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The LHC optics in one slide

CMS/TOTEM

AW
i
Wit

IR3

I

ATLAS/LHCf




Magnets for the LHC, total budget, every magnet has a role in the optics design

Name Quantity Purpose
w_ | @
MQ 400 Main lattice quadrupoles
MSCB 376 Combined chromaticity/ closed orbit correctors
MCS 2464 Dipole spool sextupole for persistent currents at injection
MCDO 1232 Dipole spool octupole/decapole for persistent currents
MO 336 Landau octupole for instability control
MQT 256 Trim quad for lattice correction
MCB 266 Orbit correction dipoles
MQM 100 Dispersion suppressor quadrupoles
MQY 20 Enlarged aperture quadrupoles
In total 6628 cold magnets ...




LHC optics, ARC lattice

Classical FODO cell with about 90° phase advance per cell
(F=focusing, O=drift, D=defocusing)

LHC Cell - Length about 110 m (schematic layout)

SSS
sextupole
quadrupole orbit corrector quadrupole  orbit quadrupole  orbit
MQF  corrector (MCS) MQD  corrector MQF corrector

special lattice decapole special lattice special lattice
corrector sextupole octupole corrector sextupole corrector sextupole

(MQS) (MS) corrector (MO) (MS) (MO) (MS)
(MCDO)

2-in-1 design true also for the optics:
a quadrupole F for beam | (circulating clockwise) is D for beam 2 circulating anticlockwise




Arc cell at injection for beam | and beam 2
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Triplets before lowering in the tunnel
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Optics at collision IP1- ATLAS, only beam |
‘ F
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Injection optics and during accelleration IPI- ATLAS, only beam |
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The importance of field quality

Field quality, i.e. multipole components in the main field dominated by SC geometry,
not by the IRON as in normal conducting magnets.

As example, sextupolar component generated by the main dipoles. Let consider 3 units, meaning 3 10 times the
8.33 T fields. This is the target to have enough margin to correct the chromaticity
using lattice correctors.

Multipoles measured up to bl4 and al4 (b2 quadrupole, b3 sextupole ...)

For the LHC Rr=17 mm, about 2/3 of the aperture

By +iBy = Bres » (b + ian,)
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From LEP to the LHC, iron-concrete yoke ...

CROSS SECTION OF THE DIPOLE MAGNET WITH THE VACUUM CHAMBER
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Magnet design important for field quality and machine performances
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Dynamical Aperture

Dynamic aperture (DA) is largest region of phase space where stable motion occurs.
Computed by particle tracking simulating different sets of machine imperfection due to:
(A) machine alignement/mechanical aperture
(B) multipoles generated by the magnets itself

1
|Dynamic aperture for different LHC “realisation”
I i

V6.500 - measured errors

for all magnet classes.
V6.4 - errors in main dipoles,

main quadrupoles, separation
dipoles.
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In the transverse phase space, one cannot really see an ellipse which describes the normal betatronic
phase space in a FODO lattice. Islands and chaotic (both in mathematical sense as in how it looks like)
motion appear due to fields that vary with amplitudes (x) = Multipoles




In fact, if can control properly the non-linearities you can even split up the beam

PS Multi-Turn Extraction experiment, 27 July 2007

horizontal beam splitting in five stable islands (1/5 resonance)
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Experiment done in the PS at 14 GeV/c (not @ the LHC) to show the splitting in 5 islands of the
beam by using sextupoles and octupoles and crossing the /5 resonance, i.e. Qx=0,2

If this not done not under controlled conditions, losses appear = Resonance crossing in the LHC

If one can produce multibeams, one can for sure produce tails in a nice gaussian beam profile...




Two zoo of the multipoles and orbit correctors

Name

Quantity

Purpose

MB

1232

Main dipoles

MQ

400

Main lattice quadrupoles

376

Combined chromaticity/ closed orbit correctors

2464

Dipole spool sextupole for persistent currents at injection

1232

Dipole spool octupole/decapole for persistent currents

336

Landau octupole for instability control

256

Trim quad for lattice correction

266

Orbit correction dipoles

100

Dispersion suppressor quadrupoles

20

Enlarged aperture quadrupoles

LHC sextupole




From previous experience

Working point choice (Hera, Tevatron)

Avoid resonances ntm < |2

Tune: number of betatron oscillations in the x-

x° (Qx) or y-y’ (Qy) plane per machine turn. Working point = Qx and Qy.
An integer number in Qx or Qy correspond to a 2TT LHC working point:
rotation in the phase space. Not interesting in term of Q,=64.28, Q,=59.31

resonance instabilities.

Usually fractional tune is quoted, meaning what rest of Choose region of (Qx,Qy) with enough

free space from resonances

the tune after subtracting the integer part.

Resonances: nQx + mQy = p “n+m” — resonance order-

Q_y | | Qy 0.351/11 1/7 | 1/10 | 1/3 & 1/6
s
0.8 \ ;
Gkl 029 Rk
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Q
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Beam-Beam interaction

The two beams travels one near the other at the IP

The electromagnetic field generated by one beam
is felt by other = Beam-Beam

Three classes of beam-beam effects:
A)Long range

B) Packman bunches

C) Head-on

Packman bunches are the bunches of
one beam that at the IP don’t see a
correspondant bunch of the other beam.

As a results, for them the tune, orbit and
chromaticity will be different from the
other bunches ....




Quadrupole-ke Beam beam tune spread

component

beam-beam force, round beams Max beam-beam tune shift = not more than 0.015
to avoid crossing resonances
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Electron clouds

Electron cloud in the vacuum beam pipe can be created by “avalanche” process :

|. few primary e~ generated by as photoelectrons, from residual gas ionization, extract by
Synchrotron radiation

2. p+ bunches accelerate e™ (this depends from the bunch separation, i.e. 25 nsec in the LHC)
3. e” impact on the wall and extract secondary e~

and so on ...and the cloud can generate:
a) heating of the beam pipe = magnet heating b) beam instabilities

(Courtesy
F.Ruggiero)

Animation from O. Bruning simulation
— |0 subsequent bunch passages
Color describes the formation of the electron cloud




Electron clouds issues on beam

Bunch passage, electrons accumulated near beam

centroid
2. If there is offset between head and tail:
— tail feels transverse electric field created by head
— tail become unstable
3. Particles mix longitudinally
— also head can become unstable (above threshold)
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Simulation of SPS experiment, 500 turn
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How to alleviate the effect ?

Three hardware fixes are used to suppress/alleviate electron-cloud build-up:

(@) A saw tooth chamber in the arcs (a series of 30-pUm high steps spaced at a distance
of 500 pm in the longitudinal direction) to reduce the photon reflectivity.

(b) Shielding the pumping holes inside the arc beam screen so as to prevent multipacting
electrons from reaching the cold bore of the dipole magnet.

(c) Coating the warm regions by a special Non Evaporable Getter (NEG) material, TiZrV,
with low secondary emission yield.

Three beam related fixes are used to suppress/alleviate electron-cloud build-up:

(a) Conditioning of the arc chamber surface by the cloud itself (beam scrubbing), which will
ultimately provide a low secondary emission yield. This is done by circulating high intensity
beam for long time, accepting losses and instabilities but cleaning the surfaces.

(b) Changing the chromaticity working point to use longitudinal motion to “diluite” the effect
of the electron cloud.

(c) Changing the bunch spacing from 25 ns to 75 ns.This cause a Luminosity reduction ...
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LHC: the issue of stored beam energy
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(V\/hy do we have to protect the machine ﬂ




Why do we have to protect the machine ?

(Total stored beam energy at top energy (7 TeV), nominal beam, 334 MJ (or 120 kgTNT)\
Nominal LHC parameters: 1.15 10'! protons per bunch

2808 bunches

0.5A beam current

\_ J
British aircraft carrier:

HMS lllustrious and Invincible weigh 20,000 tons all-up and fighting which is 2 x 107 kg.
Or the USS Harry S.Truman (Nimitz-class) - 88,000 tons. g S —

Energy of nominal LHC beam = 334 MJ or 3.34 x 108

which corresponds to the aircraft carrier navigating
at v=5.8 m/s or | 1.2 knots (or around 5.3 knots if you're an American aircraft carrier)

(' So, what if something goes wrong!

What is needed to intercept particles at large transverse]
amplitude or with the wrong energy to avoid quenching

a magnet!?
\ g




3 years ago something went wrong during a test ...

LHC extraction from the SPS
450 GeV/c, 288 bunches

Transverse beam size 0.7 mm (| O)
.15 x 10'" p+ per bunch, for total intensity of 3.3 x 10'3 p+
Total beam energy is 2.4 M|, lost in extraction test (LHC 334 M
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Tevatron accident in 2003 (courtesy of N. Mokhov)

Accident caused by uncontrolled movement of beam detectors
(Roman Pots) which caused a secondary particle shower

magnet quench — no beam dump — damage on approximatively 550 turns
\ y

Tungsten collimator. Tmelting = 3400 ©C |.5 m long stainless steel collimator

D




Experiment simulating beam-losses

Controlled SPS experiment TR T I T

8*10'2 protons = 0.1% full LHC power

Clear damage
Beam size Ox/y = |.I mm/0.6 mm

2*10'2 protons = below damage limit

0.1 % of the full LHC beams

Aim of the experiment:

|. test on different material the possible damage
cause by beam-loss

2. test the codes used for predict possible damages in

Fr'om V Kain the real machine




Collimation system for machine protection

. . . . Low B (pp)
Two sections in LHC dedicated to beam cleaning:

IR3 momentum cleaning — remove particles with too large dp/p

(> £10°3) thanks to large dispersion.
A
Az = D=L
p

IR7 betatron cleaning  — remove particles at too large amplitude.\\ .-
Dispersion as small as possible. |

LTMAX — @

Done by intercepting particle with 2 stage collimation (next slide)
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A) Low Z material scatters halo particles

) stage collimation B) High Z and low Z catch the primary or

secondaries
. C) In total, 95 % of the energy is spread
‘ Halo particles ~ 6 G |over 250 m, with a very low energy density,

and not in a cold region.

s” i f
/\\ dx' from scattering
z ’

Circulating beam

X

Shower absorber

S
Scatterer
-/
f\

v
— (TC, e) Absorber Beam scatterer

INd stage

360 MJ proton beam



Movable collimators, they to be robust

Materials chosen:

Metals where possible
or C-C fibers

Robustness required,
listen to 10'3 pona

C-C Jaw

SPS experiment:
a) |.5el3 protons, 450 GeV, 0.7%¥1.2 mm? (rms) on CC jaw

b) 3el3 protons , 450 GeV, 0.7%1.2 mm? (rms)
on CC jaw = full desigh CASE

equivalent to about 1/2 kg of TNT
| from S. Redaelli

360 MJ proton beam




Movable collimators, they to be robust

Materials chosen:

Metals where possible
or C-C fibers

Robustness required,
listen to 10'3 pona

C-C Jaw

SPS experiment:
a) |.5el3 protons, 450 GeV, 0.7%¥1.2 mm? (rms) on CC jaw

b) 3el3 protons , 450 GeV, 0.7%1.2 mm? (rms)
on CC jaw = full desigh CASE

equivalent to about 1/2 kg of TNT
| from S. Redaelli

360 MJ proton beam




Movable collimators, they to be robust

Materials chosen:

Metals where possible
or C-C fibers

Robustness required,
listen to 10'3 pona

C-C Jaw

SPS experiment:
a) |.5el3 protons, 450 GeV, 0.7%¥1.2 mm? (rms) on CC jaw

b) 3el3 protons , 450 GeV, 0.7%1.2 mm? (rms)
on CC jaw = full desigh CASE

equivalent to about 1/2 kg of TNT
| from S. Redaelli

360 MJ proton beam




At 7 TeV, beam really small, 30 diam.~ 1.2 mm

Injection Jaw opening

~ 12 mm

RF contacts for guiding
image currents

———

~ 3 mm

‘10“““ =

Top energy

Beam spot

Precision required for collimator movements about 25 pm




Collimation inventory for Phase | - medium luminosity

Momentum
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About 88 collimators with the aim to be always the first aperture restriction encountered by the beam, with a 99.998 cleaning efficiency:
a) during a slow beam drift towards large amplitudes, some 10 turns

b) in case of a fast failure, like a misfire of the extraction/injection fast magnets




Colllmator in the tunnel during installation
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2 - 3 stage collimation scheme at injection

Primary C Secondary C

Offset
collimator collimator Cold aperture s¢

(o)

4 mm orbit
10

Secondary halo Tertiary halo

+ 100
)

Primary beam & halo

Aim @ injection:
protect the LHC arcs from too high energy deposition = QUENCH

Two stage collimation system intercepts the secondaries produced in the collimation section,
or by other losses, to reach the ARC with a too large energy density.

Beam is large in the ARC due to the low energy plus about 4 mm orbit oscillation/uncertainty




Loss-map around the ring

Collimation inefficiency at collision vs ring position and magnet type
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2 - 3 stage collimation scheme at collision
p,N, TT

Tertiary Cu
Primary C Secondary C collimator SC triplet Offset

collimator collimator ]
- B (0)

A
15

Quartiary
halo /

10

Tertiary halo

Secondary halo

Primary beam & halo

>

LHC experimental insertion

Aim @ collision:

protect the LHC insertions from too high energy deposition = QUENCH

Two stage collimation system leaves to limits the secondaries produced in the collimation
section, or by other losses, to reach the Superconducting triplets for the final focusing.




IP optics injection = collision, protecting the IPs

cm TAS1 01 Q28 Q2B 03

D1
40 +
Q1 Q2a Q2b Q3
35 T =
2
— 5
30 —
Collision Optics =l
. 25 +
E Injection Optics
et -~
+ %]
O N
15 _/
10 +
=
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5 i
0 T T T T T T T T
15 20 25 30 35 40 45 50 55

z(m)

m

-10

1.50e+03 31.00e+02 4.502+03 6.00e+03

Typical study case:

a) Optics model

b) Implementation of geometry
in Monte-Carlo environment
c) Includes field-maps for
precise tracking

d) Compute energy deposition
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/BLM: Beam loss monitor




Beam Loss Monitor (BLM) system: the angel watching over the LHC

| 9
About 3600 chambers monitors ‘ Y
continuously proton losses.

If ONE of the few thousands
pre-programmed thresholds of protons
losses is passed = EXTRACTION

lonization chamber:

* N7 gas at 100 mbar over-pressure

* Length 50 cm

* Sensitive volume [.5 |

* lon collection time 85 Ms (I turn, 89 Us)
* 6 every lattice quadrupole plus in
particularly hot zone (cleaning insertions,
near the IPs)




BLMs position vs losses

|5*) Loss pattern determination:
Large Bx and Dx horizontal loss

Loss rate per unit length [ p/m/s ]

lost proton/m per beam proton on primary collimator
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2"9) Loss hadronic shower simulation
to determine where max energy deposition occurs
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Typical study case, all the pieces together

~N

I Collective effect | Accident schenario
| Beam dynamics | | Machine optics |

Aperture model

Possible upgrade

Beam losses

N

Magnet design/type Energy deposition

| Magnet quench level '
| Machine protection |




Beam extraction, emergency or not...

At the end of every “fill”’, when too low luminosity, or
when BLM system triggers, both

beams extracted on an external beam dump, in one turn.

Beam dump built to absorbe full power at full energy.

I Beam here is few mm? I

Septum magnet A
deflecting the High Lomineaiy
extracted beam  H-v kicker

I Beam here is few cm2|

for painting

Beam Dump
the beam

Block

Fast kicker about 700 m
magnet

about 500 m




Scheme of one of the beam absorbers
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Spot size on the beam dump

To reduce energy deposition peak, proton
swept by fast kickers to for a spiral on the
transverse face of the dump.

Beam impact in less than 0.1 ms

Even like this, maximum temperature rise

about 800 C.

2D THERMO-MECHANICAL AMNALYSIS AUSYS 5.4
OPTIMIZED DENSITY
Thermal Load [€] at :=80cm ang

DIST=.423%5

L

W
(=]
m
@
=

23.681

113.657
203.632
293 .608
383.583
473.559
563.535
653.51

743.486
833.461

about 35 cm

jECO0E0N §

Anal yeis TDECSAM2C
BOUNDARY COMDITIONS
Simply Support

buckel: £372

Tref ¢ 20.

Tind% = 20.
GEOMETRY

Diek rad. : T50 mm

Disk thek.: 0.5 mn

L.Bruno: Thermo-Mechanical Analysis with ANSYS




wearehere B€am commissioning planning

Ha 43 bunch gf::n
comm operation and MKB

=y

I. Pilot physics run
First collisions
43 bunches, no crossing angle, no squeeze, moderate intensities
Expected performance ~ 103! cm? s'! at ~1 event/crossing
Push performance (156 bunches, partial squeeze in 1 and 5, push
Performance limit 10 32 cm™? s'! (event pileup)

II. 75ns operation
Establish multi -bunch operation, moderate intensities
Relaxed machine parameters (squeeze and crossing angle)
Expected performance ~ 1032 cm-2 s'1 at ~1 event/crossing
Push squeeze and crossing angle
Performance limit 10 33 cm™? s'! (event pileup)

III. 25ns operation I
Nominal crossing angle
Push squeeze
Increase intensity to 50% nominal

Performance limit 210 3 c¢cm2s*?

IV. 25ns operation II .
Push towards nominal performance Courtesy R. Bailey - CERN

And then the upgrade ... with Nobel price for Higgs discovery ...




Beam at the end of injection lines

. bined length 5.6 k -'
compinediens m Tl 8 beam tests l’
23./24.10.04 ! ‘l'
6./7.11.04 TT40 + TI 8

F Lenglh of beam ling:  26%4m
F Lengih af new junnel: 2436m
"?'C} Horizanlal deflection:  106.5"

Yerlical deflecion, 1%

+ over 700 magnets

+ ca. 2/3 of SPS

L3S 4

28.10.2007, 12:03 |
TT40 beam
- firstbeam atend of T tests 8.9.03

TI8

Tl 2

Length of bearn Tre:  2943m
Length of new {ulhel: 2639m
Harizomdol deflecticy: 5.4
Werfical dafleclion: £ R

Tl 2 beam test —T 712 upstream part installed and HW
28./29.10.07 commissioned by 2005,

Courtesy of ¥, Mertens

... beam knocking at the heaven doors,
which is still not cold enough, but it will be soon




Operational cycle

PHYsICS| |BEAM DUMP|

RAMP DOWN

PREINJECTION
PLATEAU

MB current

1-hﬂ

<
<

TART RAMP

To

SQUEEZE

PREPARE
PHYSICS

PHYSICS

-3

-2

Ramp down

=~ 18 Mins

Pre-Injection Plateau 15 Mins

-3000 -2000 -1000

Courtesy R. Bailey

Injection

=~ 15 Mins

Ramp

=~ 28 Mins

From previous experience, at least 6
attempts before a good physics fill

Squeeze

<5 Mins

Prepare Physics

=~ 10 Mins

Physics

10 - 20 Hrs




Few words on the future ....

First things to mention, the LHC is not yet running ...
We will have exciting days commissioning the machine
Pushing it to the nominal parameters and beyond...

For this,an UPGRADE study is already ongoing to increase the Luminosity
Upgrade 0 = energy increase by pushing the dipole field at the maximum of 9T

Upgrade | = re-design of the interaction region, by changing the triplets magnets

but this would require to understand/re-design the collimation system,

understand the collective effect which might limit the luminosity, the effect which can limit
the luminosity lifetime...

....and so on ....

and this is an ongoing research




We are a lot, but your possible contribution is more the welcome.
LHC is one of the most complicated apparatus ever built by mankind...




Conclusion/future..

® As last transparency, what about the future.
® The “after LHC"” is going to be a LINEAR COLLIDER with leptons:

® see next lectures...

® Thanks for your attention.
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Multiple summary for Main Dipoles

— Targets ) Cold mass - — Targets
* Measured ~ systematic vs targets 4 Measured

b2 aperture 2

|

b2 aperture 1
b2 both apertures
b4 aperture 1
b4 aperture 2
b4 both apertures




