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Outline

* Introduction to the LHC

— Recap. of basic accelerator physics
— CERN accelerator complex
— LHC parameters and detailed layouts

* Machine protection and collimation
— Machine protection and collimation system
— Design of beam halo collimation
— The LHC beam collimation system

* Advanced beam collimation
— Collimation in practice: LHC operation

— Simulations and measurements
— HL-LHC upgrade
— Advanced concepts: crystals, hollow lenses
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Outline - 31d |ecture

* Main points from 2nd |ecture

* The LHC collimator design

— From conceptual design to hardware
— The LHC collimators

* Operational performance at the LHC
— How do we operate the system
— Cleaning performance

* Simulations of collimation cleaning
— Halo tracking and beam loss prediction

* Advanced collimation concepts

— High Luminosity collimation upgrade
— Crystal collimation
— Hollow electron lenses
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Main points to retain (i) 7_\\

-

« Beam collimation is essential in modern high-power machines to safely

dispose of unavoidable beam losses (beam halo cleaning).
LHC main concerns:
(1) minimize risk of quenches with 360 MJ stored energy,
(2) passive machine protection in case of accidental failures.
Many other important roles (warm vs cold machine, activation, backgrounds, eftc...)!

» Collimation is achieved by constraining the transverse amplitudes of halo
particles: collimator jaws are set close to the beam to shield the aperture.

« Many sources of beam losses (collisions, gas or beam scattering, operational
losses,...) are modelled by looking at the time-dependent beam lifetime.
Required cleaning depends on minimum allowed beam lifetime for given quench limit.

« We have see the key parameters involved in the specification of collimation
systems (beam intensity and energy, assumed lifetime, ...)

» Single-stage collimation: efficiencies up to ~97-99%. This is not enough: the
leakage must be reduced by another factor 100-1000 to avoid quenches.
Many collimators are needed to catch efficiently high-energy halo particles.

S. Redaelli, La Sapienza, 05/07-06-2017 4



LHC Collimation
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Main points to retain (ii)

« A multi-stage collimation can provide the missing factors and fulfil
the cleaning challenge!

Secondary collimators are placed at optimum locations to catch product of halo

interactions with primaries (secondary halo+shower products).
Other collimators are needed to achieve ~1e-5 = complex multi-stage hierarchy.

» Dedicated momentum cleaning might be needed if energy losses
are a concern.

Special optics solutions to protect the off-momentum aperture bottleneck,
otherwise using the same multi-stage approach as for betatron cleaning.

« Back-bone of collimation system: warm insertions; but collimators
also used for local protection and physics debris cleaning.

« LHC collimation: unprecedented complexity in particle accelerators!

A total of ~50 collimators per beam, ordered in a pre-defined collimation hierarchy
as it is needed to shield the (small!) LHC aperture.
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LHC Collimation

. [

®| T = 1.9 K, quench limit
~ 15-50 mJ/cms3

gy Factor up to 9.7 x 10 °
S Aperture: r=17/22 mm

Proton beam: 270 MJ
(design: 362 MJ)

T

LHC upgrade studies aim at increasing
the stored energy by another ~ factor 2!
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Roles of collimation systems ”

-

- Halo cleaning versus guench limits (super-conducting machines)

» Passive machine protection
First line of defence in case of accidental failures.

- Concentration of losses/activation in controlled areas
Ease maintenance by avoiding many distributed high-radiation areas.

» 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 (physics products, in colliders)
Avoid magnet quenches close to the high-luminosity experiments

® Opt|m|ze baCKground |n the eXpel‘ImentS > Main role of collimation
Minimize the impact of halo losses on in previous hadron colliders
quality of experimental data (SppS, Tevatron, ...)

- Beam tail/halo scraping, halo diagnostics
Control and probe the transverse or longitudinal shape of the beam
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e LHC Collimaiion

Roles of collimation systems

-

- Halo cleaning versus guench limits (super-conducting machines)

» Passive machine protection
First line of defence in case of accidental failures.

- Concentration of losses/activation in controlled areas
Ease maintenance by avoiding many distributed high-radiation areas.

» 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 (physics products, in colliders)
Avoid magnet quenches close to the high-luminosity experiments

® Opt|m|ze baCKground |n the eXpel‘ImentS > Main role of collimation
Minimize the impact of halo losses on in previous hadron colliders
quality of experimental data (SppS, Tevatron, ...)

» Beam tail/halo scraping, halg This lecture: focus collimation cleaning

Control and probe the transversq functionality. LHC examples as a case study
because all these roles are addressed !
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-

Multi-stage collimation at the LHC

Primary Secondary Shower Tertiary Bottle

Cold aperture i collimator collimators absorbers . collimators ~ neck
Protection »
devices / é . o
Primary | - - _TeTtiarqu_ beam halo :

Secondary beam halo + hadrcion/c showers

+ hadronic showers

< Cleaning insertion — E«—Aro(s)—> — P —

Including protection devices, a 5-stage cleaning in required!

The system performance relies on achieving the well-defined hierarchy
between different collimator families and machine aperture.
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LHC Loss Map
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Achieve a few 10°in IR7.
Cold losses in experiments removed by local protection.
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Outline

* Main points from 2nd |lecture

 The LHC collimator design

— From conceptual design to hardware
— The LHC collimators

* Operational performance at the LHC
— How do we operate the system
— Cleaning performance

* Simulations of collimation cleaning
— Halo tracking and beam loss prediction

* Advanced collimation concepts

— High Luminosity collimation upgrade
— Crystal collimation
— Hollow electron lenses

S. Redaelli, La Sapienza, 05/07-06-2017

10



Workflow for collimation design

( Beam parameters J

—

( Quench limits

Loss assumptions]

[ Machine aperture ] [Iterate]

l / eanin
[ Collimator settings ]/[ - l & ]

l ,Ote"aty[ Losses on coIIimat.]

[ Collimator design ]‘(/v — ]




@ A multi-disciplinary topic... 7_\\

-

The complete design chain rely on different key ingredients:

4 )
. Operational
[ Tracking models J P .
assumptlons
\_ /
4 . ) )
Collimation _
. Standard chain of tools
9 scatterlng models y developed and used at CERN:
(1) SixTrack with collimation
[ Ce ) (2) FLUKA
Energy deposition (3) ANSIS / AutoDyn
simulations
\_ /
- N Important effort worldwide to extend tools:
Thermo- MARS, Geant4, Merlin, BDSIM, ...
hanical hosi Recent workshop within HiLumi-WP5:
\mec anical ana )’SIS ) https://indico.cern.ch/event/275446
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’Y Aperture design and collimator settings
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Primary Secondary  Absorber Tertiary Physics absorbers
(robust) (robust) (W metal) (W metal) (Cu metal)

Ramp: beam sizes shrinks like sqrt(E).
Squeeze optics changes introduce bottlenecks triplet.
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e LHC Collimaiion

IR7 collimator settings at 7 TeV D

'''''
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PV N EEO I O I _ _
° | | 10% of sigma = ~ 20 micrometers!

_20 I I | I I | I I | I l | I | III l
19.8 19.9 20 20.1 20.2 20.3
Longitudinal coordinate, [ km |

S. Redaelli, La Sapienza, 05/07-06-2017 15




Two jaws for redundancy + precise alignment

ﬁ
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Pipe aperture / beam size [ mm ]
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z = (x,y) :Hor. and Ver. planes
B, :beta functions

€:/7 : normalized emittance
D, :dispersion function

op/p : RMS energy spread

g : collimator gap in millimeters

2
D, <@) : RMS beam size

20
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: RMS betatron

beam size

: Normalized gap
(beam size units)

: Collimator jaw
positions

Right
jaw

Close orbit

J

Collimator settings and aperture are expressed in normalized units, using the
of local betatron beam size — enable to define the setting “hierarchy”’!
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Front view (x,y)
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LHC Collimuﬁon
g Proiect
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Top view
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“Skew” collimators

LHC Collimation
Project

In the LHC, we also have “rotated” collimators that
provide collimation in the skew plane.

The collimator jaw movement occurs along the
Skew axis (still 1D movement). Normalized settings
are defined for an appropriate effective beam size.
Same collimator design for all cases: rotate vacuum tank.

RMS betatron beam size in the collimator plane

Ocoll = \/ cos?(Ocon)o? + sin’? (Ocon)o2

Front views
g
0=0
Yb
— —V—
Xb Xett Xright
.
( 0>0
XpR
8N
\
Vertical

17,

Skew

3 primary collimators are
needed to protect the machine
against transverse betatron
losses. Only one horizontal
primary collimator for
momentum losses.
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——— LHC Collﬁmcﬂon

Reference design goals >

High stored beam energy ~ 360 MJ/beam e(\o‘(\

(melt 500 kg Cu, required for 1034 cm-2 s-1 luminosity) O-\)

High required cleaning efficiency 99.998 % (~105) a,{\(\g

(clean lost protons to avoid SC magnet quenches) \)\6

Small spot sizes at high energy :
(small 7 TeV emittance, no large beta in restricted space) =~ 200 ”m ‘Q\\\\‘\!
S
. W\
Small collimator gaps A
. . | ~2.1 mm O
(impedance problem, tight tolerances: ~ 10 um) 6\6\0

All parameters derived meticulously following the

“collimation design flow chart” introduced above...
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— LHC Collﬁmction

LHC collimator design 3

=7 A8
g
/'/
L
AN <
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Main design GlidCop®
features: support bar
- Two jaws (position Collimator

and angle) bloc

- Concept of spare
surface

- Different angles
(H,V,S)

- External reference
of jaw position |

-Auto-retraction S S S 0 RN f

-RF fingers L oreaaieff

-Jaw cooling

pinion
system

( £ Linear
’ A uideways
Stepper J !
motor Return

spring

A. Bertarelli et al.
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LHC Collimation
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Collimating Jaw (C/C composite)
Main support beam (Glidcop)
Cooling-circuit (Cu-Ni pipes)
Counter-plates (Stainless steel)
Preloaded springs (Stainless steel)

Clamping plates (Glidcop)

Carbon jaw
(10cm tapering for RF contact)

Special “sandwich” design to
minimize the thermal deformations:
Steady (~5 kW) —> < 30 um
Transient (~30 kW) = ~ 110 um

Materials: Graphite, Carbon fibre A
composites, Copper, Tungsten. V
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A look inside the vacuum tank

RF contact
Longitudinal strip (Cu-Be)

A. Bertarelli, A. Dallocchio
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Motors
position survey.system
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Motors
rvey system
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Outline

* Main points from 2nd |lecture

* The LHC collimator design

— From conceptual design to hardware
— The LHC collimators

* Operational performance at the LHC
— How do we operate the system
— Cleaning performance

* Simulations of collimation cleaning
— Halo tracking and beam loss prediction

* Advanced collimation concepts

— High Luminosity collimation upgrade
— Crystal collimation
— Hollow electron lenses
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LHC Collimalion
@, Project

Parameter Unit | Plane | Type Set 1 Set 2 Set 3 Set 4
Injection | Top energy | Squeezed | Collision

Energy [GeV] n.a. n.a. 450 4000 4000 4000
B* in IR1/5 'm} n.a. n.a. 11.0 11.0 0.6 0.6
B* in IR2 'm n.a. n.a. 100 10.0 30 30
3* in IR8 'm ]| n.a. n.a. 100 10.0 30 30
Crossing angle IR1/5 prad n.a. n.a. 170 145 145 145
Crossing angle IR2 prad’ n.a. n.a. 170 220 (H) 220 (H) 100 (V)
Crossing angle IR8 prad n.a. n.a. 170 90 90 90
Beam separation [mm] n.a. 0.65 00
Primary cut IR7 O] H,V.,S 4.3 4.3
Secondary cut IR7 0] H,V.,S 6.3 6.3
Quartiary cut IR7 0] H,V 8.3 8.3
Primary cut IR3 O] H 12.0 12.0
Secondary cut IR3 (o] H 15.6 15.6
Quartiary cut IR3 (0] H,V 17.6 17.6
Tertiary cut IR1/5 O] H,V . ] 9.0 90
Tertiary cut IR2/8 o] H,V TCT 13.0 26.0 12.0 12.0
Physics debris collimators o] H TCL out out out 10.0
Primary protection IR6 [o] H TCSG 7.0 7.1 7.1 7.1
Secondary protection IR6 [o] H TCDQ 8.0 7.6 7.6 7.6

S. Redaelli, La Sapienza, 05/07-06-2017
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Smallest collimator gaps in 2012

Transverse cuts from H, V and S

primary collimators in IR7 2€ coin
10
£ s
-
()}
@ 0 -
c_:_ L)
[
O
o -5
>
30 beam
101 envelope
-10 -0 0 5 10

Horizontal plane [ mm |
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LHC Collimaﬁon
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-

Side view of the vertical TCP

Beam: RMS beam size
ov = 250 microns!

60 cm flat active length, gap = + 1.05 mm 2 2€ coin )

: < >:
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L. Gentini
Distribution of collimator gaps in 2012 Beam
25
20 Demonstration of the
feasibility of collimation with
15] 40 micron flatness jaws!
Z L
10}

Fixed display in the LHC
control room showing
the IR7 collimator gaps.

0 2 4 6 8 10 12 14 16
Collimator full gap [ mm ]
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Collimator beam-based alignment

"""
CERN

Normalized collimator settings must be converted to positions in [mm]:

- Center the two collimator jaws —> Need the orbit!
- Adjust the gap to the correct setting —> Need the beam size!
B-beat! \— xjaw = xbeam(s) T Peou \/ﬂr (S) €y

0; (S)
I
- \‘/
I I
Due to the very small gaps involved, collimators cannot be set

deterministically using nominal orbit and beam sizes: alignment errors, orbit
iImperfections and optics errors entail uncertainties larger than the gaps.

Closed orbit

nVv

Beam orbit and beam size at each collimator is measured
with beam-based alignment techniques in every phase of the
operational cycle (injection, ramp, squeeze, collisions).
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LHC Collimation
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LHC alignment technique

@Reference Collimator i @Reference

collimator collimator

Collimator i

@Reference @ Collimatorii

collimator Reference

8= gl

1) Reference halo generated with primary collimators (TCPs) close to 3-5 sigmas.

)
2) “Touch” the halo with the other collimators around the ring (both sides) — local beam position.
3) Re-iterate on the reference collimator to determine the relative aperture — local beam size.

(
(
(
(

4) Retract the collimator to the correct settings.
Tedious procedure that is repeated for each machine configuration.
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LHC Collimation
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Can we make it faster?

Beam loss data [28/03/12 13:51:27] 1~ 1) 2010: fU”y manual procedure > 15 min/device

Limitation of operational efficiency

1.0E-5 | 2) 2011: automated procedure based on feedback
o loop between BLM and motors

A 3) 2012: further improved algorithms, faster rates
= fg -f'%":, of BLM acquisition and settings trims

iy A 4) 2015-17: Faster BLM data (100Hz vs 12.5Hz)
jricessemmptnsaniy | | Note: only done in low-intensity fills, then rely on
0.0E0

Beam loss signal | au. ]

13:50:50 13:51:00 13:51:10 13:51:20 the machine and setting reproducibility.
Jaw positions [28/03/12 13:51:26] Al
4.00 20%
3.00+
Movements 8.0 Hz 3 Setup time per collimator
2.00+ = L _
_ S SO S S SO 515 (2010-2012)
£ 1 = "«,x
% 1.00 £
= —
S (.00 3
z 2 1of -
3 -1.004 8‘
] g
-2.00- =
% 5+ X —
-3.00- S0 X
q00d X
. L | ) . T . i 1 . g L] . O | | |
13:50:50 s 13:51:10 13:51:20 MAY 2010 MAR 2011 MAR 2012 MAY 2012 MD OCT 2012 MD
time [hi:mm:ss)| Collimator Alignments

PhD thesis work G. Valentino
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Can we make it even faster?

® 16 tungsten TCTs in all IRs and the 2 Carbon TCSGs in IR6 have been replaced in 2014
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
= Improved monitoring of local orbit and interlocking strategy

® Production completed in 2014: we installed
all the required units during the long e
shutdown 1 (LS1) and used = _‘_
them in Run II. . =

.

- g
e
i

e

BPM buttons

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

S. Redaelli, La Sapienza, 05/07-06-2017 32



LHC Collimuﬁon
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Setting generation

What do we do when we have orbit and beam size at every collimator during the cycle?

Collimator settings: Momentum :
parameters space JAW = Lheam L g X Oy
Hcol Lcoll €n . .
| | | | or = | — Bz :Beam size in coll. plane
Settings 8
N t
ny . =6 _ . .
tesg _ - : Normalized settings
Ng = =

Apert Angle
| PeM[mm] \ g [’“'a"ll - Energy ramp: all parameters change as a
eam-

function of gamma (BB sigma at 450GeV,
based ) :
J2Pos | |[J2Angle nominal optics at flat-top)
Betatron squeeze: additional change of beam
size for different optics

J1Pos J1Angle

T\/ﬁ[mm]l M2[mm]| |M3[mm] l\/]-/!:mr“ﬂ|

Scaling forramp 1o =n0(7)  0a=02(7)  h(y) = no() X 72(7)

settings:
B ni — ng L [Verb1 — veoPo
h(v) = |no+ (v —0)| X
Y1 — Y0 Nal Y1 — Y0

(v — %)] + h(7)

(v —0)

1 — T
71— 70

jaw(7y) = [3?0 +

S. Redaelli, La Sapienza, 05/07-06-2017 33



Collimation during cycle ey

Example
from 2012
Injection Squeeze Collision

~—
S
S
—
Q
©
(@)}
P
2
©
£
S
O

At the LHC, collimator are moved through setting functions versus time.
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Gap and position interlocks
Dump threshold

CERN

Settings

Collimator gap

>

& Inner and outer thresholds as a function of time for each motor axis and gap
(24 functions per collimator). Triggered by timing event (e.g. start of ramp).
“Double protection” = beam interlock AND jaws stopped
@ Redundancy: maximum allowed gap versus energy (2 per collimator: OUT)
Beams dumped if a collimator does not start its ramp function.
@ Redundancy: max. and min. allowed gap versus beta* (4 per collimator: IN/OUT)
Beams dumped if a collimator does not start its squeeze function.
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Gap and position interlocks
Dump threshold

CERN

o) 5

(S :

) i :

S 5 Settings i

© : nergy
& ; " functions
G 5 - E (gaps only)
- E — Z

& Inner and outer thresholds as a function of time for each motor axis and gap
(24 functions per collimator). Triggered by timing event (e.g. start of ramp).
“Double protection” = beam interlock AND jaws stopped
@ Redundancy: maximum allowed gap versus energy (2 per collimator: OUT)
Beams dumped if a collimator does not start its ramp function.
@ Redundancy: max. and min. allowed gap versus beta* (4 per collimator: IN/OUT)
Beams dumped if a collimator does not start its squeeze function.
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LHC Collimation
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TCTHAR1B2ZMEAS LIMIT _BETA _INNER _OD = TCTHSAR1 B2MEAS LMIT BETA OQUTER_OD TCTHSR1.B2.MEAS LMIT_DUMP_INNER_OD o TCTHAR1. B2ZMEAS LIMIT DUMP OUTER_OD TCTHAR1.B2.MEAS_LIMIT_ENEROY_OD
TCTHARY1 B2 MEAS_LIMIT _WARN_INNER_GD = TCTHAR1.B2MEAS_LIMIT WARN QUTER_GD =~ TCTHAR1.BZMEAS_LVDT_GD

Physics

Flat top

Measured gap

~
=
=
—
Q
©
@)}
P
S
©
£
S
O

10:40
LOCAL_TIME

Energy limits active already at injection:
- Prevent injection of unsafe beams if collimators are open!
- Test at every fill the interlock chain, when collimators go to parking.
- They dump the beams if a collimator does not start ramp functions.

Beta™ limits became active for the TCTs at the first squeeze step to 9m.

Physics: 3 redundant limits (vs time, energy and beta*active at the same time!!
S. Redaelli, La Sapienza, 05/07-06-2017




Table 1: LHC collimators for the 2010-2013 run.

Collimator control challenge

Table 2: 2012 collimation parameters table.

LHC Collim

o Project
I

Functional type Name Plane Num. Material Parameters Number
Primary IR3 TCP H 2 CFC ) . )
Secondary IR3 TCSG  H g CFC Movable c.:olhmat.ors in the ring 85
Absorbers IR3 TCLA HV 8 W Transfer line collimators 13
Primary IR7 TCP  HVS 6 CFC Stepping motors 392
Secondary IR7 TCSG H,\VS 22 CFC Resolvers 302
Absorbers IR7 cLa - BV 10 W Position/gap measurements 584
Tertiary IR1/2/5/8 TCT HV 16 W/Cu 2 =
Physics absor. IR1/S ~ TCL H 4 Cu Interlocked position sensors 584
Dump protection IR6  TCSG H 2 CFC Interlocked temperature sensors 584

TCDQ H 2 C e
Inj. prot. (lines) TCDI HV 13 CEC Motor settings: functions / discrete  448/1180
Inj. prot. IR2/8 TDI \Y 2 C Threshold settings versus time

TCLI V 4 CFC Threshold settings versus energy

TCDD \Y 1 .

CFC - . - ‘

Temperature thresholds

The controls system of the LHC collimation reached an unprecedented
complexity. This is necessary to redundantly ensure that collimators

are at the good positions: a beam dump is requested if any abnormal
behaviour is detected within the system.

Are internal system checks enough to ensure
that the performance is adequate?
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Beam validation through “loss maps”

Internal system checks are crucial but not sufficient to validate
the collimation cleaning performance. Only beams tell the true!

We also need a direct measurement of what the beams “will
see” and of how the collimation system will behave in presence of
high beam losses!

Can we exclude setting errors? Is the setting hierarchy respected?
Is the local cleaning in cold magnets as expected for a given hierarchy?
Does the system - and the machine - provide stable performance in time?

—

Each set of settings of the collimation system is validated
through loss maps with low-intensity beams (few bunches)

Beam loss rates are abnormally increased in a

controlled way to simulated large beam losses that might

occur during nominal high-intensity operation.
Excite beam resonances by changing the tunes;
controlled blow-up with transverse damper.

S. Redaelli, La Sapienza, 05/07-06-2017
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The LHC transverse damper (“ADT”) uses

fast kicker magnets to stabilize the beams.

We also use it to “inject” noise into the
beam, causing an emittance blow-up that
leads to fast losses!

[ Profile Datafor LHCBWSSLABIN | 8600 -
—— LHCBWS.SL4.B2V2 #£1/0 at Fri 03:05:47
—— Fit of profile F Before
Center=-1.58 \l
Sigma=1.249 2" 8500 -
9500 Emit{phys, 10)=0.004 './ \

Emit{norm, 10)=1.85

[ Profile Datafor LHCBWSSLABIV
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mm

Emittance measurement through wire scanners of an individual bunch within a train.
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Collimation cleaning
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Project

Collimation cleaning: 4.0 TeV, f'=0.6 m

MEASUREMENTS
1 - - - - T v v o  § b o - b | d - - 1 d
: Betatron Id —
- Beam 1 __cold
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0.1 } ’ warm ———
. :
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C )
g TCTs.
E TCTs
S
o 1e-05
-

I

|

| |
0 5000 10000 15000 20000 25000

B. Salvachua S [m]
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LHC Collimation
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Collimation cleaning: 4.0 TeV, f'=0.6 m

MEASUREMENTS

I " Betatron| = cold ——
- Beam 1 :

. a collimator

0.1 ¢ warm ———

Dump
Off-momentum

Local cleaning inefficiency

I

|

| ,\
0 5000 10000 15000 20000 25000

B. Salvachua S [m]

Highest COLD loss location: efficiency of > 99.99% !
Most of the ring actually > 99.999%
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Zoom In IR7

. MEASUREMENTS S oIIimg(t)g:
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B. Salvachua
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Critical location (both beams): losses in the “dispersion suppressor”.
With “squeezed” beams: tertiary collimators (TCTs) protect locally the triplets.
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One extreme example: quench test

Preliminary analysis of beam tests done on 14/02/2013

10° 5{]:06‘{“"\,\;" R (LA A et N MM AL M RN M S0 M
lO g.._.onTCP,-S-------------------- s 8 -—conir“afor .........
@ 1 o s WA
(;5‘ 10!
e LA A R Y RN B ||| . Achieved at the
& _ third attempt =
.g.o 10‘ ——ouniREEEEEEE STaaa * | ol | (] ] B | | ] after ADT
S 0t B B Bl B AR excitation setting
5 0 e up (14/02/2013) =
m 10'5 g__. ........... . B PR IR 11 0 1 1 EEEE BEEEE DD L e
10” B. Salvachua
10" 15400 19600 19800 20000 20200 20400 2060

s [m]

Controlled beam excitation over several seconds: Peak > 1MW on TCP!
Worsened cleaning by relaxing collimator settings.
Achieved 3.4 times the assumed quench limit at 4.0 TeV without quenching!
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One extreme example: quench test

LHC Collimation
g Proiect

Preliminary analysis of beam tests done on 14/02/2013
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20400
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2060

several seconds: Peak > 1MW on TCP!
' relaxing collimator settings.
ench limit at 4.0 TeV without quenching!
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Handling 1 MW losses
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Primary beam losses equivalent to the stored energy of > 3 Tevatron beams
(but energy 4 times larger!) lost without quenching!
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Catching setting errors
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® The loss maps are regularly performed to validate the system functionality.
Shown here: cleaning at the highest COLD loss location of the ring (DS in IR7)

® We can monitor the performance stability within a few 1e-4.

® Excellent stability of cleaning performance observed!
Steps in the graph determined by changes of collimator settings.

® Collimators (and protection devices) must be re-aligned in case of abnormal
Issues with the cleaning performance.
So far, 1 alignment per year proved to be sufficient thanks to the excellent
stability of the machine and of the collimator settings.
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Outline

* Main points from 2nd |lecture

* The LHC collimator design

— From conceptual design to hardware
— The LHC collimators

* Operational performance at the LHC
— How do we operate the system
— Cleaning performance

* Simulations of collimation cleaning
— Halo tracking and beam loss prediction

* Advanced collimation concepts

— High Luminosity collimation upgrade
— Crystal collimation
— Hollow electron lenses

S. Redaelli, La Sapienza, 05/07-06-2017
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LHC Collimation
Project

LHC collimation: simulation challenges

® Model precisely the complex and distributed collimation system
— 44 collimator per beam along 27 km; multi-stage cleaning;
— 2 jaw design for 3 collimation planes: horizontal, vertical and skew;
— impact parameters in the sub-micron range,
— beam proton scattering with different collimator materials.
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e LHC Collimaiion

-

® Collimation is designed to provide cleaning efficiencies > 99.99%
— need good statistical accuracy at limiting loss locations;
— simulate only halo particles that interact with collimators, not the core.

S. Redaelli, La Sapienza, 05/07-06-2017
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LHC collimation: simulation challenges

~ CERN
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e LHC Collimation
‘ Proj

-

® Detailed description of the LHC aperture all along the 27 km
— 10 cm binning, i.e. 270000 check points.

S. Redaelli, La Sapienza, 05/07-06-2017

LHC collimation: simulation challenges
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e LHC Collimation
_‘ Project

LHC collimation: simulation challenges

-

® Accurate tracking of particles with large orbit and energy deviations
— need state-of-the-art tools for multi-turn tracking.

S. Redaelli, La Sapienza, 05/07-06-2017 50



e LHC Collimation
‘ Project

LHC collimation: simulation challenges

-

® At the scale of 7 TeV beam sizes (~200 microns), small errors matter!

Need to model the relevant imperfections
— Jaw flatness of the order of 40 microns;
— Jaw positioning (gap/angles);
— Machine optics and orbit errors.

S. Redaelli, La Sapienza, 05/07-06-2017 50



e LHC Collimation
‘ Project

LHC collimation: simulation challenges

-

" CERN

® At the scale of 7 TeV beam sizes (~200 microns), small errors matter!
Need to model the relevant imperfections
— Jaw flatness of the order of 40 microns;

— Jaw positioning (gap/angles); Simulation goal: determine energy
— Machine optics and orbit errors. lost in (cold) magnets for given beam
Intensity impinging on collimators.

S. Redaelli, La Sapienza, 05/07-06-2017 50



Simulation tools

LHC Collimation
“"

CERN

. . All combined in a simulation
Accurate tracking of halo particles cilese tar eollliT it
6D dynamics, chromatic effects, dp/p, SixTrack cleaning studies:
high order field errors, ... G. Robert-Demolaize,
. . R. Assmann, S. Redaelli,
Detailed colllmator_geometry _ _ F. Schmidt, A new version of
Implement all collimators and protection devices, SixTrack with collimation
treat any azimuthal angle, tilt/flatness errors and aperture interface,
- - PAC2005
Scattering routine K2
Track protons inside collimator materials
Detailed aperture model . |
See also talk by F. Schmidt .
Precisely find the locations of losses BeamlLossPattern oo R S
D3 TCP D4 TCS Q5.L7
60
Collimator jaw | I | ‘ | | II "
. 40} ' |
Incoming | H
halo 20} |
particle = o & e ox IR7— |
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07 198 1982 19.84 1986 19.88
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A dedicated aperture program
checks each halo particle’s
trajectory to find the loss locations.
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Example of simulated “loss map”

LHC Collimation
Project
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e LHC Collimaﬁon

Example of simulated “loss map” %

-
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e LHC Collimuﬁon

Example of simulated “loss map” %

-

) ¢—— Warm insertion  Cold machine —
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Example of simulated “loss map”

LHC Co llimaii
N

¢—— Warm insertion . Cold machine N

11

10 =l I 1 1 1 1 | I [ 1 1 =I 1 I I [ [ -
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- N N : machine
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o
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Beam 1 >

Ioe!

This simulation results are used for
detailed energy deposition studies!
At CERN, this is done with program
FLUKA. Output provided to magnets
and collimator design teams.

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

). =TT =

19.8 19.9 20 20.1 20.2
Longitudinal coordinate, s

Statistics for a typical case:
20-60 million protons, 200 turns.
Up to [5.4x108m] x [60x106p] =
3.24 x107*m = 0.034 lightyears for
one high-statistics simulation case!
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Importance of error models

( ) ( )
Collimator positioning with respect to the beam Closed-orbit errors around the ring
IP2 IP3 IP4 IP5 IP6 IP7 IP8 IP1
150 [ L L I B
Can apply random errors to = 12:
collimator geometry. £ i
Typical RMS values: g
Collimator centre = 50pm " ok
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Comparison with measurements

LHC Collimaﬁon

i Project
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S. Reaqaelli, La Sapienza, 05/07-06-2017

Measurements -l
EE— Collim ator
e o IR3 Beam
IR5

10

Excellent qualitative agreement:
all critical loss locations identified.
We are confident in our predictions for 7 TeV!

s(m )
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CERN
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~ CERN
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We are comparing measured BLM signals against
10" °F losses in the collimators or protons touching the ﬂ
A7 | aperture! Proton tracking alone is not sufficient to F

Note the y scale! o reproduce the deposited energy profile!
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—_—— LHC Collimcﬂon
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Integrated simulations

E. Skordis for
the FLUKA team

Warm magnets

The primary bem
halo is lost here! |
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“Beam loss
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RN s eanmalas W
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R e [ R
i | =
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We measure beam o S |
losses here!

® Impressive machine model for energy deposition studies for collimation! This is
required to reproduce the details observed in the measurements...
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Comparison against measurements

Transport of shower products over more than 700 metres!

<€
101 I I I I T T T T
Measurement (Quench test 2013, 4 TeV) =
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E. Skordis et al.

® Compared measured data from BLM’s in IR7 against doses from shower cascades.

® Impressive agreement considering the complexity of the simulation behind!

® Working on improving further the agreement - some “factors” missing at specific
locations (like TCLA collimators).

® Important immediate outcome: cross-calibration of loss measurements and peak
deposited energy in the magnet coils for updated quench limit estimates.
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Outline

* Main points from 2nd |lecture

* The LHC collimator design

— From conceptual design to hardware
— The LHC collimators

* Operational performance at the LHC
— How do we operate the system
— Cleaning performance

* Simulations of collimation cleaning
— Halo tracking and beam loss prediction

 Advanced collimation concepts

— High Luminosity collimation upgrade
— Crystal collimation
— Hollow electron lenses
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Possible limitations the present system

& We are happy with the present system performance but are
actively working on advanced collimation concepts and
designs for the challenges of future upgrades.

& Novel collimator materials: more robust and low impedance.
& Crystal collimation as a way to improve cleaning.
@ Hollow electron lenses for active control of primary halo.

& New collimators in the cold regions will be used to overcome
the cleaning limitations in the dispersion suppressors.

& Continue improving the system performance and alignment
techniques for efficient operation (BPM collimators).

& Rotatable collimator concept in case of frequent damage.
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CIVIL ENGINEERING

2 new caverns and two new 300-metre
service gallenes, two new large shafts;

10 new technical buldings on surface in P1 and PS 7

(ATLAS and CMS)

CRYOGENICS

2 new large 1.9 K helium refrigerators
for HL-LHC near ATLAS and CMS

S. Redaelli, La Sapienza, 05/07-06-2017

“CRAB" CAVITIES
8 superconducting “crab”®
cavibes for each of the ATLAS
and CMS expenments to tit the

beams before colisions

LHC TUNNEL

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS ang CMS

experments, designed 10 ncrease the
concentration of the beams before

SUPERCONDUCTING LINKS

Electrical transmisson lines based on a
high-temperature SUPErcoNTUCIOr 10 Cary
current 10 the magnets from the new senice
galeries to the LHC tunnel

LHC Collimation
~  Project

BENDING MAGNETS
2 pairs of shorter and more

powerful dipole bending magnets
10 00 Up SpPace for the new

colimators.

COLLIMATORS

15 to 20 new colimators and 60 replacement
collimators to renforce machine protection

Courtesy of L. Rossi
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LHC Collﬁmcﬂon

Project

The HL-LHC timeline &

-

LHC

|
!

LS3 14 TeV

LS1 13 TV 3L 13.5-14 TeV LS2 14 TeV ;
l —_— ink(::ctor ;ggpr:dc 5to 7 XI
i olidati ryo d nomina
e DS collimation P2 oraction TG luminosity

8 TeV button collimators
P7 11 T dip. coll.

7 Tev P
R2E project
Civil Eng. P1-P5
ATLAS - CMS upgrade radiation
experiment phase 1 damage
beam pipes 2 x nominal luees J
L nominal hamnosiy —4 ALICE - LHCb upgrade  |— i
|U}“If\(;$l'.y
.1 .1 M | integrated
30 fb 150 fb! aminoeny

Goal: increase the integrated luminosity
by a factor 10 by ~2035.
Challenging: required ~doubling the stored beam energy!

S. Redaelli, La Sapienza, 05/07-06-2017
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— LHC Collimation
Project

Parameters and collimation challenges

-

™ Increased beam stored energy: 362MJ — 700MJ at 7 TeV

Collimation cleaning versus quench limits of superconducting magnets.
Machine protection constraints from beam tail population
(7 MJ above 3 sigmas even for perfect Gaussian tails!).

™ Larger bunch intensity (/b=2.3x1011p) in smaller emittance (2.0 um)

Collimation impedance versus beam stability.
Collimator robustness against reqular and abnormal beam losses
at injection as well as top energy.

™ Larger p-p luminosity (1.0 x 1034cm-—=s-1 = 5.0-7.5 x 1034cm-2s-1)
Need to improve the collimation of physics debris.
Overall upgrade of the collimation layouts in the insertion regions.

™ Much smaller B in the collision points (55 cm — 15 cm)
Cleaning and protection of high-luminosity insertions and physics background.

& Operational efficiency is a must for HL-LHC!
Reliability of high precision devices in high radiation environment; alignment.

™ Upgraded ion performance (6 x 102/cm-=s-1, i.e. 6 X nhominal)
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Completely new layouts \

\ Novel materials: TCTs in CuCD
, IR1+IRS, per beam:

4 tertiary collimators

3 physics debris collimators
fixed masks

B1

TCLA.7R3
TCLA.6R3
TCLA.B5R3
TCLA.A5R3
TCSG.B5R3

~

/Ion physics debris:

DS collimation R | [ roseasea
Y Tlg%‘m Momentum
TCSG.4L3 rcsoss  Cleaning
TCSG.A5L3 TCP.6L3

TCSG.B5L3

TCLA.A5L3
TCLA.B5L3
TCLA.6L3
TCLA.7L3

S. Redaelli, La Sapienza, 05/07-06-2017

Betatron
cleaning

TCLAA7L7
TCLA.D6L7
TCLA.C6L7
TCLA.B6L
TCLA.AGL7

TCSG.6L7 TCSG.B5L7
TCSG.D5L7 .
TCSG.B5L7 TCSG.B4AL7
TCSG.A4LT TCSG.A4L7
TCSG.A4R7 TCSGALR]
TCSG.B4R7 108G BERT
TCSG.Dar7 TCSG.D5R7
TCSGASRT TCSG.E5R7
TI;‘;,%G@;? TCSG.6R7
TCPB TCLA.ABR7
. TCLA.B6R7
TCP.C6R7 e
TCP.D6R7 .

The collimation upgrade baseline

P.C6L7
TCP.B6L7
TCSG.A6L7

TCLA.D6R7
TCLA.ATR7

LHC Collimation
4 Project

[Cleaning: DS coll. + 11T \
dipoles, 2 units per beam

SRS -
\'Tﬁ'f? Ay =
. ' 7

Ar .

-
L -

Low-impedance, high A

robustness secondary
collimators: Mo coated MoGr
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LHC Collimaiion

Dispersion suppressor losses S

CERN

IR7 optics
500 [ 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 T T ] 5
400 | 14
S I 1
= 13 E
e ] o
2 125
Main beam o 1 @
2 S
3 12
o ] B
R. Bruce r% i 0
_1 OO i ] L1 ] ' ] L1 | I SR N T ] L1 ] _1

198 199 20 201 202 203 204
Longitudinal coordinate, s[ s ]
Out-scattered off-energy particles have different bending radius than main beam
Qualitatively similar behaviour in collimation insertion and experiments:
Start deviating significantly only in first bends, downstream of collimators.
Present multi-stage system is not optimised to catch these dispersive losses.
Idea: Install new collimators (TCLD) in front of exposed magnets, where there
IS already separation from main beam.
Need two jaws: ion beams; better shower absorption; more precise alignment.
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LHC Collimaiion

Project

Dispersion suppressor losses

10 Vertical losses
OTETTETHINTE O - - - N TR TR
Collimator

Warm
Cold

J—

eaning inefficiency

-
—_—
C—

-~

re

—_—

et

-
"

Beam 1
E—

S

l.ocal cl

Main beam

-

—

S—
-

1) |

R. Bruce ‘
| | “

10) “g
] ?94()() 19600 19800 20000 20200 20400 lZ()(i)()()
SIm

Out-scattered off-energy particles have different bending radius than main beam
Qualitatively similar behaviour in collimation insertion and experiments:
Start deviating significantly only in first bends, downstream of collimators.

Present multi-stage system is not optimised to catch these dispersive losses.

Idea: Install new collimators (TCLD) in front of exposed magnets, where there

IS already separation from main beam.
Need two jaws: ion beams; better shower absorption; more precise alignment.
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60cm baseline agreed.

Final design for integration
between 11T dipoles: ok

Preparing production of 4+1
collimators for LS2

Two variants: without (IR2)
and with (IR7) 11T dipoles.

Courtesy Delio Duarte and Luca Gentini

S. Redaelli, La Sapienza, 05/07-06-2017

LHC Collimation
Project

el
Back swifferer '
Glad 0 Tusgates blocy
tecsoot |/ \ =]
fliccp

Current baseline

LHC MB replaced by 3 cryostats + collimator, all independently supported and aligned:

Connection cryostat between
two 11 T magnets to integrate
the collimator

Same interfaces at the

extremities: no
changes to nearby
magnets, standard
nterconnection
procedures & tooling
6
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LHC Collimation
Project

New materials

Screwed back stiffener
A = (Glidcop)

Housing (Glidcop)
Block clamps (Glidcop)

N Active blocks

Cooling circuit (one-
side brazing CuNi)

88

Designed for higher
robustness and lower
iImpedance — no

details here.
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LHC Collimcﬁon
Project

-

Crystal collimation — |

CERN
Potential between a particle and an atom described by Continuous approximation:
the Thomas-Fermi model: )
Vir) = 22 g1 va [[ v lyd
)= . - = N //_t x,y, z)dydz
= 2 3 Quasi-mosaic
= .
" \_ Potential seen by protons :
B ‘from a crystalline plane o
| = o
xi
:': 104
2| o e
0704 02 o 02 Tea Tos o8 1 T2 |‘v4|A]
b) -2.30 =13 -zz:) o.70 1.70
D A S S e e AP - R e .
s f the protons have p; < U, Typical values at energies :
| of our interest: :
I |
| :
i o, . Case Energy A, A :
| (GeV] lprad]  [pm] :
|
: SPS coast 120 183 330
: _ _ _ SPS coast 270 12.2 49.6 |
\ Forced to oscillate in a relatively empty space HR 400 10.0 60.3 :
| . .
| LHC inj. 450 9.4 64.0 |
: o(z) = d, . (27; + o) LHC top 6500 25 2432 i
-\ 2\ Upea LHC top 7000 24 2523
\ /I

e e o e e e M M R M R e e e M M M R R M M R e e e M M R R M R R e e S M S M M M M M e e e M M M M M R R e e M R R R M M M R R e e e M M e e e e e e - 2
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Crystal

(Channeling)
(8 mm Si)

Amorphous (0.6 m of C)

<0 >mcs ~ 3.4 prad (7 TeV)

_é)

\ <0 >~ 40-50 prad (7 TeV)

crystal

primary

beam hwﬁ

absorber

channeled
halo beam

LHC Collimation
+  Project

Bent crystals allow bending
high-enerqgy particles trapped
between lattice planes.

shower
absorbers :

G -

circulating beam
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LHC Collimation
g Proiect

Crystal collimation —

Test stand for crystal collimation studies in IR7
Concept of crystal-based Goniometer with micro-rad control (EN/STI)
halo collimation —

i -
v CERN

Beam core

B
RN I“

Collimator

(1) Angular scan: strong reduction of local (2) Linear collimator scan: measures the

losses in channeling compare to amorphous. profile of the channeled halo.
> e Loss rates in '; - £ Beam core |
.E. 012" amorphous @ ‘ Channeled \
= \ — . halo .
hooon , | 2 5 Offset at
e WL S Vi it s bt bbb sttt 1y y Nl e . collimator
O o0 | = :
= | Reduced losses = 5
0 006 in channeling 3
? 1m0 B 7 o
0 004 ~
© Rl § d Example:
£ o =Xample. % Y . scanat6.5TeV
@ scan at 450GeV \ Qb /s Yy o
O] ' -10 -8 i -4 .2
m 0 3020 3040 3060 3080 3100 3120 3140 3160 3180 3200

Crystal angle [ prad ] Secondary collimator position [ mm ]

-
>~
=

Crystal channeling observed for the first time at 6.5 TeV!
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LHC Collimation
. Project

Hollow electron lenses — |

HORIZONTAL POSITION / o

-6 -4 -2 0 2 4 8
| N N SN N SN S—

6 - HOLLOW ELECTRON BEAM
. primary  secondary shower .-
. collimator collimator absorbers : g . -7
: : | E
& o
2
= BEAM CORE
_4—
-6 -
primary ;
beam halo T\ T G omemy o
*...........é ............................................................... .. ........... g
5
circulating beam g
-1 -

“Non-material” scraper — adds scraping functionality but particles are
disposed of by the present collimation system.
Can be installed in other points than IR7, because kicks per turn are small.
Require overlap of e- and proton beam over ~3 meters.
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Hollow electron lenses — iii

Electron beam generation and transport: BE/BI

D. Perini
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Hollow electron lenses — iii

I e 1l
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Hollow electron lenses — 1v

Electron beam tests ongoing at Fermilab
with a CERN-built hollow gun

200 mA {a® wrvin] LeaBBOA DudOnt Va2 0OW |« 538 mA o wniel LeaBROADLAONG ¥ ¥ L« 1570 mA I wvin) LaBBOA DLAOME ValOORY | & 40800 mA

0.5kV,73mA 1kV,200 mA 2KkV,558 mA  4KkV,1.57 A 8 kV, 4.08

LR

Hopefully inserted as
part of the LHC upgrade
baseline in 2018!
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LHC Collimation
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Conclusions

& Reviewed aspects of machine protection and beam halo
collimation for the Large Hadron Collider

& They are key assets for present and future super-colliders
that must be accounted for early in the accelerator design.

& The LHC collimation system has grown to a large complexity
that is required to achieved unprecedented cleaning goals.

& The operational experience proves that the collimation
system works as required for the LHC operation.

& On the other hand, further improvements are mandatory for
the new challenges of the High-Luminosity LHC!

& Various advanced designs are part of the HL-LHC baseline.

@ Exciting topics like crystal and hollow e-lens collimation are
being tested actively for future implementations.
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