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m&&. Large Hadron Colllder

* Ring circumference: 26.7 km

e Collision Energy: 2 -7 TeV
* 4+2 Experiments: M,a-——vg

ATLAS, CMS, ALICE, F»/‘ﬂ

LHCb and
TOTE M, LH Cf }‘}5 SECTOR 67

A,
o,

SECTOR 23
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Operational Experience with the LHC

e LHC incident
e LHCrun 2009
e Plans for 2010

February, 9t 2010 DESY Accelerator Physics Seminar 8



LHC startup 2008 e

LHC startup: September 10th 2008

* Both beams around the
ring (within few hours)

Following days:

* All base instrumentation operational (BPMs, BLMs,
Tune, BCTs)

e Beam 2 captured by RF
 Beam lifetime > 1h
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394
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SnAg soldering layer

U profile
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i “ < ‘Event Sequence on Sept. 19th
2AE

mvmmm“wmmm

e Last commissioning step of main dipole circuit in
sector 34: ramp to 9.3 kA (5.5 TeV)
* At 8.7 kA electrical fault in bus bhar between
dipole and quadrupole
» Local resistance: ~220 n2 (nominal 0.35 nQ)

A00M) out of 600MJ stored in the circuit were
dissipated in cold-mass and electrical arcs

5 tons of helium were released
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LHC repalrs in detall

14 quadrupole 39 dipole magnets 204 electrical inter- Over 4km of vacuum
magnets replaced replaced connections repaired  beam tube cleaned

@ ot v\» & =™ B
\\:;\\

)’ i\

New longitudinal restraining Almost 900 new helium 6500 new detectors and 250km cables
system for 50 quadrupoles pressure release ports for new Quench Protection System
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LHC run 2009
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Beam position

Startup Nov 20th 2009
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Also Day 1: Capture of both beams with RF
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Startup Nov 20t 2009

EN
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First Collisions -

MrMVMAmm“M£va BN

Sk

Day 4: First collisions at 2:450 GeV

Candidate 2 Jet Event

’t
'

CATLAS

* 2 EXPERIMENT

2009-11-23, 19:42 CET
Run 140541, Event 416712

CMS
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Day 4: 15t Ramp to 560 GeV
Day 11: 3™ Ramp to 1.18 TeV

39 Ramp to 1.18 TeV
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3rd Ramp
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Tune = Number of betatron oscillations per machine

revolution

Closed Orbit
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Tune = Number of betatron oscillations per machine

revolution 1

Closed Orbit
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Tune = Number of betatron oscillations per machine

revolution _T_
\

Betatron
/ Oscillation

February, 9t 2010 DESY Accelerator Physics Seminar 24



‘ ny Tune -
7 mvmm“-_mmmm

"une = Number of betatron oscillations per machine

revolution _T_
\

Betatron
/ Oscillation

\ /

Tune Reso :m-Qtn-Q,=k m,n, k=integer
m+n = order of resonance
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.. Mssolenoid il

Day 10: Switching on CMS Solenoid.
Orbit difference with/without Solenoid on

Kean = qnufmqs 0114,.;1)1: -0.10

Momentum change: dp/p =-0.1 %o
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Tidal Effect on Energy '
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LHC measures influence of tidal forces 10 days after first beam
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Date
Nov 20
Nov 23
Nov 30
Nov 30
Dec 04
Dec 05

Dec 08
Dec 14

Dec 16
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L

Mllestones in 2009 run

Day Achieved

1
4
11
11
15
16

19
25

27

February, 9t 2010

Key beam instrumentation working.

Experiment solenoids on.
Aperture measurements finished. LHCb and ALICE dipoles on.

Machine protection (Injection, Beam dump, Collimators) ready for
safe operation with pilots.

Collisions with STABLE BEAMS, 16 on 16 bunches at 450 GeV,
Intensity > 10%° protons per bunch

Ramp 4 on 4 bunches to 1.18 TeV.
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Plans for 2010
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ﬁ&@ e Plans for -
MVMMM“W_-MN

Date  Activity

Feb 16 Injection Test

Feb 22  Start recommissioning with Beam
End Feb
Beg. Mar Commission Squeeze
Mid Mar Stable, Save Beams at 3.5 TeV

each step followed by extended running
period (estimate: up to =7-10%3 protons during 2010)

Ramp to Higher Energies in 2013 (warm up of machine needed)
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1. CERN Accelerator Complex

2. Operational Experience with the LHC

Tune Resonance Phenomena in the SPS and

Machine Protection via Fast Position Interlocking
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February, 9t 2010

Tune Resonance Phenomena in the SPS and
Machine Protection via Fast Position Interlocking

e Incident27.06.2008

* Integer Tune resonances
* Orbit Resonance
* Dispersion Resonance
* Supersymmetric Resonances

e Machine Protection

DESY Accelerator Physics Seminar
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* Top Energy: 450 GeV

* Intensity:
up to5:1013 protons

Sextupole

* Beam Energy:
up to 2.5 Wil
e Tevatron: 2 MJ, LHC (nominal) 362M)J
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I@‘ Superéi’roton Synchroton Jh

> l."-

- S — Correctors 4 D|poles
p Quadrupole

e Commissioned in

* Ring circumferenc
* Top Energy: 450 G

* Intensity:
up to5-10%3 pr'

 Beam Energy: . CRs
upto 2.5 M) S

* Tevatron: 2 MJ, LI

.,,.- il

”;*“& ‘"s‘-l
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SPS Incident 27.06.2008
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- SPS Incident June 27t 2008 5

‘ *mmmm_m_ﬂmm

@

Beam impact of high intensity beam
(about 3-10%3 protons @ 400 GeV)
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SPS Incident June 27t 2008 T W

A I RS IS, 2l NS IS S b 5 R B 5N

Beam impact of high intensity beam
(about 3:10%3 protons @ 400 GeV)
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@“ ‘*g* Event Sequence on June 27t
&vammm“uﬂmmmm

n

e After injection of 2 high intensity batches a failure
in the main timing system occurred

* The beam was accelerated to 400GV but not
pxtracted

* The magnets were ramped cown again

* The tune shifted towards an integer tune
resonance and the beam punctured the vacuum
chamber in the vertical plane (dipole current
corresponding to 399.05 GeV)

February, 9t 2010 DESY Accelerator Physics Seminar 39
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Integer Tune Resonance
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* Influence of dipolar error on Closed Orbit:

(e.g. quadrupole misalignments)

X(s) = VB(S)
2sin(z-Q) <

§ F(35)VB() -cos@(3) - p(s) - 2Q)ds

February, 9t 2010 DESY Accelerator Physics Seminar 42
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* Influence of dipolar error on Closed Orbit:

(e.g. quadrupole misalignments)

Beta function

Betatron phase
JZ(ZS)Qﬂ FOVALE) cos(s) - (s) -Q)cs

Tune
Resonance concdlition

X(s) =

Error function

February, 9t 2010 DESY Accelerator Physics Seminar 43
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‘ v]‘& Integer Tune Resonance

Wm“m“mmnﬂlﬂ

2 T

‘\ =

* Influence of dipolar error on Closed Orbit:

(e.g. quadrupole misalignments)

Beta function

) F ©)

sin(z - Q)

Betatron phase

F($)vB(8) -cos(p(S) — o(s) —2Q)ds
s\

Error function

Tune

Resonance concdlition

* Q, Q, =integer => diverging closed orbit

February, 9t 2010 DESY Accelerator Physics Seminar 44
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Turn-by-Turn Position

BN

@y

Linear Decrease of Horizontal Tune

Orbit at Integer Resonance
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Qy'=-2-103/turn
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Orblt Resonances

Horizontal RMS closed orbit
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Horizontal Tune
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Turn-by-Turh Position

\
A = . - B2 JiiiE . . : = : Sl

@y

Linear Decrease of Horizontal Tune

Orbhit at Integer Resonance
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* Dispersion: AX(S) = D(s)o—

(generated by dipole magnets, transforms like orbit)
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Dlspersmn Resonance

| WM“““W"E@

* Dispersion: AX(S) = D(s)-—

(generated by dipole magnets, transforms like orbit)

Beta function

Betatron phase

X(s) = ZVﬁ(S § F(5)VBE) -cosp(s) - p(s) - 2Q)ds
Sz Qe
Tune

Resonance condition Error function
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Dlspersmn Resonance

| WM“““W"E@

* Dispersion: AX(S) = D(s)-—

(generated by dipole magnets, transforms like orbit)

Beta function

Betatron phase

D(s) ==L {1 156)-cosus) - p(s) - Qs
2sin(z-Q) < p(s)k
Tune

Resonance condition Bending radius
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DlS ersmn Resonance W
Olg.. Disp

* Dispersion: AX(S) = D(s)-—

(generated by dipole magnets, transforms like orbit)

Beta function

Betatron phase

D () = 5ot 2o o V() -cosp()-p(s) - Q)
2sin(z-Q) < ()k
Tune

Resonance condition Bending radius

* Q, Q,=Iinteger => diverging dispersion
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Dlspersmn Resonance

Horizontal Dispersion

T 1
Horizontal Dispersion

40 “horizontal tune: 26,13 e e e e o -
vertical tune; 26,18 ' ' ' :

Y e e e e e e -

Horizontal Dispersion L[nl
O

S N S -
S e i S H S i il EE A e . -
0 1000 2000 3000 4000 5000 8OO0
s Lml
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: Dlspersmn Resonance 3.

Horizontal RMS Dispersion
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+ Measurement
— 20 . <+ Measurement (Shifted Tune) |
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Horizontal Tune
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> Supersymmetric Resonances;

Y RS S Sl NS O S - R B BN

@y

SPS: Supersymmetry of 6
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v Supersymmetric Resonanceﬁg i

~

@y

SPS: Supersymmetry of 6
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@ .;,»..-:‘ ‘ _upersymmetrlc RESOIlaIlCES‘f\a
SPS: Supersymmetry of 6 |
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@‘ﬁgSupersymmetrlc Resonancessy
SPS: Supersymmetry of 6
: : &
* When Tune is multiple of 6:... %«%%
o -

Extreme Dispersion Re:omamce/ N
* Dipole fields are super- ff é\}%
symmetric | e »

N SPS g

1 ;

Integer Orbit Resonance

 Dipole errors are randoml| oE
ipol VoS
distributed ETEL S - f

(no strong supersymmetry)
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Machine Protection
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current [A]

Power Converter Interlock
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SPS Current of Focusing Quadrupoles (QF1)
in case of Power Converter failure @ 400GeV

1780 . e T O O e B o e e e o o B B
1 1
1770 | i
i i
! :
1760 ] :
1 ]
| Q=26 tune i
1720 | resonance |
1 1
1
1740 ! :
i i
1 1
1 1
1730 | :
E ~#- Measured Current (QF1) !
]
1720 i :
i| - Target Current (QF1) i
1
1710 P P ——— [— - e S -
& ! I
Beginning of failure i i PCinterlock !
1700 —t========== Fo=mssssssss—msmes mmmomes bommmmmmmmmmes m====== '
7295 7300 7305 7310 7315 7320
time (relative to injection) [ms]
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' Fa‘s't Position Int

S

— 4

Sl erlock S

* Original Design:
* 6 stripline coupler BPMs

 new Hardware using logarithmic amplifiers (large
dynamic range)

* Turn-by-Turn Acquisition and Interlock Processing via
FPGA

* Post Mortem Acquisition (1024 turns)

February, 9t 2010 DESY Accelerator Physics Seminar
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New Hardware vs. Traditional Hardware
(vertical orbit bump)

6 - X BPCE.618 V-position @ injection

X BPCE.618 V-position @ 49 GeV

y = 0.59x - 0.39 X

y = 0.60x - 0.79

-8 -6 -4 -2 0 2 4 6 8

vertical position measured by MOPOS [mm] 07 - 09.11.2009, CNGS beam
@ injection: 14GeV, 2:103 p

@ 49GeV: 4-108 p

vertical position measured by new HW [mm]
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l@‘ e  Acquisition Comm15510niﬁg ;

S R N 2l NS G s < RGN

Consistency Check:
Vertical 3rt orbit bump at BPCE 618

BPCE 61805

Position [mm]
o

|
MDV.62307

|

1

]

-2 ! :

. MDVA.61703

MDV.61107 i

:
-3-

T - T T T ll . T T T . T
6100 6150 6200 6250 6300 6350 6400 6450 6500
s [m]
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Acqulsmon Commlssmnlnghgh
‘ 'mmmmummm

Q

New Hardware vs. Traditional Hardware
(3m vertical orbit bump)

X Nominal Trim
6 - * BPCE.618.V new hardware
~ BPCE.618.V MOPOS

y=1.76x-0.07

y=0.97x-0.14
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-4 -3 -2 -1 0 1 2 3 4

fitted bump amplitude @ BPCE.618.V [mm] 12.11.2009, CNGS beam
14GeV, 2-1083 p
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‘@; V‘ =5 Interlock Algorithm 3 .

 Compare current position with moving average of last
100 turns

* Interlock if difference larger 3mm
e Qutlier detection
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‘ ® " Interlock Algorithm
nterlock Algorithm

. mmwﬂ“_mmm&h n

 Compare current position with moving average of last
100 turns

* Interlock if difference larger 3mm

e Qutlier detection
SPS Injection Oscillation

Problem: 2 |
Injection Oscillations : |

| BPCE618.H

10 -

horizontal position [mm])

0 50 100 150 200 250 300

turns 02.12.2009 15:39:01
LHCFAST2, 26GeV, 3-10° p
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‘@‘y Interlock Algorithm 1

 Compare current position with moving average of last
100 turns

* Interlock if difference larger 3mm

e Qutlier detection
SPS Injection Oscillation

Problem: P
= | BPCE618H
. o | ; o £ 15 |
Injection Oscillations :
s 10 |
8 o
2 |
5 4
® Probable SOlut|On 0 50 100 150 200 250 300
] ] turns 02.12.2009 15:39:01
(Time dependent) Low pass filter LICTASTS 2660k, 3 1P
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Fast Position Interlock

Orbit at Integer Resonance

a0 - - 20000
30 - ——BPCE.418.H - 18000
— - BPCE.618.H - 16000 &
[
E 20 - - BPCE.617.H AT g
S 10 —— Intensity _E-
S - 12000 A
= I -
S o 10000 g
- = [ 1]
£ 10 8000 2
8 - 6000 g
S -20 <
= Interlock - 4000 o
-30 %
- 2000
Q,;=26 resonance |
-40 - 1 - -0
300 350 400 450 500 550

03.08.2009 10:33:41
LHCFAST2, 450GeV, 1.2-10''p
Q,'=-2-103fturn

turns
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horizontal position [mm]
(]

-30 -

. 9

i .

300

——BPCE.418_.H

- BPCE.618.H
BPCE.617.H

—— Intensity

WL S R BN S VRS I\ ROV )

Fast POSlthIl lnterlock

Orbit at Integer Resonance

350

Interlock

400 450

turns

Q,;=26 resonance |

|

500

- 20000
- 18000
- 16000 E‘
=
- 14000 S
£
- 12000 S
- 10000 &
[72]
=
- 8000 @
=
- 6000 g
[3]
- 4000 &
- 2000
-0
550

03.08.2009 10:33:41

LHCFAST2, 450GeV, 1.2-10'1 p

Q,'=-2-103fturn

Offline test: 428/428 tune resonances triggered,
0/554 normal orbits triggered

in-situ tests continue next week
February, 9t 2010

DESY Accelerator Physics Seminar
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@ 1 = PSS\ e
. Summar
A S il y

. (Integer) Tune Resonance are a challenging
Machine Protection Issue

* (cp. complete beam loss in 3 turns)
* Protection with Turn-by-Turn Position Interlock

* When you are fast enough you can
Cross every resonance

* Be aware of Supersymmetric Tune Resonances
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Thank you
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LHC Main Dipole Clrcult

Local (quench) protection of each
magnet

A
L
/A
L

A
®

LD1: U_res LD1: U_HTS > LD3: U_HTS LD3: U_res

51 mH 51 mH 51 mH 51 mH 51 mH 51 mH

+ ) SYYY\YY Y\ !
B1 B2 1B B2 ‘ ’81 B2 :
CD ) » N ‘ N~ |
L1 L1 17 |
Dipole 1 Dipole 3 Dipoie 153 A

% / U _ob_1 S S Sy U_bb_2 ¥4 %

f \ 5 mH 51TmH + 51 mH 51 mH 51 mH 51 mH
busbar busbar

- — YY YWY Y YL =Ha
2 g ' B1 B2 B1 B2 | 0 ,B‘I B2 -
fi] !

|<} ™~ ™~

LD2: U_res LD2: U_HTS ) ” . LD4: U_HTS LD4: U_res

Dipole 2 Jipoie 4 Dipole

Global protection of the bus-bar and bus-bar joints (splices) between magnets.

Protection threshold 1 V (160 V inductive voltage during ramp).
Bus-bar must cope with 100 second discharge time of circuit.
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+ Beam Screen Contamination:ta

Beam screen with clean
Copper surface

contaminated by
super-isolation

contaminated with soot

February, 9t 2010

16:48

- m
)
e
~—l
o

, .":.:;lo

~ 60% of the chambers
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~ 20% of the chambers
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Cleanmg of Beam Screen
i Up to 50 passages in each
\ direction with wet foam

;i (alcohol)

Up to 15 passages with dry
foam
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‘@; ‘\‘ X ";‘f; Trlplet Movement
7\ [%

Haiti Earthquake (12.01.2010) measured by

. LHC hydrostatic leveling system

7.468 -

——GISB.UX851R.HLS_LO:HEIGHT_MM‘

7.466 -

7.464 -

7.462 -

7.460 -

position [mm]

7.458 -

o

7456 4+ e

7.454 - e e
20:30 21:00 21:30 22:00 22:30 23:00 23:30 0:00

time (UTC)
12um triplet misalignment => beam oscillation amplitude 0.3mm (in arc)
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Triplet Movement 3

~|UH

m
mn

12um Misalignment of MQXB.A2R5
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-0.400 -
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February, 9t 2010 DESY Accelerator Physics Seminar 76



,«fm,l////

Hump: Fast frequency shifting oscillation

with mean drifting slowly between

0.25and 0.32

Frequency [kHz]
5.1 &

o Gm—
T T

=

A= & om =
T —T T

v
T
—

J |

l| | l\ 'l

/| |

i
T

Magnitude [um rms]

_F‘-—;:E;._
—

U.'I}l y' III"T

il

:'r\-q:

U'I WWL jj ‘:T‘%I 'W

7.4

H plane
— Vplane

Lkr'l.ﬂvll'lrJMll' M‘?

1}2'.-' 028 IL'IE‘.-"

Frequency [1]

courtesy of Ralph Steinhagen
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Hump and UPS

Time resolved Hump structure

LHC - A1 -

fill #5214 - fast hump movemard - IHC-¥ - 2003-12-16 1&35:10

n3zx-

L3154

v erical eigemmode [frev]

031

D305

Beam 1 vs. Beam 2

I
o 200w

T T T T T
10000 1X000 14000 16000 18000

e [ms|
- fill #4924 - fast hump movement - LHC -2 - 2005-12-16 16:25 10

I ) I
4000 G000 R

'
i
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| H|'| I
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J

—] e
- _— ]
= -
e ——
e = =
E. i
——————— _g-_:-g
== =
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e
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wertical frequency [frev]
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l ) Dls ersmn Resonance .

MD MPS4: Horizontal Dispersion

M\ /A‘i vmm 1 A\ M A*f M /Mﬁ” x z’\/ﬁ;m\/*” x
ANELLNALES

2000 3000 4000 5000 6000 7000
s [m]

MD MPS4: Horizontal Dispersion

A A ® Measurement Gh=24.27
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MD MPS4: Horizontal Dispersion

Dlsperswn Resonance

s

® Measurement Gh=24.17

T %(:1 . | 2 o 5 3 o " | - | —Sm‘It Qh2430
HiTsrsrereesrevaroysverEyy
R ararain dre ATa A rAE U \%’4’/‘ g’%
,_'::_;Z V ‘é I ‘4 v W v | 8‘{ LJ [ w }
- 0 1oloo 2000 000 o 4000 5000 6000 7000
. MD MPS4: Horizontal Dispersion
- ® Measurement Gh=24.11
E o1 3 i e s f g W | L 4 3 —— Simulation Qh=24.28
£ o i i lﬂ“f\ i ﬁM AT /“q i T"f\ U
2 ols9 L\ I\J‘H\#/\J!\;H\%H\//\f\!\;l\fl\/l\
g_s/\«\w/#/\( | o&f \[ a7 \[ \[ | 7\(‘\W&\HHV\H
o 1000 2000 S — 5000 6000 7000
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‘@;ﬂ v Dlsperswn Resonance
i

i m«mumnmmnﬁ.

MD MPS4: Horizontal Dispersion

) I P I
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Dlspersmn Resonance
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MD MPS4: Horizontal Dispersion
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Recombination Dipole RD1 OFF, FMCM active

Legend
0.7 |-= RmsH
—A— Rms W

T
200

T T
400 600
Orbit/Turn No.

T
800

T
1000
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. FMCM

@y

N
\ ~
AW

Recombination Dipole RD1 OFF, FMCM masked (inactive)

Legend
1.6 7| RmsH
] T orbit starts to change i
1.2- ] ) 270 turns = 23.9 ms before
- FMCM masked trigger 00:21:29.378 beam dump ﬁ{
E o ) i
2 0.8
0.6 1
T S st e L T ety Tt E TR R YL N BN B VLA SR P T 1 o s vy ey e iats SRR Y
0.27 T T T r 4
200 400 600 840 1TJm|
orbit start to change 00:21:29.3961 00:21:29.4200 [
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beam losses start at
00:21:29.4020

courtesy of Rudiger Schmidt
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Beam Losses

Recombination Dipole RD1 OFF, FMCM masked (inactive)

02.12.2009 00:21:29

Losses

1E2 Sector 5-6 Sector 6-7 Sector 7-8 = Sector 8-1

Losses [Gray | s]

Monitors

Monitor Losses versus Time
beam losses start at

i 00:21:29.402

0.006 T MEI.0GR7.B2110_TCHSV.6R7.B2
Total Losses = 6.9223E-01 [Gray | s]

0.005 1
Q 0.004
E I
=
~ 0.003
1]
7]
2]
5 0.002

0.001 7

0 5 1 1 5 TH = 5 Il| 5 5 ! » » 1 my smmm
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time [sec]

courtesy of Rudiger Schmidt
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Recombination Dipole RD1 OFF, FMCM masked (inactive)

440

az0-
—
40,0
8.0
6.0
S0
Z2.0
20,0
28,0
26,0
24 .0
22.0-]
20.0-]
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40—
20-
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-2.0-|
00:21:23.360
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1
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Time

1
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Power Converter
wm“m“mmuﬂnﬂ

Recombination Dipole RD1 OFF, FMCM masked (inactive)

RD1.LR1:I_REF

=g
g poTERtmERS orbit starts to change
00:21:29.396
\ BLM trigger: 00:21:29.420
dl =0.69 A (1.6%)
d=0025% & Inom =43.17 A
< " I dump =42.42 A
FMCM trigger
=] o 30 at 03|52 00:21:29 450 D?lrigtﬂ:

courtesy of Rudiger Schmidt
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120+

100+

normalized particlelosses

20}

February, 9t 2010

Particlelosses for QH decrease of 1.44e-003 per turn at QH =26

integrated particlelosses
beam intensity

80+

60

40|

24.6

24.8

25.0 25.2 25.4 25.6
QH
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25.8

26.0

1100000

180000

160000

140000

120000

beam intensity [arb. units]
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Tunes of particlelosses in second and third MD
26.50
2600 0t —— i b—t3
;. 4

25.50 G :
g :
Q
E
% 5555 < 25%of particles lost (second MD, 26GeV)
g ' - 50%of particles lost (second MD, 26GeV)
N
s 75% of particles lost (second MD, 26GeV)
=

® 25%of particles lost (third MD, 450GeV)
2430 71 o 50%of particles lost (third MD, 450GeV)
© 75%of particles lost (third MD, 450GeV)
24.00
N D D D ] > > > > > > > > > >
D S S N N N S N N N S S N N S
& & & & & & < & & < & < & & <
S ad 2> A A A Ke g N N2 N2 A Y Ns © A2
slope of horizontal tune at QH=26 [1/turn]
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Correlation between BPCE618.H and BPCE618.V
(horizontal orbit bump)
25 -
< CNGS beam @ injection
T # CNGS beam @ 49 GeV y
E 20 © LHCFAST2 Beam @ 450 GeV —
y=0.2166x + 7.9709
E © LHCFAST2 Beam @ 450 GeV, reduced intensity ' l ® ®
o * "
g 15 ® v =0.1454x+8.9439 N .
] ® o ® $ L]
g °e ® o ® ]
» o
E 10 - .:*:i os o ° “ :‘ o ¢ s ® y=0.1431x + 8.1164
§ ¢ @ °
£ 0.1332x + 7.9541 '(?
g s
8
=
'fg 0 XX X XK
x X & x X X
-5
40 -30 -20 -10 0 10 20 30 40 50 60
horizontal position measured by BPCE618.H [mm]
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