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9 Primary physics targets
e Origin of mass
e Nature of Dark Matter
e Understanding space time
e Matter versus antimatter
f o Primordial plasma

L

The LHC will determine the Future course of High Energy Physics
First beam in the LHC on 10/09/08!!!




1982 :

1983

1996
2000

2003

The LHC: 22 Years Already!

LHC History

First studies for the LHC project

: ZO/W discovered at SPS proton antiproton collider
1989 :
1994 :
1996 :

Start of LEP operation (Z boson-factory)
Approval of the LHC by the CERN Council

Final decision to start the LHC construction
: LEP operation > 80 GeV (W boson -factory)
: Last year of LEP operation above 100 GeV

2002 :

LEP equipment removed

: Start of the LHC installation
2005 .
2008 :

Start of LHC hardware commissioning
Expected LHC commissioning with beam

ECFA 84/85
CERN 84-10

5 September 1984

N\

1984: cms energy 10-18 TeV
Luminosity 1031-1033¢m-2s-!

1987: cms energy 16 TeV
Luminosity 1033-1034cm-2s-1

Final: cms energy 14 TeV
Luminosity 1033-1034cm-2s-1



Recent High Energy Colliders

Machine Year Beams | Energy (\s) Luminosity

SPPS (CERN) 1981 op 630-900 GeV | 6.10%¢m 2s-1
Tevatron (FNAL) | 1987 op 1800-2000 GeV | 10%1-10%2¢cm-25-1
SLC (SLAC) 1989 ee- |90 GeV 1030¢m-25-1

LEP (CERN) 1989 e‘e- 90-200 GeV 1031-1032¢m-2s-!
HERA (DESY) 1992 ep 300 GeV 1031-1032¢m-2s-!
RHIC (BNL) 2000 | pp /AA |200-500 GeV | 10%cm-2s-t

LHC (CERN) 2009 pp (AA) |10-14 TeV 1033-1034cm-2s-1

Luminosity = number of events/cross section/sec

Limits on circular machines
- Proton colliders: Dipole magnet strength —superconducting magnets
- Electron colliders: Synchrotron radiation/RF power




LHC Physics Program

Discover or exclude the Higgs in the mass region up to 1 TeV.
Measure Higgs properties

Discover Supersymmetric particles (if exist) up to 2-3 TeV

Discover Extra Space Dimensions, if these are on the TeV scale, and
black holes?

Search other new phenomena (e.g. strong EWSB, new gauge bosons,
Little Higgs model, Split Supersymmetry)

Study CP violation in the B sector,B physics, new physics in B- decays
Precision measurements of my,,, my,, anomalous couplings..

Heavy ion collisions and search for quark gluon plasma

QCD and diffractive (forward) physics in a hew regime



Signal significance
s

[ —

Physucs at the LHC: pp @ 14 TeV

€20 Supersymmetry?

events/4GeV
a8
=3

Y : |
Precision L{nltar!r)‘y triangle!

measurements o
e.g top! . ( _ |

The LHC will be the new collider energy frontier



"""Requirements for a New Collider .

Hadron colliders are broad-band exploratory machines
May need to study W -W, scattering at a cm energy of ~ 1 TeV

P

= E, ~ 500 GeV 7"
>  Ega~ 1 TeV
= E . ~6TeV

proton

—> | 14 TeV collider

= pp collisions at7 + 7 TeV

— | L ~103%cm>?st

Event Rate = L.c.BR
e.g. H(1 TeV) » ZZ — 2e+2u or 4e or 4u
For L ~1034, Evts/yr =1034 10-37,102.107" ~ 10 /yr !!



Detectors are essentially completed .
| e S i.- CaFigl?m - n_ i | __ ;

ars age  Now gearing up for first collisions...
+TOTEM, LHCF, MOEDAL |



-\ !e Large Hadron Collider L“




25 ns bunch spacing = 2808 The LHC Machine and Experiments
bunches with 10!! p/bunch

First years luminosity
~2.103cm%s'! = 20 fb-!/year
Design luminosity:

10%4cm2s7! =100 fb-!/year

Stored energy/beam: 362 MJ i
b o §
The LHC will be a very LHC - B CERN
challenging machine - esogboint 8 -== ATLAS ALICE

CcMSs
Point 5

’ﬂf——ﬂ-....

ot N

LHC has 8 sectors

(\ pp collisions at 14
Luminosity = number of events/cross section/sec

E540 - V10/09/97



LHC - yet another collider?

The LHC surpasses existing accelerators/colliders in 2 aspects :
1 The energy of the beam of 7 TeV that is achieved within the size

constraints of the existing 26.7 km LEP tunnel.

LHC dipole field
HERA/Tevatron

A factor 2 in field

A factor 4 in size

2 The luminosity of the collider that will reach unprecedented values for a

hadron machine:
LHC
Tevatron
Sppbars

2x1032 em=2 g1

6x1030 ¢m-2 s-1

A factor 100
in luminosity

The combination of very high field magnets and very high beam intensities
required to reach the luminosity targets makes operation of the LHC a

great challenge !
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Linac
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Booster

v

PS

Y

SPS

Y

LHC

The Accelerator Scheme |

CERN Accelerators

(not to scale)

0.999999c by here

nauirines o Gran Sasso (1)

0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LiNear ACcelerator

LEIR: Low Encrgy Ion Ring

CNGS: Cern Neutrinos o Gran Sasso

0.3c by here

Budeli LEY, P Dvvesen, CIEN, 0709 96

Rew -l—dqﬂlnmbu i Barws, ETT Do,
i Dollabasiaron with [ Uealonges. 30 Div., aid

0, Mangjuni, P Div, CERM, 21,0800

Start the protons out here
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LHC Parameters —

Momentum at collision 7TeV/c
Momentum at injection 450 GeV / c
Machine Circumference 26658.883 m
Revolution frequency 11.245 kHz
Number of dipoles 1232

Dipole field at 450 GeV 0535 T
Dipole field at 7 TeV 8.33T
Bending radius 2803.95 m

Main Dipole Length 14.3 m

13



LHC Parameters

L ———
Bunch Intensity 1.15 x 10™
Number of bunches 2808
emittance 9x10-9m
B* fully squeezed 55 cm
beam size at IP 16 um
Crossing angle 285 prad
Bunch length 1.06 ns (7.5 cm)
Luminosity 1034 cm-2s-1
Total Beam energy 362 MJ per beam

Full list at: http://cern.ch/ab-div/Publications/LHC-DesignReport.html




Magnets for the LHC (part of the

m)

Dipole

Lattice quadrupoles
Lattice sextupoles
Lattice Octupoles
Skew quad

Arc skew sext

Tuning trim quad
Octupole spool pieces
Decapole spool pieces

Sextupole corrector (b3)
in MBA & MBB (spool
piece corrector)

Insertion region long trim
gquads

Arc dipole corrector
Arc dipole corrector

Twin aperture separation
dipole in IR (194mm).
D4

Twin Aperture Separation
dipole in IR(188mm).
D2

MB
MQ
MS
MO
MQS
MSS
MQT
MCO
MCD

MCS

MQTLI
MCBH
MCBV

MBRB

MBRC

No. of Magnets
1232

392

688

168

32

64

160

1232

1232

2464

36
376
376

About 9000 magnets of which
1232 are the cryodipoles

8

Aperture
twin
twin

single
twin
twin
single
twin
single

single

single

twin
single

single

twin

twin

15



The Cryodipole Magnets

eSuperconducting (1.9 K) dipoles producing a field of 8.4 T -
current 11,700A = 2-in-1 magnet design

e Cost: ~ 0.5 million CHF each. Need 1232 of them

e Stored magnetic energy up to 1.29 GJ per sector.

e Total stored energy in magnets = 116J

e One dipole weighs around 34 fonnes

e —]

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

" Helium-II Vessel

Spool Piece \
Bus Bars =) T, Y Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Diode Feed Throughs 16

Auxiliary
Bus Bar Tube

Protectibn Instrumentation




Superfluid Helium —

m To produce the high magnetic fields we need very high
currents...

m Make use of the remarkable properties of He |l

m Superfluid helium:

1 Very high thermal conductivity (3000 time high grade copper)

1 Very low coefficient of viscosity... can penetrate tiny cracks,
deep inside the magnet coils to absorb any generated heat.

1 Very high heat capacity...stablizes small transient temperature
fluctuations

17



' LHC is more than just dipoles.. ..




Straight Sections —

The sections that deliver the beam to ’rhe exper'lmen‘r
are s’rralgh’r and use room ’rempera’rur'e magneTs




- Energy in the beam e

Comparison...

The energy of an A380 at
700 km/hour corresponds
to the energy stored in the
LHC magnet system :
Sufficient to heat up and
melt 12 tons of Copper!!




LHC RF system

dJ The LHC RF system operates at 400 MHz.
d It is composed of 16 superconducting cavities, 8 per beam.
1 Peak accelerating voltage of 16 MV/beam.

For LEP at 104 GeV : 3600 MV/beam !

Synchrotron
radiation loss

LHC @ 7 TeV 6.7 keV /turn
LEP @ 104 GeV ~3 GeV /turn

The LHC beam radiates a
sufficient amount of visible
photons to be actually
observable with a camera !
(total power ~ 0.2 W/m)

17
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Complex interconnects

Many complex connections of super-conducting cable that
will be buried in a cryostat once the work is finished.

dum PR mm, "*

i "'l—........_ ._.,...". Ay “‘hi

1 Ay =

This SC cable carries 12'000 A §
for the main dipoles

22



2008

P

lanned Schedule (early summer 08)

First Beam circulating on 10/9/08

Hardware commissioning

To 5TeV

No beam I—

Beam

Beam

Train to

TTeV

Shutdown

23



Some Issues Before Starting...

Some magnets, while being tested before installation to the 7
TeV corresponding current, now seem to quench before (ie
they turn from superconducting to normal state).

Getting all magnets to work safely @ 7 TeV will be some work
and was planned for the coming 08-09 winter shutdown

12000

Start in 2008 |z ™

was planned
with 10 TeV

9500

rent [A]

5000

6.940

6.740

6.540

6.340

6.140

5.940

5.740

5.540

5.340

Arjan Verweij

The LHC sectors
were all
commissioned

t0o 5.5. TeV
before first
beam

That is, all but
one..

24



Beam Injection on 9/10 August ..

7_ Layout of beam path o0

7 EDGOEL D4D305L L 4, DSHD3D4DEFI Ds il
JECLATRS Beam 1 '
freiases, m%| e !
FTCLABSR3 ",

ITCLA ASR3 4001 18
TCP.6R3 { TCSG.BSR3 B \
TCSG.5R3 | TCSG.ASR3 B : [ T
IP3 CSG.4R3 E 00l a w1 % 1 115 5
TCSG.4L3 2 AR L | %
TCSGASLS TCSG.5L3 % . | ;‘I | | | ". N E
TCSG.BSL3 2 gt I S lo &
TCLA.A5L3 @ Y4 Y \ \[ /) ; g
TCLA.BSL3 i I\ fi _ i : 2
TCLA6L3 o k7 ‘* g Ry & W T
TCLAT L FAN S LA | o K bl \ »{“ -1
d o \ | Y.
, \ Y _.a-"f \
\_/ 4
v 6.5 E.5 6.7 6.8 6.0 75

Longitudinal coordinate, s[ km ]

(1) Commission end of TI2
(beam on TDI on IP2-left)
(2) Steer beam up to IR3
(3) Stop beam on the collimators
B1 (6 Carbon primary+secondary colls;
TI2 4 Tungsten absorbers) 25



File Tools
A P © 4 [ © Aug 0B 21:38:46 LHC - LHC
Selection
Device: LHC.ETVM.GLA.BL |~
LHC.ETVM.GL4.E2
LHCETVM.7L3B1 |
LHC.ETVM.TL3.E2
LHC.ETVSEA4LG.EL
LHCETVSEA4RG.E2 |
LHC BTAVEL ATRT B ; l':!
1 I N
Status
Device: LHC BTVM.7L3.B1
Status: i m
Mode: oM
. Controlk REMOTE
Setting
Basic | Advanced | Expent |
- |
First Lampe 200 v |©
Yy
hdkd
Second Lamp 200 my’
LA A J
Motor Enable: enable Iv| 3
Hardware Reading: & | [=
. D Acquire | [ Stan Monitoring |

LHC 01

a.

LHC.ETVM.7L3.B1/Image-

|1 - 1 of 1 acqguisitions) Cycle: LHC SC Nb: 0

1z

Amage

20

15

10

¥ [mm]

L)

-20

=10 o

X [mm|

eam Injection on 9/10 A

Beam on screen at IR3 (first shot!)

Stop

Camera Swiltch: RAD ON
OFF

Screemn: Al
Filter: Out

Acquisition Type: One Acquisition
Acquisition Number 1

| Continuous Saving

i [l Save

I:u 3753 .- Done
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"""Checking the machine before D-Day. .

Polarity Errors

In single pass (trajectory) mode, focusing errors can be located by:
O launching controlled trajectory oscillations

O comparing the measurement with the predictions

>> |dentified a number of sign errors — some rather severe (see below) !

Example of a polarity inversion of a main quadrupole (IR7). This error would have spoiled the 10"
September show — very difficult to get past such an error.

Histogram : measured trajectory change

Points : model =
1500 [ Corrector: MCBY A3R7 B2 (measured)
— Corrector: MCBY 19RT B2 [modsl |
m" ]
5 Pnlnrlty error
-

.Qt‘rﬂ"'“ || I || l!lll 'l".I'.-.I"l.i."'..il 'I."
| ]“ ||[ r || Beam 2
T <€

190 200 27




""Checking the Machine before D-Day..

And we quenched with beam...

In the very early morning of August 9" during the first test, we provoked the first
beam induced quench:

BLM signal BLM signal
(beam2 side) (beam1 side)
0 Bunch intensity ~4x10° p, which is within '3‘
the expectedrange. =~ “n,‘,‘ ________ N

10° M. Sapinski

>> reduced the commissioning intensity
to ~2-3x10° p.

in preparation of the 10", a test reveaied
that even with ~2x10° p one can quench

— but very unlikely in normal operation due
to the large impact angle.

decum [m]

Freliminary resuits !

28



""Checking the Machine before D-Day..

A look at the first quench : magnet perspective

VBB o | tme] ot W ezl l

= 1. Voltage = 0, no resistance, magnet is

] superconducting.

i . 2. Beam impact, Voltage |= O : resistive area in
= b 2 the magnet |

= 3. Voltage back to O - magnet has recovered
| 4 2 A/ spontaneously - very little energy deposition |
E T 3 ! 4. Voltage |= O : protection systems enter the
— HF - | game and force-quench the magnet etc..

e —

|2

.E Voltage (V)

p— across magnet

Tanem  awewm  mekm  =ehm wsbw mebkw mvhm e s nuim1




"""Beam injection on 234?{;4_0.@5;_
@) Outlook

u g

Results of first beam tests are very
encouraging...

A journey of a thousand miles
begins with a single step!

Lao-tzu, The Way of Lao-tzu
Chinese philosopher (604 BC - 531 BC)

N\ .~"  TCSGS6L7
- \ '1 TCSG.ASLY
TCSG.BALT
TCSG AL TCSG.AALT
TCSG.A4RT TCSG.A4RT
TCSG.B4RT
TCSG.ASR7
e TCSG.6RT
TCSG.ASRT TCLA.ASRT
TCP.BSRT TCLA CSR7
TCP.C6RT . TCLA E6RT
TCP.D6RT TCLA FERT
TCLA.ATRT
Cr,
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September 10th 20

< A Crazy Day !!!

08

__4
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1079708

Start 9:30

10 SEP, 10:25 FIRST COMPLETE LHC ORBIT!

POINT 5 POINT 5
RS POINT 5
- POINT 6 PO 4
Duamp
,ﬂ’n T hh‘-bj..
R
I, # "i%
,m“,mm 5,, j W POINT 7 m ! POINT 3
| 1 [ Batotron  Cleanicg RebsTeiriLT
c ‘i - Chinaning Cleanicg
= j
LY P
L
"r-u.,; '
POINT 2 POINT B
POINT 2 POINT B Aca LHCH P*:ﬂ:: z Pﬂm’ B
L LHEh
— FAMNI 1 { Bwam 2 POINT 1 Boam 2
B 1 PIOIMT 1 / Baam 2 Afas 10 2ap 2008 812 ‘Atias e 1
Allas
0 Sap 2006 (K28 TiZ? e e -
T2 Tia Lystated by Achens Gabae Upedaled by Fioberio Saban
ipimiea by Flobesric Baban
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LHC startup!

September 10th 2008

POINT 5
CMS V4

POINT 4

- POINT 6

Dump

g

POINT 3

Momentum
Cleaning

POINT 7
Betatron
Cleaning

POINT 2%

Alice

Beam 1 POINT 1 Beam 2

Atlas 16 Sep 2008 09:41

TI2 TI8
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" "Beam goes around the full LHC ..

First Beam Around

Sept 10t 10:30 : two beam spots on a screen near ALICE indicate that the
beam has made 1 tumn.

34



Beam Halo and Splashes in CMS

= CHATH it K311 10 Wi 234
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eam Halo and Splashes in ATLAS

http://atlos.ch

PO Kl imiccars o J S 8 — me
ATLAS 2008-09-10 10:19:10 CEST event:live

Jrometry; <default Atlantis

first beam event seen in ATLAS

first beam event seen in ATLAS

: .
" : T [—




ALICE and LHCb
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" For the History Records ...
September 10th

>300 li
Despite the presence of an unbelievable crowd of people : Journalist

210:30 : Beam 1 around the ring (in ~ 1 hour). Beam makes ~ 3 turns.
015:00 : Beam 2 around the ring, beam makes 3-4 turns.

022:00 : Beam 2 circulates for hundreds of turns...

38



Circulating Beam
Beam 2 circulating — no RF

Evening of September 10t | after the crowds left :
Beam 2 makes hundreds of turns after some empirical correction (no RF)

LHC Longitudinal Bunch Profile Beam?2

Q Turn by turn beam peak intensity
signal at the RF position monitor.

O h'he decay is due to the de-bunching
of the beam (bunch becomes longer
and longer - no RF).

17
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77 Circulating Beam ...
Beam 2 captured by RF system

Evening/Night of September 11th

Beam captured and stored  FEEEEEEE T
for ~ 30 minutes RF ON & tuned
B . Beam 2 ‘captured’

Progress was very rapid
and swift

Hopes were to have first
collisions in ~ a week




But then... -

Electrical transformer problem...

Late evening of Friday Sept. 12" an old LEP HV transformer in point 8 failed,
leading to a stop of the cryogenics — LHC ‘off’.
O TS/EL had no spare (!), but a spare CMS transformer was recuperated and
installed during the weekend.
O Due to various other problems, the cryogenic system was only completely back
for the Friday 19th.
4 in the meantime, access and commissioning of remaining circuits wherever
cryogenics conditions were OK.
O Late in the morning of Sept. 19" the last dipole circuit of sector 3-4 is
commissioned to 5.5 TeV...
Slides from H. Weninger
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B

lack 19th of September ®

Status on the morning of Sept. 19t

Beam 2 well advanced:
0 Beam captured in RF system, good orbit and lifetimes of hours.

0 Optics in ‘'reasonable’ shape, preparing for refinements.

Beam 1 in same state as 10™:
Q First turn established, beam in for 3-4 tumns.

Objectives for the weekend
O Bring beam 1 to same level as beam 2.
O Improve measurement and correction on beam 2.
O Try to circulate both beams together ...

But....




And then came September 19t 11:18...

During the last commissioning step of main dipole circuit in sector 34, to 9.3kA :

O At 8.7kA, development of resistive zone in the dipole bus bar between Q24.R3 and
the neighboring dipole.

O Most likely an electrical arc developed which punctured the helium enclosure.
O Large amounts of Helium were released into the insulating vacuum.

O Rapid pressure rise inside the LHC magnets

—

Large pressure wave travelled along the accelerator both ways.
Self actuating relief valves opened but could not handle all.

Large forces exerted on the vacuum barriers located every 2 cells.
These forces displaced several quadrupoles by up to ~50 cm.
Connections to the cryogenic line damaged in some places.

Beam 'vacuum’ to atmospheric pressure
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Inter-connection




Upper Copper

[t —y iperconaucting
Cable in Copper

Stabilizer

/ Lower Tin/Silver
/ Soldering Alloy Layer

Upper Tin/Silver
Soldering alloy Layer

:;"#
Soldering Alloy Layer J '
A

-

. Completed

Lower Copper U
Profile Cable Junction Box

ross-section




Damage zone
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I Insulating vacuum barrier every 2 cells in the arc > Some moved

= Considerable collateral damage over few hundred metres
= Contamination by soot of beam pipes

Damage to super-insulation blankets
= Large release of helium into the tunnel (6 of 15 tons)



—_’_-—

Cryos

tat Pedestal —

R. Aymar

PECFA
28/11/08
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Damaged Quadrupole-Dipole Connection .

48



- D

isplacement inmm

Displacements

Based on measurements by T5-SU, TS-MME and AT-MCS

Coldmass | €6 | <5 | <5 | <5 | <§ 19 ??Ima <5 140 msﬂm 18 <5 | <5

_SSS with vacuum bamier Open interconnection Disconne cted
» Towards P4 Electrical interrupions
[mm]) Values are in mm jnlmle in short circuit

? Not measured yet Electrically damaged IC

— Cold mass displacement <=t Buffer zones
Cryostat displacement

QIf]AIC]BIB|CIB [QIBIAIO | BIOTC10 B20 | C20 LQ20 A21 1 B21 lC21 a2l
Cryostat 20 <2 | <2 | <2 =R <2 | <2 | <2 PE2W <2 | <2 | <2 PE@N <2 | <2 | <2 <=2
Cold mass ? ? ? ? ? ? ? ? ? ? <5 | <5 =8 <5 | <5 |} <5 =5
Q21 A22 B22 C22 Q22 A23 | B23 C2w2 2 24 1 C24 Q24 A25 B25 C25 Q25
T WE e
- G m—— e e
Cryostat 2N <2 | <2 | <2 ef <2 | <2 | <2 B=18F) <2 | <2 | <2 =Y <2 | <2 | <2 <3
Cold mass |€5 8 <5 | <5 | <5 §=25 0 -67 |-102]-144} <50 -190-130 —Bn'ﬁ <5 | <5 | <5 =S
(@25 A26 | B26 | C26 @26 A27 | B27 czrﬁazwzs czslﬂ A29 | B29 | C29 Q29|
(S — — —— —— S— — —
Cryostat 2N <2 | <2 | <2 PS@ <2 | <2 | <2 pafa -4 <2 | <2 11 <2 | <2 | <2 P =2
Coildmass | €8 @ <5 | <5 | <5 L &§ © 57 | 114 1 1507) 45 © 230 | 189 | 144 . 50 | 35 | <5 =S
u |
029 A30| B30 C30 Q30 A31B31C31 Q31 A32 BSZ‘:ZEE Q32 A33 B33 C33| Q33
- — — e—
Cryostat =2 <2 | <2 | <2 =R <2 | <2 2 <2 MB8N <2 | <2 | <2 5 <2 | <2 | <2 =2
<5 ?



Repair

il ili B
& ] o (DR o le ol Hole] J+—F PR EbIob
— Q6 i G?L GRYO-GELL TS AT =29 i A A Q11+ LT RIRELE Gﬂ? L)
I:’:n:n.:.l & o BEC AGERIM ko veCEE: TTRI M A . VACEEC ATAIM & " VACEEC ATTRIM o

L ol o [io]o D}]—'ﬂﬂhﬂﬂ@n p|ofo ik ojpje ale o r:rlj—'L1 ole[elblefe]ef Flja ofo[kle o lp—=—

LR
a1y

*Gﬂﬁ CAYO-CELLIS_17 A3 Y W9 cpwceLmzim o Ah D23 spvocelimzsna Q25 &
i N . Iz} I 5 £ EA3 'l o l- 3 e - & =3R l Z 4R ', i '

I WA BET ATSRIMN A WACEED ATSRIN & VADSES AZIRI M

S EEEEE R EEEHEEE - EEERE R E R E—REEEREEE -

A 97 cavceimmm @29 ad P awesuaaia_n, N L A
S S ——— L wemmian b ' —— -
§ 1 L 1 g
—n]mﬂnln[hlnﬂmﬂn JME D DID . ool [klp o [o blofelplel o=
&3 e om. 029 o O U \
. e P

— Present strategy assumes treating all magnets Q19 to Q31 — 50 magnets out.

— May have to treat slightiy further outside this zone (buckied vac. beliows)

— Nearly all the components are at CERN.

— Critical components are beam screens and short straight sections (quadrupoles).
— All magnets out by Christmas.

— Estimate (preliminary) November 08 to March 09.
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Can it happen again? —

Early Warning Signs

0 Following the incident, a closer look at the logged cryogenic data
(temperatures and valve states) clearly indicated a heat source in the cell
that was at the origin of the S34 incident:

» The data revealed the presence of a ~ 200 n{2 resistance in that cell (before the
incident): most likely the interconnect quality.

0 Logged data recorded during commissioning of the 7 other sectors was
checked to locate other potential problems : a hint was found in a cell of S12.

0 Controlled calorimetric measurements (at different magnet currents) were
started in the sectors that are still available to:

v Localize cells with current dependent heat sources.
v Confirm the source and localize precisely with electrical measurements.

52



[ —

Summary of the Startup

Start-up with beam:
* Despite totally ,crazy’ conditions the beam start-up was excellent.
* The speed of progress with beam2 exceeded even our optimistic hopes.
* Allot was learned, but not enough to be sure that the rest of the early
commissioning will proceed as well as the first 3 days...
Sector 34 incident:
* Revealed a weakness in the installation quality assurance.
* Revealed a weakness in the magnet protection system which did
cover dramatic bus-bar/interconnect incidents.
* Inspection and repair of ~ 50 magnets will take most of the shutdown.

* Improvements in the quench protection system, ready summer 2009,
should provide early warning/protection against similar events.

* The final improvement of the pressure relief system requires a warm-up
of all sectors.
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Next Steps foreseen in 2008

Approx 30 days of beam to
establish first collisions

Approx 2 months elapsed
— Given optimistic machine
availability —_—
- Un-squeezed
— Low intensity

Continue commissioni
thereafter

— Increased intensity
- Squeeze

PRV iy Eventrate] Cross = 2Czor
dme 3 b
Paramelers Ratesin 1 and 5
k., M 1.5 Luminosity Events/
(m) (cm@s) Crossing
1(3) 1010 11 1.1 10% << 1
4 101 11 4.5 1027 << 1
43 10 11 5.0 1028 << 1
43 4 100 11 8.0 10=# << 1
43 4 100 3 2.910% 0.36
156 4 100 3 1.0 107 0.36
156 9 1010 3

Unclear how the schedule will look
like in 2009...
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News from December 5th

Geneva, 5 December 2008. CERN* today confirmed that the Large
Hadron Collider (LHC) will restart in 2009..The top priority for
CERN today is to provide collision data for the experiments as
soon as reasonably possible," said CERN Director General Robert
Aymar. "This will be in the summer of 2009".

Detailed studies of the malfunction have allowed the LHC's
engineers to identify means of preventing a similar incident from
reoccurring in the future, and to design new protection systems for
the machine.

A total of 53 magnet units have to be removed from the tunnel for
cleaning or repair,of these, 28 have already been brought to the
surface and the first two replacement units have been installed in
the tunnel. The current schedule foresees the final magnet being
reinstalled by the end of March 2009, with the LHC being cold and
ready for powering tests by the end of June 2009."We have a lot of
work to do over the coming months," said LHC project Leader Lyn
Evans, "but we now have the roadmap, the time and the
competence necessary to be ready for physics by summer.
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Summary

The LHC has been completed in 2008. S
— Intial commissioning has started \(;Q( /f/éj

Start-of of the LHC on 10/9 was really good e - &
— Beam circulating for 30 minutes within days.
However on 19/9 an unfortunate incident happened

— An electrical resistive zone built up and led to an electric arc in the
cryogenics part in one of the 8 arcs of the LHC

— This created a rupture in the helium enclosure of the magnets
This created considerable damage that needs to be repaired
— The winter shutdown started earlier than planned
As of 5/12 a new schedule has been announced
— LHC back and starting physics program in 2009 after the shutdown
— Multi-TeV collisions fall 20097
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The LHC startup...

___4

o Great startup on 10/9! (>300 journalists)

e ..Serious problem on 19/9 (> 2 months to fix)
e So, a bit more patience will be required.

e But LHC will come on strongly in 2009

Eg German press:
Teilchenbeschleuniger ist schon kaputt
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Write-up

Summary Report on the analysis of the 19th September 2008 incident at @‘
the LHC \%

Incident during powering

The magnet circuits in the seven other sectors of the LHC had been fully commissioned to their
nominal currents (corresponding to beam energy of 5.5 TeV) before the first beam injection on
10 September 2008. For the main dipole circuit, this meant a powering in stages up to a current
of 9.3 kA. The dipole circuit of sector 3-4, the last one to be commissioned, had only been
powered to 7 kA prior to 10 September 2008. After the successful injection and circulation of the
first beams at 0.45 TeV, commissioning of this sector up to the 5.5 TeV beam energy level was
resumed as planned and according to established procedures.

On 19 September 2008 moming, the current was being ramped up to 9.3 kA in the main dipole
circuit at the nominal rate of 10 A/s, when at a value of 8.7 kA, a resistive zone developed in the
electrical bus in the region between dipole C24 and quadrupole Q24. No resistive voltage
appeared on the dipoles of the circuit, so that the quench of any magnet can be excluded as
initial event. In less than 1s, when the resistive voltage had grown to 1 V and the power
converter, unable to maintain the current ramp, tripped off, the energy discharge switch opened,
inserting dump resistors in the circuit to produce a fast power abort. In this sequence of events,
the quench detection, power converter and energy discharge systems behaved as expected.
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Summary Report on the analysis of the
19th September 2008 incident at the LHC

Follow-up actions (preliminary)

Two different goals, namely to prevent any other occurrence of this type of initial
event, and to mitigate its consequences should it however reproduce accidentally.
Precursors of the incident in sector 3-4 are being scrutinized in the electrical and
calorimetric data recorded on all sectors, which remain cold, in order to spot any
other problem of the same nature in the machine.

* An improvement of the quench detection sysiem is currently tested, before
being implemented.

* The relief devices on the cryostat vacuum vessels will be increased in
discharge capacity and in number.

» The external anchoring of the cryostats at the locations of the vacuum barriers
will be reinforced to guarantee mechanical stability.

Until now, no other interconnection resistance has been identified as above
specification, but two (?) connections inside the cold masses (which have been
tested successfully to 9T) have been measured higher than specified.
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Summary Report on the analysis of the 19th September 2008 incident
at the LHC

Sequence of events and consequences

Within the first second, an electrical arc developed and punctured the helium
enclosure, leading to release of helium into the insulation vacuum of the cryostat.

The spring-loaded relief discs on the vacuum enclosure opened when the pressure
exceeded atmospheric, thus relieving the helium to the tunnel. They were however
unable to contain the pressure rise below the nominal 0.15 MPa absolute in the
vacuum enclosures of subsector 23-25, thus resulting in large pressure forces acting
on the vacuum barriers separating neighboring subsectors, which most probably
damaged them. These forces displaced dipoles in the subsectors affected from their
cold intermal supports, and knocked the Short Straight Section cryostats housing the
quadrupoles and vacuum barriers from their external support jacks at positions Q23,
Q27 and Q31, in some locations breaking their anchors in the concrete floor of the
tunnel. The displacement of the Short Straight Section cryostats also damaged the
“lumper’ connections to the cryogenic distribution line, but without rupture of the
transverse vacuum barriers equipping these jumper connections, so that the
insulation vacuum in the cryogenic line did not degrade.
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Main Dipole / Quadrupole Interconnection

Note that the connection Splice i iastion L th
is NOT clamped ! < Sl sl ~ Hell@ 1.9K, 1Bar

Bus Bar’s Insulation Heat exchﬁnge wifh He ll

Favored hypoihesis for the S34 incident cause :
» Temperature increase due to an excessive resistance (estimate ~ 200 n£).

« Superconductor quenches and becomes resistive at high current (temperature
increase due to the resistance).

= Up to a certain current, the Copper can take it (cooled by the He II).

« Beyond a certain current, ‘run-away’ of the temperature, splice opens,
electrical arc ...
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8 Pilot physics — the first month

m Interleaved physics and commissioning

m Push number of bunches, intensity, squeeze...
0 156 x 156

1 3 x 10'0 protons per bunch

O B*=2m.

m Peak luminosity: ~1.2 x 103

= |ntegrated: few pb-’

Expected luminosity in 2008 @ 10 TeV

Pushing the bunch intensities with 156x156
with reasonable operational efficiency
another month would see 30 - 40 pb-'
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xpectation for 200

% Commission high energy operation
= Aim for 7TeV (magnets will decide)
= 43 /156 bunch running to start (brief)
= 75ns running
= 25ns running
= High 1032 cm-2 s-1 is in reach

% Mixture of
= Operation for physics
= Machine studies 150 days of physics
= Scheduled stops cfficiency for physics 40%
* Access, injection, ramp, squeeze etc | it I THE R L et o
= Colliding beams
= lonrun?

Realistically (1 and 5)

Integrated luminosity ~ few fb-1

(10% seconds @ <L> of 1022 cm2 g1 — 1 fb-1) 43

Courtesy Roger Bafley



Displacements status in sector 3-4 (From Q17R3 to Q31L4
Based on measurements by TS-5U, TS-MME and AT-MCS
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