Cleaning
Dump Protection Col.

|

1e-06 |

Beam Loss [Gy/s]

1e-07

16-08 |

1
1e-09 |
0 5000 10000 15000 20000 25000

s ml
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01 T
> cold ——
0.01 collimator
’ factor 4,000 warm
0.001 + E
= factor 1,000
E oooot . WMl | .
1]
2 t1e05 -  WHIMM--—-- S
-
§ 1e-06 t factor 600,000
1e-07 -
i 1] H‘I“\HH
1e-09 I | | ‘ I I 1
19000 20000 21000 22000 23000 24000
s [m]
=» OK for stable beams from collimation
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IR6 H Beam?2, extracted

e o
DS 4 Mo v ruin 2xan i wcon v @ 4 00

Croe e e am
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) BLM/ BLMLHG

[ 1] umes [orm i 5[] scues imteoratton Time: | a0 ws| x| stan 1916 ena 13105 _Lasses s [
emm—— 1e-3 leakage to tertiary collimatorsin IR’s 23042010 041322

(

=» OK for stable beams from beam dump
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an Application

Select Geam Process [SQUEEZE_3.5TeV_IF1+IP5_IP2+ IP§_FULL V1T1285 (END] [~

Vi | Gptimize | 18 Stzering | Wooh Coeator | Amalyts | Datubase extracion |
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B L I B )

[ normalize by N1™NZ
Separation [mm]

[ Save Bunch Data Callision Rate [26;04/10 03:3%18) T
Start Rel. to init. Pos. [Sigma) =
End Rel. 1 init. Pos. [Sigmal
- = ] . 5 e
Number of Measurement Points -
Integratian Time [s] Power Converters | 1_heas [A]
g 0
z 15
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150 .
~ [
= e
o | t 1
| - — . -15-
= A0 T Th| umn ek e300 URTRO 033EA0 633200 E
BIILONT 633 I 208 [ craveas [ crane.srs [ Lice
Display Fit Results | ew Scan I
] TR T Tes e <]
03 I 1 I
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0 Faiting tine sec t: 6.0 2
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o Soan ScanSici2010-04-26 03:22:18.336, 059,08, VERTICAL, 3500. 0, 1959999999, 30, 1 Bewal) insert i I
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Machine parameters
very well controlled! nominal ye = 3.75 um and 3°=3.5m

calculated with measured bunch intensity,

ATLAS +
CMS =«
Expected Luminosity

YWV
CALCULATED

x X
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Date Bunches/beam | Colliding bunches Luminosity cm2s
15th November 121 113 2.88e25
9th November 17 16 3.5e24

4th November

LHC switched to heavy ions

(fully stripped lead)

25th October 368 | 20 MJ | 348 2.07e32
16th October 312 295 1.35e32
14th October 248 233 1le32
8th October 248 233 8.8e31
4th October 204 186 7e31
29th September 152 140 5e31
25th September 104 93 3.5e31
23rd September 56 47 2e31
22nd September 24 16 4.6e30
1st - 22nd September Bunch train commissioning, 150 ns bunch spacing
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— UFOs

— SEUs

6/8/2011

— Electron cloud

* Intensity related effects starting to show up

* Nominal bunch intensities thereafter, ‘just” increasing k,
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[
[ 2011 LHC Schedule ]

approved by the Research Board, December 2010
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Colliding bunches

Luminosity cm2s?

Date Bunches/beam

(Atlas & CMS)
29th May 1092 | 75 M) | 1042 1.2e33
22nd May 912 873 1.1e33
1st May 768 700 8.4e32
27th April 624 598 6.7e32
21st April 480 424 4.67e32
16th April 336 322 3.57e32
14th April 220 214 2.28e32
24-27th March 1.38 TeV run (followed by technical stop and scrubbing)
22nd March 200 194 2.5e32
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Equidistantbunches, moderate bunch intensity
* Equidistantbunches, nominal bunch intensity

e 150 ns, nominal bunch intensity

e 75 ns, nominal bunch intensity

* 50 ns, nominal bunch intensity

* 25ns, nominal bunch intensity (still to do)
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e Similarlyimpressive progress so far through 2011
— At 1.2 10% already, and integrated luminosity looking good (> 0.5 fb™)
— Expect to deliver 1-3 fb™! before we switch to ions in November
— Let’s hope that there is something there to find!
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R. Bailey, CAS
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