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LLHC TLayout and Main Parameters

CMS

TOTEM
IP5

Bl 2-in-1 magnet design
p-p & Pb-Pb collisions

extraction
IP6

Bl 7 TeV p-beam energy
=> > 1 TeV CM energy
=>» Higgs discovery

collimation

& machine
protection

B 2 high L experiments with ™
L =10%* cm sec’!
=>» 2808 bunches / beam
with 1.15 10! ppb

. ALICE LHCb
- 2 low L eXperlmentS° injection B 1 IP1 injection B2

ALICE (Pb-Pb) & LHCb ATLAS
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Bl built in old LEP tunnel
=>8.4 T dipole magnets
=> 10 GJ EM energy

Bl 2808 bunches per beam
with 1.15 10! ppb
=360 MJ / beam
=>»crossing angle &

long range beam-beam

Bl Combined experiment/
Injection regions

[A. Koschik et al, TUPLS014] [A. Koschik et al, WEPCHO043]
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LHC ILayout and Main Parameters

Bl 2-in-1 dipole magnet design
8.4 T, 15 mlong, 30 Ton

LHC DIPOLE : STANDARD CROSS-SECTION

= /-  ALIGNMENT TARGET
. e S

—— MAIN QUADRIPOLE BUS-BARS
=

_——
R o

. - i ____——— HEAT EXCHANGER PIPE

2 - __—— SUPERINSULATION
% i
£ - o /

_——— SUPERCONDUCTING COILS
o : e S

/ | —\§ \ _ BEAMPIPE

—
{ - \

| _—— VACUUM VESSEL
4

|
—|[———— BEAM SCREEN
N\ N i L [ AUXILIARY BUS-BARS
l\ ) ,: ‘n : k“-ﬁi
\ \ |

‘f "~ SHRINKING CYLINDER / HE I-VESSEL

THERMAL SHIELD (55 to 75K)

: = NON-MAGNETIC COLLARS

IRON YOKE (COLD MASS, 1.9K)

 — — ] LS DIPOLE BUS-BARS

————SUPPORT POST

....................................

EPAC 2006; 26.-30. June 2006

Oliver Brining 5



Project Status

Bl Main dipole (MB) production and installation (1232)

-almost all MB have been delivered to CERN (November 2006)
-all MB will have passed cold test by end of 2006

-3/4 have been prepared for installation and slot assigned
-almost 50% have been installed in the tunnel

installation 1s expected to progress at rate of 18 MB / week

B Main quadrupole (MQ) production and installation (392)

-almost all MQ have been delivered to CERN

-1/3 of the assemblies have been installed in the tunnel

-2/3 have been slot assigned

installation 1s expected to progress at rate of 6 assemblies / week

=>» closure of machine in March 2007, interconnect and pressure test August 2007
EPAC 2006; 26.-30. June 2006 Oliver Brining 6
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LHC Progress “ Accelerator

Technology
Dashboard Department

Cryogenics overview
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Accelerator
‘n Technology
. Department

Cryogenic distribution line

LHC Progress
Dashboard
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I.HC Installation

I8 cryogenic
distribution
in 12

Q6 with cryogenic connection in IR8 electrical distribution in IR8
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I.HC Installation
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‘ Main Challenges for the Operation

B Mecchanical aperture

B Polarity errors

Bl Global magnet field quality & corrector circuit powering
Bl Collimation efficiency

Bl Beam power and machine protection

Bl Collective effects and impedance

Bl Triplet aperture and beam-beam
Bl Electron cloud effect

EPAC 2006; 26.-30. June 2006 Oliver Brining 13



‘ Mechanical Aperture

Bl all magnets are geometrically measured -0yl 0 =7 Tes
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=>» classification & slot compatibility
for installation at critical locations

B microwave reflectrometer:

=» detection of obstacles

[T. Kroyer et al, WEPLS141]
EPAC 2006; 26.-30. June 2006
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‘ Polarity Errors
B the LHC features 112 circuits / beam (+ orbit correctors)

106.80 m

_Ig

‘lﬁ
=

Baf—————-8--f

Bl MBA_ g
3

=

MCs
BF
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EP

O, MQT, MGS
cs
MCS
MCDO
MCS

MCOO

WO, MOT, MOS

Bl all magnet circuits
are tested before and during
installation

[D. Bozzini et al, WEPLS099]

1A

Bl adjustments during operation

=» non-destructive beam instrumentation

[P. Cameron et al, THPCH105]
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~ Global Magnetic Field Quality

Bl ficld quality measurement before installation:

-all magnets are measured warm at industry =» monitoring
-all magnets are cold tested =» clectrical integrity & quench
-a subset undergoes cold measurements =» warm-cold ggrggla_tig_g

20 40 80 BD 100 128 140

&

=>» ‘sorting’ during installation .
Sector 78 V1 :
[S. Fartoukh, EPAC 2004]

=0.002

[ EEA b,-<b;>[units] of type A — g,/ dovingterm  f _p o4
_p [ b,-<b,> [units] of type B —— gy dovingterm ]
0 40 60 BD 100 124 140

-a smaller subset is subject to ‘extended’ measurements
=>field quality modeling during operation =» corrector powering!

[N. Sammut et al, WEPLS104] [G. Rijk, WEPLS100]
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‘ Collimation FEfficiency

B Machine operation requires high collimation efficiency:

Collimation 1nefficiency := #p above 10 6 / # p on primary
=>design value of 2 103 =» below 0.2 h / 2 h are acceptable
=>2 stage collimation system with ca 100 collimators!

B Effect of machine imperfections:

0.012 [ rr T 1 E | T T I
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0.008 [ 01 g 1 stage

cleaning

ISHIvISHIVy

0.006 [

Inefficiency

0.004 | 4= 0.01 =
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o ioaa by s-a- 1 s o0 La-s-a 0o o b il ww il g i 0001 1 1 | |
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y orbit error [oy] Beta beat [%)]

=>» requires good optic and orbit control!=» feedback loops

[R.Assmann, TUODFIO1] [C.Bracco et al, TUPLS018][G Robert-Demolaize TUPLS019]
EPAC 2006; 26.-30. June 2006 [S. Redaelli, TUPLS130 and TUPLS131]  Oliver Briining
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Beam Power and Machme Protectlon

[R. Assmann] 1000 . y . i

: LHC ._
B Unprecedented beam power: 2 tof T
S ; (inj) m ]
2 10F =
. . . @ E ISR E
=> potential equipment damage in case £ | " smg
. . . 8 3 TEVATRON 3
of failures during operation 8 I '
] E B SppS
=> in case of failure the beam must never [ =" . " = .
0.1 1 10 100 1000 10000

reach sensitive equipment!

Beam momentum [GeV/c]

B Machine Protection System e

=» Beam Los Monitors

=» Quench protection system

=» Beam Interlock System |

= reliable Beam Dump system (15)53*

= dedicated absorbers in case of g8
asynchronous dump

[R. Filippini et al, WEPLS140] [B. Goddard et al, MOPLS008] [B. Goddard et al, TUPLS013]
EPAC 2006; 26.-30. June 2006 Oliver Brining 18




Beam Power and Machine Protection

B Unprecedented beam power:

=» all absorbers and the collimation system lﬁf g Z N
must be designed to survive an
asynchronous beam dump! b\
(total of up to 136 collimators & absorbers) gl

Bl Robust collimator jaw design

=» fiber reinforced graphite jaws
are more robust than Cu jaws
=» fiber reinforced graphite
has a higher impedance and
electrical resistivity

[R. Assmann, TUODFIO1] [F. Zimmermann et al, THPCHO061 ]
EPAC 2006; 26.-30. June 2006 Oliver Brining 19



Collective Fffects & Impedance

B rcsistive wall impedance:

=» image charges trail behind due to |
resistivity of surrounding materials

=>» Wake fields drive beam instabilities

=» cffect increases with decreasing gap

opening of the collimator jaws

¥ S

** ** ** ** ** ** ** ** ** ** ** e
i it i it o i i
e e T Y

=» impedance of Graphite jaws either limits the minimum
collimator opening = limit for B* or the maximum beam current

[F. Zimmermann et al, THPCHO061]
B phased collimation system for the LHC:

=>» Phase 1: graphite jaws for robustness during commissioning
=» Phase 2: nominal performance (low impedance, non-linear or feedback)

[R. Assmann, TUODFIO1][J. Resta MOPCHO091|[A. Faus-Golfe WEXFI03]
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Triplet Aperture and Beam-Beam

B [ong range beam-beam:

P CFE M it

Operation with 2808 bunches features | calizon
approximately 30 unwanted collision
points per Interaction Region (IR).

=» Operation requires crossing angle

Bl non-linear fields and additional focusing due to beam-beam

efficient operation requires large beam separation at unwanted
collision points =» separation of 9 ¢ is at the limit of the triplet
aperture for nominal 3* values! = margins can be introduced by
operating with fewer bunches, lower bunch intensities, larger 3*
values (or larger triplet apertures =» upgrade studies)

[T. Pieloni, WEPCHO095] [U. Dorda WEPCH138 ]
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Electron Cloud Effect

B Synchrotron light releases electrons from beam screen:

=» clectrons get accelerated by p-beam =» impact on beam screen
=» generation of secondary electrons =» e-cloud
=> heating, instabilities and emittance growth

average arc heat load [W/m|]

e e e 5 A5 =>» effect disappears for low
bunch currents or large bunch

6

2

4 el spacing
3 .

2

=» secondary emission yield
decreases during operation
(beam scrubbing)

1

0 T
0 5x10" 1x10" 1 5%10" 2x10"

Np

[E. Benedetto, THPCHO18§]
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‘ Staged Commlssmm Plan for Protons

Stage | ’« ! =i< i a{ ’e V=

Hardil 43 bunen 75ne I Jigiell
commissi ssionin operation ? ops Phase |l
g op H and MKB
|
— N\ O beam Beam —>L—>1<— Beam PL PL

l. Pilot physics run
0 First collisions
0 43 bunches, no crossing angle, no squeeze, moderate intensities
0 Push performance (156 bunches, partial squeeze in 1 and 5, push intensity)

1. 7/5ns operation
Q Establish multi-bunch operation, moderate intensities
0 Relaxed machine parameters (squeeze and crossing angle)
0 Push squeeze and crossing angle
lll.  25ns operation |
0 Nominal crossing angle
0 Push squeeze
0 Increase intensity to 50% nominal
V.  25ns operation Il
0 Push towards nominal performance

[R. Bailey et al, MOPLS005]
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Staged Commissioning: Tolerances@7TeV

0.8mmata ~ """ """~ -4 - R e
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Beam population
|[R. Assmann] PO Pl
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Summary

B Mecchanical aperture )

careful analysis and
> definition of procedures
B Global magnet field quality during installation
& corrector circuit powering )  =» optimization in Stage [

g Polarity errors

B Collimation efficiency optimization during Stage I

Bl Beam power and machine protection from Stage I to Stage 11

Bl Collective effects and impedance only at Stage III
B Triplet aperture and beam-beam only > Stage III
B Electron cloud effect only at Stage IV

EPAC 2006; 26.-30. June 2006 Oliver Brining 25



Stage I physics run

Start as simple as possible

L — Nzkbfy
4re, B

F

Eventrate/ Cross =

b

O-TOT

Protons/beam < 1013
(LEP beam currents)

Change 1 parameter (k, N 3", ;) atatime

Stored energy/beam <X 10MJ
EPAC 2006; 26.-30. June 2006 (SPS fixed target beam)

Parameters Beam levels Rates in 1 and 5 Rates in 2

Ky N B* lpeam Epeam | LUMINOSIt Events/ | Luminosity | Events/
1,5 | proton | (MJ) y crossing (cm2sT) crossing
(m) (cm2s1)

1 1070 18 1 1010 10-2 1027 <<1 1.8 1027 <<1

43 | 1010 18 | 4.310" | 0.5 4.2 1028 <<1 7.7 1028 <<1

43 | 4100 | 18 | 1.710" 2 6.8 102° <<1 1.2 1030 0.15

43 | 4100 | 2 1.7 1012 2 6.1 1030 0.76 1.2 1030 0.15

15 4100 2 6.2 1012 7 2.2 1031 0.76 4.4 1030 0.15

6

15 (9100 ] 2 [1.410%] 16 _ 2.2 1031 0.77

6

Oliver Brining

26



Stage II physics run

Relaxed crossing angle (250 urad)

Start un-squeezed
Then go to where we were in stage |

2

- 4re ,B* 2
. F:I/"1+(0C—O-:j
20

Eventrate/ Cross =

O-T or

b

Protons/beam = few 1013

Stored energy/beam < 100MJ

EPAC 2006; 26.-30. June 2006

Parameters Beam levels Ratesin 1 and 5 Ratesin 2 and 8
Kk N B* lpeam Eipeam | LUMinosity |  Events/ Luminosity | Events/
1,5 | proton | (MJ) | (cm3s) crossing (cm—=2s1) crossing
(m)
936 |4 100 18 | 3.710" | 42 1.5 103 << 1 2.6 1031 0.15
936 {4100 | 2 |3.710"| 42 1.3 1032 0.73 2.6 1031 0.15
936 |4 10| 1 3.710"13 | 42 2.5 1032 1.4 2.6 1031 0.15
036 [9100] 1 [8410%| o4 |NCHCNNNEEE 13107 0.76

Oliver Brining 27




2
I N kbfZ/F
Ame, B

2
F=1/ 1+(Hc—":j
20

Stage I1I physics run

Lo
Eventrate /| Cross = —1°L

Nominal crossing angle (285 urad)
Start un-squeezed
Go to where we were in stage |l

b

Protons/beam = 1014
Stored energy/beam 2 100MJ

Parameters Beam levels Ratesin 1 and 5 Rates in 2 and 8
Ky N B* lpeam Eiea | Luminosit | Events/ | Luminosity | Events/
1,5 | proton m y crossing (cm2s1) crossing
(m) M (emzs)
2808 (410 | 18 [1.110" | 126 | 4.4 103 <<1 7.9 1031 0.15
2808 (410" 2 [1.110"% | 126 | 3.8 10% 0.72 7.9 1031 0.15
2808 | 510" | 2 |1.410™ | 157 | 5.910% 1.1 1.2 1032 0.24
2808 (5100 | 1 1.4 1074 | 157 1.2 1032 0.24
2808 | 510' [ 0.55| 1.4 104 | 157 1.2 1032 0.24
Nominal 3.210"™ | 362 1034 19 6.5 1032 1.2

EPAC 2006; 26.-30. June 2006
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Five geometry sub-classes for the LHC main dipoles and their
variants used in the sorting algorithm to perserye aperture
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Global Magnetic Field Quality

Bl ficld quality measurement before installation:

Identity Caid of Cryodi pole HCLBB R_(dh- [MNO03416

-all magnets are measured
warm at industry =» monitoring
-all magnets are cold tested

=» clectrical integrity & quench
-a subset undergoes cold
measurements

=>» warm-cold correlation

=>» ‘sorting’ during installation

[S. Fartoukh, EPAC 2004]

-a smaller subset are subject

to ‘extended’ measurements

=>» field quality modeling
during operation =» corrector
powering!

[N. Sammut et al, WEPLS104] [G. RijkWEPLS100]

EPAC 2006; 26.-30. June 2006
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