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Energy

At 3.5 TeV with 1380 bunches — August 2011

a~3 GJ of energy stored in the magnets
0100 MJ stored in each beam ~21 kg of TNT.

Underpinned our thoughts during commissioning

During an SPS extraction test in 2004...
The beam was a 450 GeV full LHC injection batch of 3.4 10'3 p+ in 288 bunches [2.5 MJ]
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2010
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Squeeze to 3.5 m

November 2010
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March 30, 2010
First collisions at
3.5TeV
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025394�

2009: besides massive repair and consolidation

Understanding the Prevention Caution

problem Deployment of new

Quench Protection System Ru n at 3.5 TeV
(design, prototyping,

production, deployment,

testing)

Copper stabilizer issue
identified

Measurement campaign
warm and cold
Simulations

Test set-up (FRESCA)

e —
©

TUPSO071 Performance of the Protection System for Superconducting Circuits during LHC Operation




2009: That which does not kill us...

Beam based systems Controls & software Dry runs, system tests and

hardware commissioning
Injectors & transfer lines ) Se.que.ncer
Instrumentation: BPMs, Inje?tlon sequencer
BLMSs Se.ttlngs management
Beam interlock System I\l.lld.dleware
RE Timing
Software interlocks
Magnet model
On-line model

Logging

Collimators

CONTROL
;s LOOPS

“Unprecedented state of readiness”
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March 30 intensity ions
Feb 27 First collisions
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2010 - integrated luminosity

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC)
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2010 - integrated luminosity

Total Integrated Luminosity 2010 (Mar 30 10:00 UTC - Nov 03 00:00 UTC)
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Transfer & injection

At present: 144 bunches of 1.3e11 ppb -1.5 MJ

IR8
Injection
kicker
Switching CNGS 7
q ; \ t
POSSIbly the best E?Csllcee;xtractlon N Magne Target
studied, best optimized
transfer lines in the \
history of accelerator , SPS Transfer line
physics 6911 m
450 GeV / 400 GeV
Injection LHC
kicker
/2/

IR2 v g Fast extraction

kicker 1km

Transfer line

A
v

HiRadMat



Injection
 Complex process — wrestle with: -
— Re-phasing, synchronization, transfer, capture -
— Timing, injection sequencing, interlocks -
— Injection Quality checks — SPS and LHC :
— Abort gap keeper
— Beam losses at injection, gap cleaning
* Full program of beam based checks performed

— Carefully positioning of collimators and other
protection devices

— Aperture, kicker waveform

LHCb
MPE Centre of UXES o 4 g
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MBX DRBAMOKA MOKE  MOKA  wExw MOKA  WOWB AR WEN 0D \TOI |MBRC oy | [ W
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* Power converters (all magnet circuits), magnet
model, RF, collimators, beam dump,
transverse damper, orbit and tune feedback,
BLM thresholds etc.

* Reproducible and essentially without loss
(after a lot of work)
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tracking error between sector \
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Squeeze

* Programmed functions making smooth
transition between matched optics

 Tune and orbit feedbacks mandatory

* Reproducible and essentially without loss
(a.l.w.) 12 —
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TUPZ028 Beam Based Optimization of the Squeeze at the LHC



Tune and orbit feedback
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Nominal cycle

Beam dum 000
P Squeeze Stable beams
¥
' >
3000 1 Collide
3
2. Ramp
5 20007 R down 35 mins
2 Ramp down/precycle 212
Injection ~30 mins
Ramp 17 mins
Injection
Squeeze 8 mins
l'l'l'l"l/l' Collide 1 mins
Stable beams 0-30 hours
-3000 -ZC]OCI -115100 . 0 1CIlDD ZO.CID 3000
Time [s]
Fastest turn around down from 3h40m in 2010 to 2h7m in 2011 after optimization
5-9-2011 LHC from commissioning to operations
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RF

RF noise & crossing of 50 Hz by Qs in ramp — no issue.
Capture losses under control

Longitudinal emittance blow-up, needed for ramping of
nominal bunch intensity, rapidly commissioned.

Beam-induced voltage and load power:

— half nominal intensity — dump beam on 1 klystron trip -
5/43 fills to RF since July 2011
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MOPCO054 The LHC RF System Experience with Beam Operation
MOPCO057 Loss of Landau Damping in the LHC
TUPZ010 Longitudinal emittance blow-up in the LHC



Transverse dampers

* Injection oscillations

* ‘Hump’ suppression

* Abort gap and injection gap cleaning
* Coherent instabilities

* (Blow-up for loss m - -
(Blow Uup 1or 1I0ss maps Vital and working well
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Beam Instrumentatlon exce

lent performance
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Aperture

lope (m)
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Aperture systematically measured (locally and globally)
Better than anticipated w.r.t. tolerances on orbit & alighnment

Aperture compatible with a well-aligned machine, a well
centred orbit and close to design mechanical aperture
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Optics

Optics stunningly stable and well corrected

LHCB1 35TeV (*=3.5m
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Two measurements of beating at 3.5 m Local and global correction at 1.5 m
3 months apart

WEPCO028 Record Low Beta-beat of 10% in the LHC(!)



Magnet model

 Knowledge of the magnetic machine is remarkable

e All magnet ‘transfer functions’, all harmonics including
decay and snapback

 Tunes, momentum, optics remarkably close to the model
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Reproducibility

LHC magnetically reproducible with rigorous pre-cycling -
set-up remains valid from month to month

____Legend
A 0.0044 [— FN1753 during SOUEEZE — Fll 1755 during SOUEEZE Fill 1756 during SQUEEZE
Fill 17 &0 during SOUEEZE Fill 1782 during SQOUEEZE Fill 1783 during SQUEEZE
—— Fill 1785 during SQOUEEFE — Fill 1786 during SOUEEZE Fill 1787 during SQUEEZE
Fill 1788 Mi‘lg SOUEEFE — Fill 1795 uurlng SOUEEZE — Fill 1796 durlhg SOUEELZE
~— Fll 1798 during SOUEEZE Fill 1800 during SOUEEZE Fill 1801 during SQUEEZE
— Fll 1802 during SOUEEZE — Fll 1803 during SOQUEEZE — Al 1804 during SQUEELE
p.0034 | Fill 1805 M:l‘lg SOUEEZE — Fill 1806 r,[ll‘l‘\g SOUEEZE — Fill 1808 dur?hg SOUEEZE
—— Fill 1812 during SOUEEZE — Fll 1813 during SOUEEZE — Al 1814 during SQOUEEZE
— Fill 1815 during SOUEEEZE — Fill 1816 during SOUEEZE — Fill 1822 during SOUEEZE
—— Fill 1823 during SOUEEZE — Fill 1828 during SQUEEZE — Fill 1829 during SQUEEZE |‘| "
— Fill 1830 during SOUEEZE — Fill 1835 during SQUEEZE — Fill 1836 during SOUEEZE \
— Fill 1839 during SOUEEZE — Fill 1840 during SQOUEEZE — Fill 1841 during SQUEEZE
= Fill 1843 during SOUEEZE — Fll 1844 during SOUEEZE — Fll_l'i 845 during SOUEEZE
0,002 |=— Fil 1846 during SOUEEZE —— Fill 1848 during SOUEEZE — Fill 1849 during SQUEEZE
i l Uﬁ ¥ )
- ]
o iy
4 .
i
g
= 0.0014
g
7 e-3 g
s
E
= 0
g
=0.0014
-0.002
|
v T T T T T T T L T
(1] 50 100 150 200 250 300 350 400 450

Time from interval star [s]

Tune corrections made by feedback during squeeze

5-9-2011 LHC from commissioning to operations



Machine protection - the challenge
Situation at 3.5 TeV (in August 2011)

—

' ' | Not a single beam-induced quench iy
R at 3.5 TeV , -

11 magnet quench at 450 GeV -

injection kicker flash-over
714

SC Coil:
qguench limit

15-100 mJ/cm3

DIBENE {0 OpSlass



Beam Interlock System

Safe Beam Jaw Position
Parameter Temperature
Distribution
A Special
Safe Software | |Operator|| Vacuum Screens and RF Access | | Collimation BLMs
LHC Interlock Buttons System Mirrors System System System
Parameter System CCC beam (f RF +
observation P)
\ 4
\4 v
Safe Beam
»| Beam Beam Interlock System »] Dumping
e 5 System
T T Injection
Powering Powering Fast Magnet| | BPMs LHC Beam loss Interlock
Interlocks Interlocks Current Experiments monitors
superconducting normal conducting change BLM
magnets magnets Monitor 3
7 Timing System
% » (Post Mortem
Trigger)
Magnets Power
Converters Beam Loss Monitors | | Monitors
Monitors aperture in arcs
’_(|> | | | | BCM limits (several
- (some 100) 1000)
Magnet protection Power AUG |[UPS|| Cryogenics
system Converters some 10000
(20000 channels) ~1600 channels




Beam Dump System (LBDS)

Absolutely critical. Rigorous and extensive
program of commissioning and tests with beam.

* Expected about two asynchronous dumps per
yvear —one to date with beam

TD68. BTVDD.689339.B1

IR6 H Beam2, extracted




t

Safety critical aspects of the Dump

System

Signal from beam interlock system and triggering
Energy tracking

Extraction kicker retriggering after single kicker
erratic

Mobile protection device settings
System self-tests and post-mortem
Aperture, optics and orbit

Extraction — dilution kicker connection and sweep
form

Abort gap ‘protection’
Fault tolerance with 14/15 extraction kickers

Number of unacceptable dump system failures:
1 every 1000000 years

“Eternal vigilance is the price of liberty”




Collimation

Two warm cleaning insertions

IR3: Momentum cleaning
1 primary (H)
4 secondary (H,S)
4 shower abs. (H,V)
IR7: Betatron cleaning
3 primary (H,V,S)
11 secondary (H,V,S)
5 shower abs. (H,V)

Local IP cleaning: 8 tertiary coll.

Total = 108 collimators
About 500 degrees of freedom.

5-9-2011 LHC from commissioning to operations



Collimation

Triplet
Absorbers Tertiary Aperture
Secondary Dump Protection D
Primary
7. 7.
. 3
3
o 5.7 8.5 0 17.7 5 936 1500| [17.567  _
) 5.7 6 850 17.7 & 036 11.8 s 1436 b "
il 6.0 o 706 10.0 750 8.3 8457 oo
. y
W W
W

5-9-2011

Triplet aperture must be protected by tertiary collimators (TCTs)
TCTs must be shadowed by dump protection (not robust)

Dump protection must be outside primary and secondary
collimators

Hierarchy must be satisfied even if orbit and optics drift after setup
— margins needed between collimators

LHC from commissioning to operations 28



Collimation cleaning at 3.5 TeV

Generate
higher loss
rates: beam
across the 3rd
order
resonance.

egend:
ollimators
old losses
arm losses

29

Relative beam loss rate
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Colli

m“h

Generate
higher loss
rates: beam
across the 3rd
order
resonance.

egend:
ollimators
old losses
arm losses

30

Relative beam loss rate

107}

107}

10 3

107F

m"g

107

IP3 P4 IP5 IP6 IP? IP8
Betatro_n_
off.:ﬁ{dmentum: o REEE R EREREEEE EEEEEEEEEE
_______________ Dump .
SEEEE SECRER SERREE BEEEES TCTs
SRR " TCTs | = SERES
jll i I‘ ]L . | ‘||u|| |I Nn” |I| ‘ J.| Iu

H E.L;Iil

Outstanding performance:

No beam-induced quenches in 2010/2011

mation cleaning at 3.5 TeV
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Exit 2010: beam parameters
| 2010 | Nominal

Energy [TeV] 3.5 7
beta™ [m] 3.5 35,35 3.5 m 0.55, 10, 0.55, 10
Emﬁtance 2.0 - 3.5. 375
[microns] start of fill
Bunch intensity 1.2el1l 1.15e11

368
Number of bunches 348 collisions/IP 2808
Stored energy [MJ] 28 360

Peak luminosity

m 261 2e32 le34
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Lead ion run 2010

* Collisions within 54 hours of first injection

Performance over the last 24 Hrs Updated: 21:48:16

) Il N -
g lgtg: j \k‘ W\ \ i | \ ‘:W N 2000 E
2E9 i | ! Tl | Timi | | A D
— 1(B1) _ 182) — Enetgy. . . . . ' '
Beag 1Inj. Beam 2 Optics Checks First Ramp
% co Ini., Circ. Bl Checks Collimation Checks
P & Capture  Collimation Checks Squeeze

Experience and Lorentz’s law.

5-9-2011 TUPZ016 First Run of the LHC as a Heavy-ion Collider



2011 -~ Ch What a Year

o The new Fhumb rule:
~800 pbl/week and wore bo come

CMS Integrate: inosilyDay 2011 (Mar 14 09:00 - Aug 17 23:28 UTC)
i i o I' g == (1
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Date in 2011
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o The analyses Prasenfze.d here are based on 1-2.3
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A Peak Luminosity

@ Number of bunches
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A Peak Luminosity

@ Number of bunches
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Beam from injectors

Higher than nominal bunch intensity
Smaller than nominal emittance

Bunch From Np/bunch Emittance H&V
spacing Booster P [mm mrad]

Single batch 1.1 x 10%1
75 Single batch 1.2 x 101! 2.0
50 Single batch 1.45 x 101! 3.5
[ 50 Double batch 1.6 x 101! 2.0 ]
25 Double batch 1.2 x 101! 2.7

At present: ~1.3 x 10*ppb, 2.0 microns into collision

TUPZ019 Transverse Emittance Preservation through the LHC Cycle
MOPS009 Probing Intensity Limits of LHC-type Bunches in SPS with Nominal Optics

5-9-2011 LHC from commissioning to operations
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2011: (c/o0 Atlas & LHCb)

Peak stable luminosity

Max. luminosity in one fill

Max. luminosity delivered in 7 days
Longest time in stable beams

Longest time in stable beams for 7 days

Fastest turnaround

2.37x 1033 cm?s?t
100.71 pb!

499.45 pb-?

26.0 hours

107.1 hours (63.7%)

2 hours 7 minutes

24% of design luminosity:

- half design energy

- nominal bunch intensity+

- ~half nominal emittance

- beta* = 1.5 m (design 0.55 m)

- half nominal number of bunches

LHCb Integrated Lumi over Fill Number at 3.5 TeV | [2011-09-01 12:04:36

Integrated Luminosity (1/pb)

1000

E 8 8§

Delivered Lumi: 767.49 /pb

Recorded Lumi: 688.64 /pb
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Fill 2006: Luminosity lifetime

Fill 2006 heatn 1 lifetime versus tire

A “typical” fill that lasted 26 hours and delivered 100 pb!
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2011 parameters - end August

Energy [TeV] 3.5

Beta® [m] 1.5,10,1.5,3.0 m
Normalized emittance [microns] ~2.0 start of fill
Bunch intensity 1.2-1.3ell
Number of bunches 1318 colﬁgi?)(r)\s/lPl&S
Bunch spacing [ns] 50

Stored energy [MJ] 90 to 100

Peak luminosity [cm?s] 2.37e33
Beam-beam tune shift (start fill) ~0.023

beta® =1 m commissioning ongoing
~50 days proton physics left in 2011




Premature end to fills
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UFOs in the LHC

Since July 2010, 35 fastloss | -....................07r.....l]
events led to a beam dump. |
18in 2010, 17 in 2011.
13 around MKis. | i l
6 dumps by experiments. -
1 at 450 GeV. 20802
BOE02 | mmBLMQL22R3 82610 MO
Typical characteristics: et e
* Loss duration: about 10 turns gs:OE:OZ
* Often unconventional loss %4"’“’2
locations (e.g. in the arc) . :EZ
The events are believed to | | .
be due to (Unidentified) L
Falling Objects (UFOs). Spatial and temporal loss profile of UFO on 23.08.2010

TUPC137 Dust Particles in the LHC



Single Event Effects

23 <1.0E+6
32 N/A
33 <1.0E+6

56 <1.0E+6
76 <1.0E+6
87 <1.0E+6
88 N/A

Uls shielded areas tun
HEH (cm-2/w26) HEH (em-2/2011) HEH (em-2/w2E)
14 (13, tun) 336406 5 76407 — 98E+Q2 .
16 (17, tun) 2.3E+06 4.0E+07 } Luminosity Dominant
22 N/A N/A . 2E40
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Dumps > 450 GeV July-August

POWER CONV, 1
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Availability 2011

[ Access - No Beam Statistics for fills 1613 to 2066
[ | Machine - Setup Total Duration: 175 days, 05 h [13.03.11 to 04.09.11]

[ Beam In Time in Stable Beams: 38 days, 12 h
[ | Ramp + Squeeze

[ | Stable Beams

17.5 %

341 %

22.0%

22.3 %

Beam in ~“48% of the time
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Conclusion

* Very successful commissioning:

— Hard work plus experience, preparation, time, the
injectors, collaboration, 21st century technology,
engineering, hardware, teamwork, care, expertise,
motivation, dedication, leadership, controls,
diagnostics, tools, resources...

* Good transition from commissioning to
operations

— Cycle is solid

— Machine protection working very well

— Availability with high intensity acceptable with issues
being addressed
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