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= Control losses 1000 time
better than the state-of-the-art!

= Need collimation at all
machine states: injection,
ramp, squeeze, physics

= |[mportant role of collimation
system for machine protection

S. Redaelli, BEAM'07, 02-10-2007 3



LHC Collimation
o Project

Introduction

1000 E & J & BeRd] + o ] o i R ¢ o ] SRR R0 — - — 14
= LHC En=7TeV -1y =3.4x10

= 100 k£ T - o ]
S =y 20011 (i) m : Quench limit ~10md /cms3
D = —
5 0 ‘ ISR g HERA 3 Damage (metal) ~ 50 kd / mm?
e A R SPS m_m :
& f T TTTTTTTTTTTTTeTR ] _
& TEVATRON Cleaning
g 0.1 :
Q A E =
s B SppS =
? _ m SNS LEP: m : Protection

D.O"l I I | |||||| I | |||||| L L1 |||||| L ||||||:\) A?.Qmam_m_

0.1 1 10 100 1000 10000

Beam momentum [GeV/c]

— Control losses 1000 time

LHC enters in a new territory for handling better than the state-of-the-art!

ultra-intense beams in a super-conducting —~Need collimation at all

environment! machine states: injection,
ramp, squeeze, physics

= |[mportant role of collimation
system for machine protection

Correspondingly, we need appropriate tools
to understand the system performance!
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The Phase | LHC collimation system
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Multi-stage collimation at the LHC

(An illustrative scheme)
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(An illustrative scheme)
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Multi-stage collimation at the LHC

(An illustrative scheme)
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Multi-stage collimation at the LHC

(An illustrative scheme)
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All cleaning + protection devices must be included in simulations!
Collimation needed from injection to collision!
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Simulation tools for loss maps

LHC Collimation
y Proj

Accurate tracking of halo particles
6D dynamics, chromatic effects, dp/p,
high order field errors, ...

SixTrack
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Simulation tools for loss maps

Accurate tracking of halo particles

Track protons inside collimator materials

6D dynamics, chromatic effects, dp/p, SixTrack
high order field errors, ...
Scattering routine K2
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Simulation tools for loss maps

Accurate tracking of halo particles .
6D dynamics, chromatic effects, dp/p, SixTrack
high order field errors, ...

Scattering routine K2
Track protons inside collimator materials

Detailed collimator geometry
Implement all collimators and protection devices,
treat any azimuthal angle, tilt/flatness errors
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Simulation tools for loss maps

Accurate tracking of halo particles

6D dynamics, chromatic effects, dp/p, SixTrack
high order field errors, ...

Scattering routine K2
Track protons inside collimator materials

Detailed collimator geometry

Implement all collimators and protection devices,
treat any azimuthal angle, tilt/flatness errors

Detailed aperture model of full ring

Precisely find the locations of losses BeamlLossPattern
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Simulation tools for loss maps
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- Scattering routine called within tracking at each collimator
- If particle touches jaw, calculate absorption, offsets,
scattering angles and energy error

- Trajectories of halo particles saved for off-line aperture
analysis (As <10 cm)
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Cleaning performance at 7 TeV &

(Nominal intensity, ideal performance, 1,=0.2h)
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(Nominal intensity, ideal performance, 1,=0.2h)
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Details of beam 1 losses, 7 TeV
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By design, losses are
concentrated In the
warm insertion.

However, there Is
some leakage (~104):
losses in the
dispersion suppressor
from single diffractive
Interaction with
primary collimators.

This limits the Phase |
performance.
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Details of beam 1 losses, 7 TeV

(Nominal intensity, ideal performance, 1,=0.2h)
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Details of beam 1 losses, 7 TeV

(Nominal intensity, ideal performance, 1,=0.2h)
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Cleaning performance at 450 GeV

(Nominal intensity, ideal performance, 1,=0.1h)
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Beam cleaning needed throughout the ramp!

)

Collimator settings: irade off between
- Optimum cleaning
Maintain canonical 6/70 settings!
Oinj= 1 mMm — O71ev = 0.25 mm
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- Ease operation in early commissioning |
Keep injection settings until B-squeeze! 1L

Energy [TeV]

S. Redaelli, BEAM'07, 02-10-2007 11



Beam cleaning needed throughout the ramp!

Collimator settings: irade off between
- Optimum cleaning
Maintain canonical 6/70 settings!
Oinj= 1 mMm — O71ev = 0.25 mm

- Ease operation in early commissioning
Keep injection settings until B-squeeze!

half —gap [ mm |

W EEN )
—————

\®)
——

LHC Collimation
» Project

Energy [TeV]

‘_(r_1 10_3 E T J T T I T T T T I T T T T I T T T T I T T T T I T T T T T T T T I T T E
| i ]
£ : >
:U I g ’ |

o 10_4 3 _/—I ;
o ¥ ]
> :
Q
5 . s

S 10 ¢ . £
85 ; ——-450GeV setting
R _ —+—optimized setting
§ 6| —6—quench limit (T =0.1 h) ]
@) 10 r .
A i Y R S TR (N TR TR SN NN N SR TR TR TR NN TR S ST SR (S T T SR TR N S TR T P !

0 1 2 3 4 5 7

Energy [TeV]

S. Redaelli, BEAM'07, 02-10-2007

11




Beam cleaning needed throughout the ramp!

Collimator settings: irade off between
- Optimum cleaning
Maintain canonical 6/70 settings!
Oinj= 1 mMm — O71ev = 0.25 mm

- Ease operation in early commissioning
Keep injection settings until B-squeeze!

half —gap [ mm |

W EEN )
—————

\®)
——

LHC Collimation
» Project

Energy [TeV]

‘_(r_1 10_3 E T J T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T E
| L ]
£ [ v
:U I g ’ |

o 10_4 3 _/—I ;
= + ]
> :
Q
5 . s

S 10 ¢ . £

85 ; ——-450GeV setting

R _ —+—optimized setting

§ 1075 —6—quench limit (T =0.1 h) con ]

A E TR R S T (S TN TR S NN EN S T TR TR N SN S ST SR S TR T SR SR N S SR TR S| .. 1 r.‘a.(:CIO. 1
0 1 2 3 4 5 6 7

Energy [TeV]

S. Redaelli, BEAM'07, 02-10-2007

11




Beam cleaning needed throughout the ramp!

Collimator settings: irade off between
- Optimum cleaning
Maintain canonical 6/70 settings!
Oinj= 1 mMm — O71ev = 0.25 mm

- Ease operation in early commissioning
Keep injection settings until B-squeeze!
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Proposed optimized setting during
energy ramp:

Constant retraction in millimeters:

| easy tolerances + sufficient cleaning
1 at startup with reduced intensities.

Detailed commissioning scenarios
worked out by C. Bracco (PhD work).
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Distribution of inelastic interactions
within collimator jaw material is
used as an input for energy
deposition studies (collaboration
with the CERN FLUKA team).

Overview of energy deposition studies

1200 -

LHC Collimation
» Project
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Energy deposition studies play a major role in the system design!

= Energy in the super-conducting magnets versus quench limit

— Determine the BLM locations for optimum response (Bl team)

— Estimate life time of warm magnets/electronics (passive absorbers)
= Quantify dose to personnel and impact on the environment

— Optimize layout of insertion (shielding design)

— Calculate heating of critical components

— Beam halo loads in specific locations (e.g., LHC beam dump)

— Detector background from tertiary collimators (IHPE + US-LARP)
All these studies for the LHC rely on the results of our simulations!

S. Redaelli, BEAM'07, 02-10-2007

See overview talk by M. Brugger at the recent
Collimator Material workshop at CERN. 12



Radiation doses In IR7

(_L WARM
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Radiation doses In IR7

5 orders
of magnitude!!
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. Optimization of the BLM locations

COMMON /PAWC/ in merory 450 GeV
'. | | ! D 965
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Courtesy of
L. Ponce
Detailed loss maps around the 500 -
. . : S1gnal seen by the other side detectors
ring used to determine the location
of the beam loss monitors (BLM's) N It Tt A T e
S1000 -750  -500  -250 O 250 500 750 1000

Critical elements for active
machine protection: trigger dump

_ Final layout: 6 monitors per quadrupole
In case of abnormal losses

+ dedicated monitor (dispersion
suppressor downstream of IR7)
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Outline of my talk

* |Introduction

e Loss studies for the LHC

Simulation tools
Performance of a perfect system
Energy deposition studies

* Imperfection models

Jaw surface deformations
Aperture alignment errors

* Loss studies at the SPS

Experimental layout
Simulated versus measured losses

 Conclusions
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Imperfection models - what can be wrong? (>
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Imperfection models - what can be wrong?

« Optics errors

Closed orbit distortion, coupling, static and
dynamic beta-beat (on- and off-momentum),
non-linear field errors, feed-down from
alignment errors, ...
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Imperfection models - what can be wrong?

@ Optics errors Full MADX optics
Closed orbit distortion, coupling, static and "‘°dﬁ: is'?xp#;‘:i"ted
dynamic beta-beat (on- and off-momentum),
non-linear field errors, feed-down from
alignment errors, ...

™ Collimator errors Detailed collimator

geometry in our

Alignment (set-up) errors, tilts, surface flatness scattering routine

@ Aperture imperfections

Statistical errors, manufacturing errors,
measured alignment, ...

Dedicated tools in
aperture program

S. Redaelli, BEAM'07, 02-10-2007 16



Jaw flathess errors

Effect of flatness errors:
Halo particles interact with less material:
— Reduced absorption!
More losses close to the downstream edge

1m jaw (TCSG)
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. Collimator jaw
- bulk material

Longitudinal coordinate, Z[ m ]

— More particles/showers escape

Higher deposited energy density

Transverse coordinate, X [ mm ]

4.5

“Banana” shape

LHC c°lllmuhcn
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Collimator jaw
bulk material

H

Longitudinal coordinate, Z[ m ]

Simulations: can slice each collimator and assign any shape (polynomial fit)
Sensitivity studies + measured flatness from production

S. Redaelli, BEAM'07, 02-10-2007

17



_ LHC Collimation
y Project

(&) Sensitivity on flathess errors

(parabolic “banana” deformation of all secondary collimators)
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Random aperture alignment errors

- Alignment errors in the aperture model: izt Veriical dipole
many “machines” for one tracking run! hees v o tmy + oy imy « o error distribution
*MB. * 0.0024 = 0.00156 =* | .. mm '
- Random errors (H+V) applied to relevant . xo 000z w0012 x| MBS0
) ’ y *MQWA * 0.002 =* 0.0012 *
elements per type: MB’s, MQ’s, MQX’s, s 0,002+ 00012
BPM,S *BFM * 0.0005 =* 0.0005 =

EX_: 2250 elements moved; 20 random Seeds ************************************

Offset [ mm ]

S. Redaelli, BEAM'07, 02-10-2007 19
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Random aperture alignment errors

- Alignment errors in the aperture model: e Vertical dipole
many “machines” for one tracking run! < mee s bxim) v oy (m) + __ errordistribution
*MB. *  0.0024 * 0.00156 * WB" 156 mm
- Random errors (H+V) applied to relevant o xo002 xonoomz x| NE,TE0
y y y *MQWA * 0.002 =* 0.0012 =
elements per type: MB’s, MQ’s, MQX’s, QB+ 0002+ 0.0012
) *BPM * 0.0005 = 0.0005 =
BPM S, o :*;;;;;;:;':********ZT;*************:
EX.: 2250 elements moved; 20 random Seeds B T R R T2 T T T PR P s -4 -2 Offseto[ ] 2 4
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& 10°} 1t N
S 107y Quenchimt 1 p_Qenetm i
Beam 1 i
106*\ ! ! ! i I S T RSP SR |
OHHSH"10””15””2_0“‘ 25““300 5 10 15
s[km] s[km]
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Random aperture alignment errors

- Alignment errors in the aperture model: A Vertical dipole
many “machines” for one tracking run! rmme bermy + oyimg +  error distribution
*MB. * 0.0024 * 0.00156 * VB 156 mm !
- Random errors (H+V) applied to relevant RS B M it
y y y *MOWA * 0.002 = 0.0012 =
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Work in progress: apply measured
alignment error along magnet cold bore
(~10 cm level) — “as-built” aperture model

Database of measured alignment errors
being setup/interfaced to code (ABP/LCU
+AT/MCS)

Example: Q9 downstream of betatron
cleaning at injection (data from M. Giovannozzi)

S. Redaelli, BEAM'07, 02-10-2007
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Measured alignment errors
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- Hand V alignment error
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Measured alignment errors

Work in progress: apply measured 2-ﬂ sl
alignment error along magnet cold bore o )
(~10 cm level) — “as-built” aperture model |
Database of measured alignment errors g
being setup/interfaced to code (ABP/LCU = ]
+AT/MCS) o )
Example: Q9 downstream of betatron ol )
cleaning at injection (data from M. Giovannozzi) " Hand V alignment error i
TRa o8, wsd  20sts  20ss
s[km]
1 Il [ Iml  EEl T il [ W[
- Losses for perfect machine | | Losses with measured Q9
£ (no alignment errors) £ alignment
1°6mm | HlN | A L AH? “hm“w | HlN | INNI R ie| Nl AH?

_ 203  20.31 2032 2033 2034 2035 2036 2037 2038 20.39 203 2031 2032 2033 2034 2035 2036 2037 2038 20.39
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Outline of my talk

* |Introduction

e Loss studies for the LHC

Simulation tools
Performance of a perfect system
Energy deposition studies

* Imperfection models

Jaw surface deformations
Aperture alignment errors

 Loss studies at the SPS

Experimental layout
Simulated versus measured losses

e Conclusions
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Layout of collimator tests at the SPS

A horizontal LHC collimator
prototype (full mechanical
functionalities) installed in SS5
for beam tests.

S. Redaelli, BEAM'07, 02-10-2007 22
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SPS optics and aperture

Main beam parameters Prototype LHC collimator
Bx =24.9m
“ oX=0.7mm 120 Aperture model by G. Arduml
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SPS optics and aperture

Main beam parameters Prototype LHC collimator
Bx =24.9m
“ oxXx=0.7mm 120 Aperture model by G. Arduml
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Aperture model by G. Arduml
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Aperture model by G. Arduml
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Aperture model by G. Arduml
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Generation and measurement of losses

Lifetime of SPS coasting beam: > 100h! How do we generate proton losses?
= Full or partial beam scraping with the collimator jaw!

Collimator jaw Simulations were updated to include time-dependent

jaw movements:

> - 1 or 2 jaws can be moved at a speed of 2 mm/s
- 20000 turns for the sweep across the beam

S. Redaelli, BEAM'07, 02-10-2007 24
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Generation and measurement of losses '

Lifetime of SPS coasting beam: > 100h! How do we generate proton losses?
= Full or partial beam scraping with the collimator jaw!

Collimator jaw Simulations were updated to include time-dependent

jaw movements:
i -1 or 2 jaws can be moved at a speed of 2 mm/s

- 20000 turns for the sweep across the beam

- One ionization chamber per quadrupole
— Total of 36x6=216 BLM’s

- QD (smaller ox) have one H monitor and vice-versa
- Losses integrated over 1 super-cycle of ~25 s

S. Redaelli, BEAM'07, 02-10-2007 24
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Comparison of overall loss pattern

lcollimator lcollimator
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Overall loss pattern along the full ring is correctly predicted!

“ Main losses immediately downstream of the collimator
“ Next significant peak at an SPS collimator, >2.5km downstream!
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S. Redaelli, BEAM'07, 02-10-2007 25




———— LHC Collimation
y Project

Comparison of overall loss pattern
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Overall loss pattern along the full ring is correctly predicted!

“ Main losses immediately downstream of the collimator
“ Next significant peak at an SPS collimator, >2.5km downstream!
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We look at small loss peaks Iin regions with no collimators:

I\/Ieasurements e Simulations
---------------- e
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Longitudinal coordinate, s{m | Longitudinal coordinate s [ m |
Simulations agree qualitatively with measurements
also at locations without collimators!
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Simulation further downstream
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Simulation further downstream
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Simulation further downstream
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Conclusions

* The simulation tools for LHC beam loss studies were presented

* Codes evolved during the years to match the increasing complexity
of the LHC collimation system

* Played a major role in the improvement of the final multi-stage
system from the original 2-stage cleaning

* Detailed error models developed to understand the performance of
the realistic and “as-built” machine

 Crucial importance for energy deposition and background studies

* Tools are portable end documented on the web - extension to other
machines is straightforward!

* Application to collimator induced beam loss at the SPS showed a
good agreement between simulations and measurements
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Beam halo Ioads in the dump region
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Closed-orbit distortions
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0.27 + 0.04

LHC Collimation
4 Project

LHC tolerance:

+ 4mm In arcs, +
3mm In insertions.
Scans of
amplitude and
phase of orbit
errors to find
critical spots.
Extensive studies
by G. Robert-
Demolaize (PhD
work).
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LHC Collimation
y Project
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There are still losses above the quench limit!
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LHC Collimation
~\ Proje:

. Random aperture alignment errors
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————— LHC Collimation
4~ Project

Time-dependent jaw movements

Simulations include time-dependent jaw movements (new feature)

“  Single or both jaws can be moved at their real speed
“  Long tracking runs ~ 20000 turns to simulate the full sweep across the beam
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Time-dependent jaw movements (>
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More details of the SPS simulations
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More details of the SPS simulations
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7 LHC Collimation
o Proi

@ The comparison showed that the correct settings of X
septum collimator were missing in first simulation runs!

1 LHC collimator
[ [ [ [ | [ [ [ [ ]

9000

8000f_SlmuIatlons

7000 -
6000 -
5000 — -

- Beam losses at an SPS collimator N
4000—(was OUT during tests!) —

Number of lost particles [ counts ]

30003— _f

20003— _f

1000 “ =
OQ“'
0 1000 2000 3000 4000 5000 6000 7000

Longitudinal coordinate, s [ m ]

Prediction power: We found that the TPSG was OUT and not IN!
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