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Superconducting coil: 
T = 1.9 K, quench limit  

~ 15-50mJ/cm3

LHC 2012: 145 MJ
LHC design: 360 MJ
HL-LHC: ~700MJ!

Factor 9.7 x 10 9
Aperture: r = 17/22 mm

LHC “Run 1” 2010-2013: No quench with 
circulating beam, with stored energies up 

to 70 times of previous state-of-the-art!
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Halo cleaning: reduce the risk of magnet quenches
Passive machine protection

Collimators are the first line of defense in case of accidental failures.

Concentration of losses/activation in controlled areas
Avoid many hot locations around the 27km-long tunnel

Reduction total doses on accelerator equipment
Provide local protection to equipment exposed to high doses (like the 
warm magnets in cleaning insertions)

Cleaning of physics debris (collision products)
Avoid SC magnet quenches close to the high-luminosity experiments

Optimize background in the experiments
Minimize the impact of halo losses on 
(no big issue for the LHC)

Beam tail/halo scraping, halo diagnostics
Control and probe the transverse or longitudinal shape of the beam
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Circulating beam
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beam halo
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+ hadronic showers

Shower 
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Cleaning insertion

Tertiary
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Bottle
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Protection 
devices

Including protection devices, a 5-stage cleaning in required!
The system performance relies on achieving the well-defined hierarchy 

between collimator families and machine aperture.
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Two warm cleaning insertions, 
3 collimation planes
! IR3: Momentum cleaning
! ! 1 primary (H)
! ! 4 secondary (H)
! ! 4 shower abs. (H,V)
! IR7: Betatron cleaning
! ! 3 primary (H,V,S)
! ! 11 secondary (H,V,S)
! ! 5 shower abs. (H,V)

Local cleaning at triplets
! ! 8 tertiary (2 per IP)

Passive absorbers for warm 
magnets
Physics debris absorbers
Transfer lines (13 collimators)
Injection and dump protection (10)

Total of 118 
collimators 
(108 movable).
Two jaws (4 motors) 
per collimator!

Momentum
cleaning

Betatron
cleaning
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Transverse cuts from H, V and 
S primary collimators in IR7

3σ beam 
envelope

2012: achieved the our 
design 7 TeV primary 
collimator setting!
Secondary collimator 
retraction still above 
nominal (~2.5σ retraction 
instead than 1σ).
Possible limitations:  
impedance and OP 
efficiency (more 
frequent alignments).

60 cm flat active length, gap = ± 1.05 mmσv = 250 microns!

L. Gentini

Vertical primary collimators: 2012 settings

1 pound
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LHC requires continuous collimation 
from injection to collisions!

Collimators follow the beam evolution during 
energy and optics changes.
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B. Salvachua

Critical locations (both beams): losses in the dispersion suppressors around (Q8) 
from single diffractive interactions with the primary collimators. 
No other major cleaning limitations observed around the ring with present optics.

Beam 1

Peak loss at the 
primary collimators

First cold 
losses
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1/10000

B. Salvachua

Critical locations (both beams): losses in the dispersion suppressors around (Q8) 
from single diffractive interactions with the primary collimators. 
No other major cleaning limitations observed around the ring with present optics.

Beam 1

Peak loss at the 
primary collimators

First cold 
losses

Present estimate of intensity reach at the LHC from 
betatron cleaning: at 6.5TeV can reach 3x-6x the 

nominal LHC intensity. Margins reduced for HL-LHC.
Depending on quench limit, we might have no issue! 
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Betatron cleaning of a few percent: factor ~100 worst than for protons.
Limiting location still the dispersion suppressor, but different loss 

distribution than for protons: ion beams from dissociation and fragmentation at 
the primary collimators are lost at specific locations.



S. Redaelli, Channeling2014, 10/10/2014

Betatron cleaning for Pb ion beams

12

1/100

Betatron cleaning of a few percent: factor ~100 worst than for protons.
Limiting location still the dispersion suppressor, but different loss 

distribution than for protons: ion beams from dissociation and fragmentation at 
the primary collimators are lost at specific locations.
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Amorphous (0.6 m of C)

Crystal
 (Channeling)

(3 mm Si)

<θ> ~ 40-50 μrad (7 TeV)

Bent crystals allow bending 
high-energy particles trapped 

between lattice planes.

Application for hadron beam collimation:

Crystals might be used as primary collimators to exploit large angles 
(~50μrad) and the reduced change of beam rigidity (diffractive 
events and ion dissociation/fragmentation).

Challenges for the LHC:
 - small angular acceptance;
 - localization of large losses (0.5-1.0MJ) in one single collimator. 

Solid experimental validation at the SPS from UA9 experiment (starting in 2009), 
at beam energies up to 270 GeV (proton and ion beams).

(less positive results in other machines like RHIC and Tevatron...)
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Passive machine protection

Collimators are the first line of defense in case of accidental failures.

Concentration of losses/activation in controlled areas
Avoid many hot locations around the 27km-long tunnel

Reduction total doses on accelerator equipment
Provide local protection to equipment exposed to high doses (like the 
warm magnets in cleaning insertions)

Cleaning of physics debris (collision products)
Avoid SC magnet quenches close to the high-luminosity experiments

Optimize background in the experiments
Minimize the impact of halo losses on 
(no big issue for the LHC)
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Control and probe the transverse or longitudinal shape of the beam
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Primary Secondaries Absorbers

Beam

Standard multi-stage collimation

Beam

Absorber

Crystal 

???

Ideal crystal-based collimation

Promises of crystal collimation at 
the LHC:
1. Improve collimation cleaning 
achieved with fewer collimators;
2. Reduce electro-magnetic 
perturbations of collimators to the 
beams (impedance);
3. Improve significantly the 
cleaning for ion beams.

Can this really work 
at the LHC?

Beam tests deemed 
necessary before relying 
on crystal collimation...
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Demonstrate hadron beam channeling at larger energies with the 
required efficiency!
! There are uncertainties in the extrapolation to unknown energy territories.
! Both for protons and for ion beams.
Demonstrate that crystal collimation can improve the cleaning 
performance compared to present system!
! We have seen that the betatron cleaning worked very well so far! 
Demonstrate the feasibility of crystal alignment at the required 
angular tolerances
Demonstrate that crystal collimation can work during all 
operational phases, as required at the LHC. 
! Beam tests so far performed with coasting beams.
! LHC require a performing cleaning during injection, ramp, squeeze, ...

A crystal collimation test with LHC beams if 
foreseen to address these open points!

Scope of first phase: feasibility 
demonstration at low-intensity! 

In parallel: need to 
address high-energy 

challenge (0.5-1.0 MW 
losses in single absorber)
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Recent development, in addition to the years of experience from UA9:

• Improved tools to identify suitable candidate layouts (semi-analytical analysis of 
channeled beam trajectories).

•Setup complete tracking simulations to predict loss maps

• Important to address cleaning performance taking into account layout constraints and 
leakage from collimators used as absorbers. 

•Worked on an improved crystal routine for tracking studies.

•Conceived set of setting for the whole collimation system (~50 collimators) to achieve

PhD thesis work by D. Mirarchi (see his talk later)
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Ideally: install crystal at location 
with zero derivative of beam 
envelope 
→ same angle versus energy!

Optics changes are very costly 
in terms of commissioning time 
at the LHC! 
→ taken the design choice to use 
present optics to avoid 
commissioning overheads.
→ direct comparison of cleaning 
performance against present 
collimation.

Rely on existing collimation 
system to catch the secondary 
beams 
→ only compatible with low-
intensity beams.



S. Redaelli, Channeling2014, 10/10/2014

Key layout features

20



S. Redaelli, Channeling2014, 10/10/2014

Key layout features

20

Initial installation (carried out in April 2014): 
! ! - Two goniometers on beam 1 only (horizontal + vertical)
! ! - Preparation of infrastructure for additional detectors
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Initial installation (carried out in April 2014): 
! ! - Two goniometers on beam 1 only (horizontal + vertical)
! ! - Preparation of infrastructure for additional detectors
! ! - Improved beam instrumentation (fast diamond loss monitors)
Crystal angle in both planes: 50 μrad (see table)
Crystal collimation layout suitable for beam tests from injection 
energy (450 GeV) to top energy (6.5 TeV in 2015) 
! Different collimator configurations required to intercept the channeled beam. 
Possibility to improve cleaning relies on 5 other absorber collimators.
! A Carbon-based collimator is used to intercept the beam: not enough 
! ! absorption for cleaning! 
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Sketch of crystal goniometer in 
the LHC cleaning insertion IR7
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Design derived from some LHC  
beam instrumentation: with high 
intensity beams, a ʻCʼ vacuum 
chamber “hides” the goniometer 
(only moved in beam for 
dedicated beam tests).

Courtesy W. Scandale, A. Masi
Dedicated talk by A Masi in this session!

We designed the hardware with the goal of 
being “transparent” for the standard LHC 
operation. This also simplified the design 
versus impedance and vacuum constraints!
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Standard 
collimation

See talk later by D. Mirarchi 
for complete simulation setup.

Crystal 
collimation
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for complete simulation setup.

Crystal 
collimation
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q The main strategy for 2015 is to concentrate on 6.5 TeV and 25 ns beam to reduce 
complexity: 
− Relaxed β* of 80 cm for the startup
− Plan a change of β* later during the run.

→ Necessary beam time to be allocated to understand the LHC after the 2 year stop!

Commissioning 
strategy recently 
discussed at the 
“Chamonix” LHC 
Performance 
Workshop (Sep. 
22nd-25th).

Start of beam 
commissioning: 
March 2015

Explore in 2015, produce in 2016 !

M. Lamont, J. Wenninger, 
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MD = Machine Development → beam studies for various purposes (immediate 
performance improvement, long-term developments, test new concepts, ...)
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Assuming that the new hardware is thoroughly tested at the SPS 
and in the lab (2 goniometers bought for this purpose)...
Assuming that we get 2-3 shifts in the main MD blocks:

Establish channeling and demonstrate improved cleaning at 
injection energy.
Establish channeling and demonstrate improved cleaning at 
top-energy (6.5 TeV).
! This includes verification of angular stability. 
Check crystal performance with Pb ion beams.
If possible, check crystal collimation in dynamics operational 
phases like ramp and squeeze.

Very ambitious program! 
Cannot effort hardware and software 
debugging during LHC beam time!
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The present LHC collimation system, and highlight of its main 
performance achievements, were presented.
! We are very happy with the performance up to 4 TeV →legacy for upgrades!
$ We need to monitor carefully the behaviour at higher energies (quenches!)

Scope of a possible crystal collimation at the LHC were introduced. 
! Beam tests in the LHC deemed necessary before relying on this promising
$ technique for LHC upgrades and for other machines.

A setup for crystal collimation studies has been installed in the LHC 
collimation insertion region for beam tests starting in 2015!
! We believe that we can learn a lot for a minimum-impact installation setup
$ with goniometers for horizontal and vertical beam tests.
$ Other outstanding open points will follow this “first phase” at low intensities.

Goals for beam tests at the LHC and plans for 2015 were discussed
$ It will be challenging to fit more than a few shifts into the busy LHC schedule
$ → more important the in the past to start with a “debugged” setup.

Looking forward to seeing channeled and collimated beam in 2015!
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Beam cleaning requirements at the LHC exceed 
previous machines by orders of magnitude!

LHC 2010

LHC 2012

J. Wenninger

HL-LHC

State-of-the-art 
before LHC
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(it remains crucial to be efficient!)
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Note 7 orders of 
magnitude on y scale!

Simulations

Measurements

Excellent qualitative agreement:
all critical loss locations identified.

R. Bruce
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Less margin at 7 TeV (different for 2 available quench models).
HL-LHC intensity goal reduce this window by a factor ~2.
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Ions: ALICE luminosity upgrade target is at least a factor 2 above quench limits. 
Same limitations apply for IR1 and IR5 that have less priority for ion runs.
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Considering a minimum lifetime of 0.2 h based on the 2012 experience
$ - Perhaps pessimistic, but ~10% of fills reached τb<0.5-1h!
$ - Reviewers felt that it could get worse (25ns vs 50ns, higher E, larger impedance)

Different models to scale losses to 6.5 TeV: Intensity reach from proton 
cleaning in IR7 is 3 to 6 times the nominal LHC (3.2x1014p). 
Less margin at 7 TeV (different for 2 available quench models).
HL-LHC intensity goal reduce this window by a factor ~2.
For more than a factor 2 above LHC design, we have to worry also about 
collimator robustness!
! We might have to set BLM thresholds to protect the collimators!

Ions: ALICE luminosity upgrade target is at least a factor 2 above quench limits. 
Same limitations apply for IR1 and IR5 that have less priority for ion runs.
No additional limitations in IR1/5 until LS3 from physics debris thanks to the 
use of 3 TCL collimators.
Expect the same result for HiLumi, but need to prove this with final IR layouts.
Backup slide in case more details are needed. See also talk by L.Esposito.
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BPM buttons

Courtesy O. Aberle, A. Bertarelli, F. Carra, A. Dallocchio, 
L. Gentini et al.

16 Tungsten TCTs in all IRs and the 2 Carbon TCSGs in IR6 will be replaced by new collimators 
with integrated BPMs.
! Gain: can align the collimator jaw without “touching” the beam ➙ no dedicated low-intensity fills.
$ ➙ Drastically reduced setup time => more flexibility in IR configurations
$ ➙ Reduced orbit margins in cleaning hierarchy => more room to squeeze β*: ≥ ~30 cm (R. Bruce)
! ➙ Improved monitoring of local orbit and interlocking strategy

Updated TCL layouts in IR1/5 for physics debris absorption
! ➙ Add 1-2 TCL collimator per beam. Expected to be compatible with HL proton luminosity.

Improve protection of warm MQW magnets in IR3 by adding passive absorbers
$ ➙ Improve lifetime by a factor ~5 and allow more flexibility for loss sharing IR3/IR7.

Other smaller improvements/consolidation works
➙ IR8 vacuum layout.
➙ Replace a TCP that
     was heating.
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Closing down the collimators reduces the (normalized) triplet 
aperture that we can protect ➙ can fit a smaller β*:

Setting hierarchy was tightened after gaining operational 
experience and confidence in the machine (optics/orbit 
stability, beam lifetime, cleaning requirements, ....) 
Started with “relaxed” settings (easier commissioning, less 
challenging tolerance set), then achieved at 4 TeV gaps in mm 
equivalent to the design 7TeV goal ➙ β* = 60 cm!
Improve cleaning performance but reduce lifetime!

R. Bruce

β∗ ∝ 1
Nmqxσmqx

Nmqx > Ntct > Ntcdq > Ntcsg > Ntcp



S. Redaelli, Channeling2014, 10/10/2014

Lifetime during OP cycle

37

Couple of 
illustrative 
examples 

taken 
randomly 

from the LHC 
elogbook...

Ramp + Squeeze + Adjust

Physics
25h

Ramp

Physics

Squeeze

Adjust

Injection

10 h

Will this be a serious issue after LS1?
Detailed analysis of quench tests will provide improved estimates.

Needs of possible scraping methods (hollow e-lens or similar) are being studied.
Can always open the collimators, at the cost of larger β*.
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• In 2012, we have started using the TCL collimators in IP1 and IP5 that catch physics debris.
• Set to 10σ since the start of the run.
•We have performed TCLs scans to understand the impact on reducing the losses and the 

load to the magnets.  At 10σ measured losses at Q8 reduced by a factor of 50!
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Significant improvement of SEU's in IR1 and IR5
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3.5 TeV losses with Pb-Pb collisions
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Bound-free pair production secondary beams from IPs 

IBS & Electromagnetic dissociation at IPs, taken up by momentum collimators 

?? 

Losses from collimation inefficiency, nuclear processes in primary collimators 

J. Jowett
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Cannot separate BFPP and main beam in warm area 
(eg by Roman pots a la TOTEM). 
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Losses in ADJUST

Losses in Physics



S. Redaelli, Channeling2014, 10/10/2014

Minimum beam lifetime in 2012

43

Beam intensity versus time Minimum (assumed) 
beam lifetime Quench limit of 

SC magnets

Collimation cleaning at 
limiting cold location

Beam lifetime gives the loss rate 
on collimators. Cleaning η gives 
the peak losses in magnets. 
Collimator design: 500 KW!

I(t) = I0 · e−
t
τb

Ntot =
τRq

η̃c

I(t) = I0 · e−
t
τb
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Beam intensity versus time Minimum (assumed) 
beam lifetime Quench limit of 

SC magnets

Collimation cleaning at 
limiting cold location

Beam lifetime gives the loss rate 
on collimators. Cleaning η gives 
the peak losses in magnets. 
Collimator design: 500 KW!

I(t) = I0 · e−
t
τb

Ntot =
τRq

η̃c

I(t) = I0 · e−
t
τb

SQUEEZE

ADJUST
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2012: Minimum lifetime with gaps equiv. to 7 TeV: 0.2 - 1 hour

Be
am

 li
fe

tim
e 

[ h
 ]

B. Salvachua

See talk by E. Métral: to what extend this depends on collimators?


