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Layout of LHC collimation system
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o Lo P
Two warm cleaning insertions b ~

IR3: Momentum cleaning )
1 primary (H)
4 secondary (H,S)
4 shower abs. (H,V)
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o &916
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IR7: Betatron cleaning ;‘gog;@
3 primary (H,V,S) B\
11 secondary (H,V,S)
5 shower abs. (H,V) . TCLA.FGLT .;%PF;E::GSLIE
. . . TCLA.ESL7 § - :
Local cleaning at triplets fCLATR3 TCPBELT _
] TCLA.6R3, :
8 tertiary (2 per IP) TCLA.B5R3 ", TCSG.BSLY
'TCLA.ASR3 : TCSG.ASL7
TCP.6R3 TCSG.BSR3 TCSG.DALY
TCSG.5R3 ' TCSG.ASR3 $gggggtg TCSG.B4ALY
Passive absorbers for warm IP3 el Tesc.aaLTh | TOSES
TCSG.4AL3 T
TCSG.5L3 TCSG.AAR7 TCSG.AARY
magnets TCSCASLIY | 1cpels rcsaBarrd | TCSG BRT
. . ; TCSG.D4R7 TCSG.DSR7
Physics debris absorbers 2 TCSG.ASR7 TCSG.E5R7
: . TCLAGL3 *s. TCSG.B5R7 TCSG.6R7
Transfer lines (13 collimators) TCLAT7LS TT%SPG;;;T i
Injection and dump protection (10) .  TCP.CBRT ™ | TCLAEGRT
" o TCLA.F6R7
TCLA.ATR7
Total of 108 ot b
. ooV V8
collimators “ “e

(100 movable).
Two jaws (4 motors)
per collimator!
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LHC multi-stage collimation

. Primary Secondary Shower . Tertiary
Cold aperture | collimator collimators absorbers  collimators

Protection ;
devices / §
= —> :
/‘7— -i— — e — —i— —————
S Tertlar}:/ l_aeam halo

+ hadronic showers

Secondary beam halo
+ hadronic showers

___________________________________________________________________________

Circulating beam | Cleaning insertion - i <—Arc(s)— i — IP —
’ : : lllustrative scheme

- The cold aperture must be in the shade of several layer of collimators.
- Leakage to cold aperture must be below quench limit!

- LHC aperture sets the scale: Injection: >1250
3.5TeV, *=3.5m: =1500

- Primary and secondary collimators are robust (Carbon).
Absorbers and tertiary collimators (Tungsten) are not and must be protected.

- Beam-based setup — local beam position and beam size at each collimator.
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Example of collimator gaps (i)

— I | 1 H ‘ ‘450 GeV‘ Collimator gaps

| i — \ 1 (betatron cleaning):

e TCP TTCSGS M o 450 GeV: £4.3 mm
| 5.70 IR7 TCLAS | 35Tev: 1.5 mm

WL H sl Jtm Jjb T

llllll
00000000000000000000000000000000000

Horiz. aperture / beam size [ mm |

L ‘ L J ‘ 35 TeV ‘ Collimator settings
_ " al depend critically on
Lo | J» U - 11 .| orbit and beta

g functions!
570 IR7 Intrinsic safety and

redundancy: two-
sided collimators!

- : H FJ | ” ” MADX online: aperture
model with measured
Lk, | rl—ﬂﬁ [ W | | J L [ ] I ' collimator gaps (G. Miiller)

Longitudinal coordinate [m]

Horiz. aperture / beam size [ mm |
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— LHC Collimation

Example of collimator gaps (ii)

-

|

=1 13 g at 450 GeV I L | JLE
E 0.03
) SN oy B i P
S TCTH.4L5.B1
E 0.01+
g S //V/ﬁxk“ —
g -0.011 - ‘x\—/le
2 CMS)
S 0 I I UFI_[— H l ] l 1
.:ICEI:) -0.03 rJ— I[ N B

-0.041 | l

T T T — T T 1 T
13000 13100 13200 13300 13400 13500 13600 13700

Longitudinal coordinate [m]

In the interaction regions (IRs), tertiary collimators protect the supeconducting triplets.

We have a change of beta during the squeeze, a change of centres from separation
and crossing schemes: re-qualification needed if machine configuration changes.
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Minimum gap with 3.5 TeV beams

Timeseries Chart hetween 2010-03-26 04:00:00 and 2010-03-26 22:00:00 (LOCAL_TIME)
—— LHC.BCTFR.AGR4.B1:BEAM_INTENSITY —~— TCSG.5L3.B1:MEAS_LVDT_GU

NbOfCharges

9EQ

SEQ -

Beam current [1€9 p]

Collimator gap
~ 1 mm

D

1 1 1 T T T T 1 1t rr 1 1 1 T T 1 1 1 1r 1 T T T 1T 1T 1T T.1
1:3¢ 11:36 11:38 1140 1142 1144 1146 1148 11:50 11:52 11:54 1156 11:58 12:00 12:02 12:04 12:06

LOCAL_TIME

3.5 TeV beam circulating
In a gap as wide as the
Italy on the 2 euro coin!!
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Operational aspects and set-up strategy

® Main operational challenges:
- High stored energy: Collimators needed in all phases (inj., ramp, squeeze, physics);
Function-driven controls of jaw positions mandatory;
- Small gaps: Mechanical precision, reproducibility (< 20 microns);
- Beam cleaning: Big and distributed system (~ 100 collimators);
- Machine Protection:  Redundant interlock of collimator jaw positions and gaps.

® Collimator settings are given in terms of local beam size and beam position.

® Once settings are established, the system performance depends critically on:
- the mechanical precision of collimator positions;
- some machine parameters such as orbit and optics.

® Contrary to other machines, the collimator alignment is done infrequently and we
rely on the reproducibility of settings.

Dedicated collimator alignment campaigns are done for each machine configuration (injection,
flat top, squeeze, stable beams) and then we rely on the reproducibility of machine.

® Consequences of this infrequent setup:
- constraints on machine reproducibility (orbit stab. fill to fill < 150 pum, ABR/B< 20%))!
- require regular monitoring of cleaning performance.
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Beam-based collimator set-up

@Reference Collimator i @Reference

collimator collimator

Collimator i
g ! N @ g =
Beam Beam

@Reference @ Collimator i

collimator Reference

Collimator i -
% collimator i
R. Assmann Beam Beam

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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Collimator setting generation

Collimator settings:
parameters space

0

coll

L

coll

| Settings

| Apeﬂ[mm]ﬁ

Momentum

\‘
J1Pos lJ1AngIe J2Angle
/
M1[mm]| [M2[mm] Mé[mm] M4[mm)]

Scaling for ramp

settings:
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Beam-
based

no = no(7Y) Op = 04(7)

LHC Collimati
1o Proj

Nominal settings:

jaW — Lpbeam L Mg X Oy

€n _
0r =41/ —0B+ :Beam size along
i collimation axis “x”

tcp
no —

ng® =7 . Normalized settings

(More complex if angles are taken into account)

h(y) = no(y) X oz(7)

h(v) = [no + :i :Zs (v—w)] X \% [@:ﬁ(v—%)
jaw(7y) = [:L‘o + ﬁ — zg (v — vo)] + h(7)
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Ramp settings

Settings from beam-based
= sizes and collimator centres
E | e o — | ——— T
- — \R“‘_

- T —
5 e R et S s
-(7) o i o
o
o
o) Legend
-+ ~=— TCLA.B6R7.B1 /RequiredAbs PositionFunctf#eft_downstream
© —— TCLA.B6R7.B1/RequiredAbs Position Funct#right_downstream
& TCLA.D6R7.B1 / RequiredAbs Position Functi#left_downstream
— .54 TCLA.D6R7.B1/RequiredAbs Position Funct#right_downstream ssssweveraanutset S
@) ~+— TCP.CEL7.B1/RequiredAbs Position Functileft_downstream e
O TCP.CEL7.B1 / RequiredAbs Position Functiright_downstream ,.--—-“"""f HHHHHHH .
<=~ TCSG.6R7.B1/RequiredAbs PositionFunctifleft_downstream _ f—=""  ___.eese""
—+— TCSG.6R7.81 /RequiredAbs Pesition Functiright.dewnstream i
+ TCSG.B4L7.B1/RequiredAbs PositionFunctHeft_downstream N’/ .
_10- T[SWaﬁeﬂnmPositionl"untt#tight-domﬂféam ow: beam-based (BB) beam positions
e for all cases+BB sigmas at injection
only (nominal optics at 3.5TeV)
1 || I

0 260 41110 600 800 1000
Time during the ramp [s]

Functions generated for all collimators (R. Bruce) and imported in the control system:
396 functions for motor settings
2376 functions for interlock thresholds

194 gap limits as a function of energy
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Squeeze settings

CERN
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Tertiary collimators beam size [mm]

TCT NSIGMA settings

Squeeze settings
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Measured jaw positions

Fixed Graph - monitoring MeasuredCornerPositions for 16 devices TCTVE . 4R8/MeasuredCornerPositions

LHC Collimation
y Project

15

Measured TCT jaw positions [ mm ]

“Dry” execution
without beam.

This ensures that the collimators sit
all the time at the optimum settings!
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Don’t forget interlock limits!

30 Legend

—=— TCTHAL2.B1 /InterlockThres hold Funct¥#dump.inner_gap_downstream
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—s— TCTHAL2.B1 /InterlockThres hold Funct¥#warning_outer_right_upstream
-5 —=— TCTHAL2.B1 /RequiredAbs Position Functieft_ downstream
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TCT jaw positions [ mm |

I | I 1 I I
0 200 400 600 800 1000 1200
Time [s]

Dump thresholds of 400-500 microns around each axis and gap

(24 functions per collimator) to detect early on unsafe situations!
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Don’t forget interlock limits!

30 -
Legend
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Dump thresholds of 400-500 microns around each axis and gap

(24 functions per collimator) to detect early on unsafe situations!
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Run configurations and settings

LHC Collimation
y Project

Unit | Plane Set 1 Set 2 Set 3 Set 4 Set 5

Condition Injection |[Top energy| Crossing Squeeze Collision
angle

Energy [GeV] n/a 450 3500 3500 3500 3500
IP beta function p* [m] n/a 10-11 10-11 10-11 3.5 3.5
Crossing angle o, [urad] n/a 170 170 100-110 100-110 100-110
IR separation [Mmm] n/a 2 2 2 2 0
Primary cut IR?7 [o] H.V,S 5.7 5.7 5.7 5.7 5.7
Secondary cut IR?7 [O] H,V,S 6.7 8.5 8.5 8.5 8.5
Quartiary cut IR?7 [o] H, V 10.0 17.7 17.7 17.7 17.7
Primary cut IR3 [O] H 8.0 12.0 12.0 12.0 12.0
Secondary cut IR3 [O] H 9.3 15.6 15.6 15.6 15.6
Quartiary cut IR3 [O] H, V 10.0 17.6 17.6 17.6 17.6
Tertiary cut experiments | [o] H, V 13.0 35 35 15.0 15.0%
Physics debris collimators| [o] H out out out out out
TCSG/TCDQ IR6 [o] H 7-8 9.3-10.6 9.3-10.6 9.3-10.6 9.3-10.6

Smooth transition between one configuration and the other with functions.

Handling of collimator settings is managed by the LHC sequencer.
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Operation during inj, ramp & squeeze

\—\_\?q ueeze
/

B*=7m / Stable

beams

B*=3.5m

Current of QS-L1 [‘A ]

~1-450 GeV

TCSG-IP6

S
”
Q.
©
D-’ 20
S
O
e
© =
=
S -
o

TCP-IP7

: I I
02-Aug-2010 22h 03-Ayg-2010 00k

S. Redaelli, HB2010, 28-09-2010



LHC Collimation
y Project

T T T T
10-Sep 11-Sep 12-Se 15-Sep

Injection

Collimator settings are reproducible
within a few micrometers over
periods of several days!

S —— o ose

- l‘»+‘l=='fm& = M4‘umgﬁ- --—- Ramp
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Beam losses in collision ‘

-
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LHC Collimation
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Beam 1

IP7

Luminosity debris (0.35 x 1032 cm-2s-1)
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LHC Coll mation
Proje:

Cleaning performance: 3.5 TeV, '=3.5m

0 P2 IP3 P4 IP5 IP6 IP7 IP8 IP1
HigherIOSS e S S Y S

alestheam  FL b
across the [ Beam 1 .................. _________________ L ________
3rd order [ TR S R EEEEEEEEEEERERRRR R 555535555555555535f5555535‘:

resonance. - [iiooiioiiiiiiiiii LTl S

Repeated for [~ S S
ALLrun 10-2 """"""""" """"""""" E"""""''"""':""""""""'ZZIZZIZZZIZZIZZZZI:ZIZZZZI__

configs. SESESSEEEEEESEE S S EESEESE R LSS S S SS S S SRS S SRS S ESEESERRREEN | ESS SIS SRR RIS
:ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ.ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ;ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ ] 0.00001

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

Relative beam loss rate

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

Legend: o §-~-i-¢§ SEEEREREEEREREREREE (ERERERERERN! EERRRRRE | |HEEE EEERE ; ”_  ______ 3
. . : R | || T \ EEZZZZZZZZZZZZZZZZZZEE 0.000001

Collimators 3 {SSSRSES(H | | S S

Ll .L |

Cold losses
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_ . .
_—
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LHC Co Ilm i
'O e

. Cleanlng performance: 3.5 TeV, '=3.5m

10'

11P6 IP7 IP8 IP1

10

Betatron

10" S EEEEEEEEEEEEEEEEEEZEEEEEEE_:

—
OI

—
OI

—
OI

Leakage | Efficiency

Relative beam loss rate

B1-H 2.37E-04 | 99.976

B1-V 1.79E-04 | 99.982

* ' - = Lonélffd:nal DOSltlon[km] 20.3 . - BZ'H 386E'O4 99961

commaors | 1| M | | B2V [1.72E-04| 99.983
Cold losses \— _________ —t—r—
Warm losses 10'7J| ||I‘. ‘ |.’I||i ||‘ ‘Hl. I|‘| |I II‘ L. .Ill. IIII .|||I HH |I||||

0 5 15 20 25
Longitudinal position [ km ]
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LHC Collimation
4 Project

Stability of cleaning performance

1
—- - Leak rtiar llimator
1"~ 1005 . Leakage tc? tertiary collimators
| =%-B1-v | - - % - B1-h, TCTH.4AL5 [
ool ; e Temans |
| =@ =-B2-v || B ~ % —B2-v, TCTH.4R5 [

—E6—B1-h, TCTVA.4L5 H
—6— B1-v, TCTVA.4L5
—E— B2-h, TCTVA.4R5(]
—E— B2-v, TCTVA.4R5

Maximum leakage to cold magnets [ 10'4]
Maximum leakage to tertiary collimators in IP5

I 18/06 28/07 11/08 27/08
18/06 28/07 11/08 27/08 Date [ dd/mm ]
Date [ dd/mm ]

2.5 months

Set-up established in mid-dune remained valid until end of August.
Betatron cleaning setup at 3.5 TeV: still valid now after 3.5 months!
We have just prepared the new settings in preparation for the ~30 MJ operation!
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[ LHC Collimation
14 Pro

Conclusions D

-

& LHC collimation system has seen an exciting commissioning!
- Full system of ~100 collimators commissioned and operational.
- Meticulous preparation without beam has ensured a smooth and safe startup!

& LHC collimation works essentially as specified:

- Confirmed all basic design choices (layout, controls, mechanics, survey,...).
- It Is operated as foreseen In all machine phases, from injection to physics.

& Cleaning performance: leakage in cold magnets is a few 1e-4.

- No single quench with circulating beams up to 6 MJ stored energy!!

- Machine aperture is shielded by the collimators in all conditions.
- Flexible and safe operation is ensured (could handle losses 200x design).

o Setting strategy: infrequent beam-based set-ups+reproducibility

- Long alignment campaigns, but then ok for months (3.5 months in IR7).
- Validation campaigns for machine protection + performance monitoring needed.

& The LHC collimation is ready for the operation in 30 MJ regime.
Looking forward to achieving the luminosity goal of 1032 cm-2s-1!
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LHC Collimation
‘ Project
[

Momentum cleaning

Momentum losses (dp/p, f=+500Hz), B1 (01.05.2010, 17:25:20)

. Beam 1 38 833 g o 8 collimator ]
L3 > - S £ warm ——— 3
> 0.1 s s :sszsozs
2 i 3 c § 5 ¥ & © E
CIC) [ o ] o o ¢ e} (¢] ]
(S 0.01 ¢
5 | 5
g 0.001 ¢ 3
(@)) ]
= [ 3
S 0.0001 ¢
D i ]
o ]
= 19-055‘ 3
O i ]
o [

1e-06 |
1e-07

1e_08 | - M | L ' A M [ I O | || B

6000 6200 6400 6600 6800 7000 7200 7400

S [m]
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LHC Coll mation
A Proje:

Collimator positioning system

4 B - )
Beam axis Downstreamj Two-jaw design: Vacuum tank
.__l_A_I__. Side Beam cannot
L-D R-D drift away It gap Temperature sensors

Reference J_ J_ Reference

]
' I Motor I o I Motor| !
&= s’b <> &

Left jaw
Right jaw

4B Wds under control!
|
|
|
|
|

! Sliding table
<> Gap opening (LVDT)
é‘l——' Resolver
X( [ Upsftream j Resolver Gap position (LVDT)
N b side by R. Assmann + switches for IN, OUT, ANTI-COLLISION

Settings: 4 stepping motors for jaw corners - 1 motor for tank position.
Survey: 7 direct measurements: 4 corners + 2 gaps + tank

4 resolvers that count motor steps

10 switch statuses (full-in, full-out, anti-collision)

Redundancy: motors+resolvers+LVDT’s (Linear Variable Differential Transformer) =

14 position measurements per collimator
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Position and gap interlocks

Dump threshold
oY 5
C :
m °
e 5 Settings
© : Energy
& : " functions
s E — i (gaps only)
v : - '

@ Inner and outer thresholds as a function of time for each motor axis and
gap (24 per collimator). Triggered by timing event (e.g. start of ramp).

@ Internal clock: check at 100 Hz!
M “Double protection” — BIC loop broken AND jaw stopped.
@ Redundancy: maximum allowed gap versus energy (2 per collimator).
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LHC Collimation
y Project

Time-dependent limit functions

« TCP.COLY . B1:MEAS_LIMIT_DUMP_INNER_LD —— TCP.CBL7 B1:MEAS_UMIT_DUMP_OUTER_LD TCP.CBL7 B1:MEAS_LIMIT_WARN_INNER_LD —— TCP.CELY B1:MEAS_LIMIT_WARN_OUTER_LD

TCP.COLY B1:MEAS_LVDT_LD

mm

Dump limits

+ 400-500 microns

Outer
dump limit
Outer

Inner warning

dump limit

S
S
c
9O
o
(/)]
o
o
=
b
S
O
]
©
=
)
(@)

\

1 1 1 T T 1 - T 1 1 T T 71 . N I B R B | . 1 1 1 T 1 1 1 1 1 T 71 . T 1 1 T 1T 7T . T 1 1 1
2157 2158 2201 2203 2205 2207 2200 2291 2213 2218 2247 2219 22231 2023 220 2T 2220 2231 2233 2235 2237 22389 2281 2243

Limit functions (24 per collimator!!) are loaded for all ring collimators.
Constant limits remain active also for collimators that do not move (TCTs).
Function execution is triggered by the ramp timing event.
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LHC Collimation
y Project

Gap energy limits

Timeseries Chart between 2010.08.02 21:33:01 and 2010.08.03 00:33:01 (LOCAL_TIME)

e TCP.COLY . B1:MEAS_LIMIT_ENERGY_GD —— TCP.CBLY . B1:MEAS_LVDT_GD

It would catch within 2-4 min after
» the ramp start (~ 500-600 GeV) if
the collimator did not move

Energy limit =

_ maximum allowed gap
collimator

gap

N I I B SN R R B B L L L 1 1 7T T 1 N R R BN BN RN RN BN (N B N R N R B B BEE R B B B |
21556 2167 2189 2201 2203 2205 2207 2209 2211 22113 2218 2247 2219 2221 2223 22235 22T W28 2231 2233 2235 2WI3[T  2W2[9 2841 2243 22495

LOCAL_TIME

Redundant interlock, independent on trigger: it uses the safe machine parameters.

Beam dumped if a collimator does not start moving during the ramp (and sits
happily within time-dependent limits).
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LHC Collimation
< Project

Accuracy of function execution

Requested/executed settings vs. time

1018 I I I I | I I I I | I I I I | I I I I | I I I I I I I I I I I I I I
, | | 3 | — Motor driver settings 4
1017 ... |—TRIM function o
10.16 D
4 IIII.IIIAI. T T 1 | L | T T 1 | T 17 | T T 1 | L | T T 1
__10.15 - | | ‘ ‘ ‘ ‘ ‘ ‘ -
£ 3 2 P[] -
£ 10.14 B REREEEEEEERRERE | I H ; ]
Si1a-  Motorstep $ N -2 VAR I py -
e ~ =5um j E! -
%10.12_— R R é g e E A A T B SEUOU VPR A AV -
1011 f>f |
I ‘ | | | S R e R R SR S SRR S IRRER SIS U -
1048 -
~ I I I I I ; 1_4 O (YA A0 L I I A A O I O O S |
e :
1008 [ | L1 | [ R B | L1 1 | [ R | 1 |LIJ =200 R ]
10 15 20 25 30 35 i | g | | | | | | |
Time [s ] s || ||| Difference between requested and
! | ~execute settings below = 5 pm!
* MOtor Step = 5 “m 4 L 1 1 1 | 111 | | L1 1 1 | 11 1 | | L1 1 1 | 111 | | L 1 1 1 | 11 1 | | L1 1 1
 Operational motor speed = 2 mm/s "0 200 400 600 800 1000 1200 1400 1600 1800
. _ _ Time from ramp start [ s ]
* “Slow” functions are interpolated with
the appropriate rate of step execution Low-level implementation in

the PXI system by A. Masi

S. Redaelli, HB2010, 28-09-2010 36



List of acronyms

LHC Collimation

Phase [Acronym Material | Length|Number Locations INJ TOP Purpose
[m]
Scrapers
2 TCHS tbd tbd 6 IR3, IR7 Beam scraping
2 TCHS tbd tbd 2 IR3, IR7 Skew beam scraping
Collimators
1 TCP C-C 0.2 8 IR3, IR7 Y Y Primary collimators
1 TCSG C-C 1.0 30 IR3, IR7 Y Y Secondary collimators
1 TCSG C-C 1.0 2 IR6 Y Y Help for TCDQ set-up
2 TCSM tbd tbd 30 IR3, IR7 Hybrid secondary collimators
4 TCS4 tbd tbd 10 IR7 Phase 4 collimators
Diluters
1 TDI Sandwich 4.2 2 IR2, IR8 Y Injection protection
1 TCLI C 1.0 4 IR2, IR8 Y Injection protection
1 TCDI C 1.2 14 TI2, TI8 Y Injection collimation
1 TCDQ C-C 6.0 2 IR6 Y Y Dump protection
Movable Absorbers
1 TCT Cu/W 1.0 16 IR1, IR2, Y Tertiary collimators
IR5, IR8
1 TCLA Cu/W 1.0 16 IR3, IR7 Y Y Showers from collimators
1 TCL/TCLP Cu 1.0 4 IR1, IRS Y Secondaries from IP
3 TCL/TCLP Cu 1.0 4 IR1, IRS Secondaries from IP
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