2 Techniczne aspekty LHC
(Large Hadron Collider)

Jan Kulka
27-02-2009




__’__.i—.._.‘.-_l-_ ‘..‘_‘* e ..-=:_ i

R R W A



- Zespot akceleratorow wokot LHC

- Podstawowe systemy LHC oraz udzial
WFiIS AGH w uruchomieniu

— Magnesy dipolowe 1 kwadrupolowe

— Obwody kriogeniczne

— Systemy ochrony magnesow 1 systemy ekstrakcji
energii

— Klimatyzacja 1 wentylacja

- Uruchomienie LHC

- Awarie

- Perspektywy
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Top energy(GeV)
Circumference(m)

LINAC?2 0.12 30

PSB 1.4 157

CPS 26 628 = 4 PSB
SPS 450 6911 = 11 x PS

LHC 7000 26657 = 27/7xSPS




Wazniejsze daty LHC

1982 : Pierwsze prace

siudalve Tlad LH? €1984 : Rozpoczecie
1994 : Zatwierdzenie LHC budowy LEP
przez CERN Council €1989 : Uruchomienie

1996 : Ostateczne decyzja o LEP |
konstrukcj1 LHC (7TeV) €1995 : Rozpoczecie prac

. : przy budowie hal
20.03 ' 30;.13 0CZLCIC cksperymentow LHC
instalacji LHC
2006 : Rozpoczecie €2000 : Koniec dziatania
odbioru technicznego LEP

2007 : Zakonczenie
instalacji 1 start
chtodzenia



Magnes dipolowy, jeden z 1232 w LHC, temp. pracy 1,9K
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Magnesy dipolowe LHC

Indukcja w dipolu

* Energia kazdej paczki
protonow- 7TeV <
8.33T



Indukcja magnetyczna w dwu-aperturowym dipolu
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Critical current density of technical
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Specific heat of LHe and Cu
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Y(T) £ 5%

Equivalent thermal conductivity
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LHC magnet string cooling scheme

saturated He I, flowing heat exchanger tube
pressurized He I, static

magnet sc bus bar connection

helium vessel

CERN AC _ EI2Z-12 VE _V9/9/1997



Przekréj dipola LHC
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Kompozytowa noga magnesu
G10 Glass-fibre Reinforced Epoxy




Blokada doptywu ciepta

N\ Zasilanie ciektym

helem 4,5K (linia C’)

Ptyty aluminiowe
klejone do nogi
kompozytu G-10

taczniki do toza
aluminiowego ekranu
termicznego 50-75 K



Aluminiowe toze magnesu
wspornikiem ekranu termicznego




Izolacja aluminiowa zimnej masy




Wielowarstwowy koc 1zolacj1 termiczne;

(MLI)
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Sktad osobowy pracownikoéw AGH pracujacych
przy uruchomieniu LHC w okresie 2005-2009
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Elementy sytemu kriogenicznego

Warm recovery line (QRP; R4)
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He ring line (QRP; R3) Cryogenic distribution line (QRL; R2)




Przeptywy helowe w komorce
kriogeniczne) LHC

LHC Standard Cell (106.9 m)
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Magnet-grade superconductor
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Critical surface of NbTi (from Wilson textbook)

Jc(AImmz)

Critical current density vs field measured on
NbTi multiflamentray wire at 4.22 and 2.17 K
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Critical current of best Cu/NbTi with
typical 3 T field shift at superfluid
helium (INFN-LASA lab, february 2000)




Grzeynik quenchowy




Ekran wigzki




3D
Cewka strona




Strona podtgczeniowa
2 WKI




arzmo stalowe dipola




Ptyta konczaca dipola




Formowanie liry




Korpus cisnieniowy zimnej masy




Wymiennik ciepta




agnesy korekcyjne dipola
(spool pieces)




Zamkni¢cie zimnej masy dipola dennica




ennica dipola 1 pozycjonowanie




Mieszki kompnensacyine + linta N




o |2
dipole

For all 1232 dipoles in the LHC: 9.4 GJ




25 ns

Beam energy: Proton Energy « Number of Bunches ¢« Number of protons per bunch

Proton Energy: 7 TeV

Number of bunches per beam: 2808

Number of protons per bunch: 1.05 ¢ 10"

Energy per beam: 346 MJoule




Schemat zrzucania wiazki

Septum magnet
deflecting the
extracted beam H-V kicker

for painting Beam Dump
the beam Block

magnet

about 500 m




beam absorber
(graphite)

B concrete
shielding




Temperatura w bloku grafitu - 80 cm

2D THERMO-MECHANICAL ANALYSIS ol .
OPTIMIZED DENSITY 16:53:07
Thermal Load [C] at z=80cm angdd 1 PLOT 110. 1
. ELEMEITS
TEMPERATURES

TMIT=23,681
TMAX=833.461

v =1
DIST=.4235
Z-BUFFER
EDGE

23.681
113.657
203.632
293.608
383.583
473.559
563.535
653.51
743.486
833.461

j0EEnon

Anal veis TDECHAM2ZC
BOUNDARY CONDITIONS
Simply Support

up to 800 C Edge O.Frae
Plans Stress
LOADS
bucket: &3/2
Tred : 20.
Tindt : 20.
GEOMETRY

Disk rad. : T50 mm
Disk thek.: 0.5 mm

L.Bruno: Thermo-Mechanical Analysis with ANSYS 52



Power

* Schematics of the QPS 1n the main dipoles of a

sector Quench Detectors
Cold diode = Vi-V2#£0

> P P

§© i L1 (sc Magnet) L2 (sc Magnet) Li54 (sC Magnet
5
U —— —
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L A —] Quench Heaters %
R (Energy
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. During magnet test campaign, the 7 M|
stored in one magnet were released into
one spot of the coil (inter-turn short)




III I1 Momentum and betatron

OMENTUM CLEAN (collimators are not shown) o
| Q5 D3 D4 Q6 - | Q7

V24 mm
_1
N D | eé

Particles with large momentum offset are scattered by the primary collimators in IR3.

Particles with large H, V or H&V betatron amplitudes are scattered by the primary collimators in IR7.
In both cases the scattered particles are absorbed by secondary collimators.

Typical quadrupole strength 30-35 T/m

Note: IR3 & IR7 have special DS (arc quadrupoles in series + trim quadrupoles)
because of lack of space to place the power converters.



I1I.II Momentum and betatron
cleaning insertions (IR3, IR7)

. Multl-stage collimation at the LHC

(An illustrative scheme) . \ -
\  Primary Secondary Shower Tertiary sSC
\ collimator collimators absorbers | i collimators ~ Triplet
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Large ar Sett1ng§ @7TeV and *=0.55 m
S Feciat, 0P WG o Cackst, 014200 Beam size (0) = 300 um (@arc)

Beam size (0) = 17 um (@IR1, IRS)



Inner Separation/
Recambhkination

Matching Quadrupoles
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POINT 4
RF

POINT 3
Momentum
Cleaning

POINT 2
Alice

2

TI8

POINT 6

POINT 7
S I Betatron

‘ Cleaning

POINT 8
LHCb

15 Sep 2008 15:37

Updated by Roger Bailey




Injection Test 1

Achieved

Synchronization SPS — LHC e
Beam 1 injected IP2
Through to collimators in IP3 first shot

m]

Trajectory correction

Y [m

Kick-response measurements
Off-energy measurements (dispersion)

Explored the aperture
First beam induced quench

Discovered
Aperture restriction in the injection line
Traced to misaligned vacuum pump
Optics problem IP3
Polarity convention QTL
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POINT 4.
RF

POINT 6

POINT 3
Momentum
Cleaning

POINT 7
Betatron
Cleaning

POINT 1

Atlas 16 Sep 2008 10:14

T2 TI8

Updated by Roger Bailey



Injection Test 2

¢ Achieved
“ Beam 2 injected IP8 o
® Through to collimators in IP7 first shot * —1
¢ Trajectory correction
¢ Kick-response measurements o SR .
¢ Off-energy measurements (dispersion) - T J SRS
¢ Explored the aperture = 7
® Beam | injected IP2 =5 QN Ve e 0
® Through to collimators in IP3 gl ’ AL AARANAAAMRAMAAA AL
® Aperture in injection region OK = llmllLLIlwlltlu;llnlalll:":w‘n:[ijnll1 L
® Polarity correction confirmed AT UMH\MH__lHHHHHIEHHH .“H_H‘_J.HHIIHI‘__\H“J
L

Interleaved injection

\fer Orbit [mm]

¢ Discovered
® Optics problem at the end of the TIS8 lin
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Injection Test 3

Achieved
Beam 2 injected IP8
Threaded to dump in IP6 - =
Steered then inject and dump S e
Beam | injected IP2 .
Threaded through to coll in IP5

SDD3 Default View

Discovered

Optics problem 1n IP7

Polarity convention on Q6

Optics problem in P4

Polarity convention
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10™ of September
Achieved

Beam | injected IP2

Threaded around the machine in @
Trajectory steering gave 2 or 3 turns

Beam 2 mnjected P8

Threaded around the machine in

Trajectory steering gave 2 or 3 turns

Q and Q’ trims gave a few hundred turns



10t of September Beam 1 — First turn trajectory
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http://elogbook.cern.ch/eLogbook/attach_viewer.jsp?attach_id=1025388

Beam 1 on TDI screen —

Ot of September
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10t of September
Beam 2 — First turn trajectory
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Beam 2: Longitudinal Bunch
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IV.IV. 10% of September
Beam 2 closed orbit
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LV.IV. 10" of deptember
Beam 2 faSt BCT (Beam Current

Transformer)
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10% of September Beam dilution on dump block
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10™ of September
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HTS in the LHC machine

Powering of the LHC magnets

About 3 MA of rated current for
1800 circuits

3286 current leads

Quantity | Current rating (A)

64 13000
6000 ' [HTS

Superconducting Magnets Summer
2006  Tom Taylor
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RF cavities




Two 300 kW klystrons with circulators and
Ioads




Construction and commissioning 2002-2008

Tunnel activity determined by

I~
— N
Triplet =»
2007 200% 00):5 2005 2008 2007 Z200¢

Cleaning

v Octant3 7/

Fopwmpg N
\

Inner Triplets

Either side of each experiment

nteraction



Construction and commissioning 2002-2008

Tunnel activity determined by
N~

<— Triplet >

“00% “00% 2002 2009 2009 2007 “009

During the pressure test of Sector 7-8 (25
November 2006) the corrugated heat
exchanger tube in the inner triplet failed by
buckling at 9 bar (external) differential
pressure

On Tuesday March 27 2007 there was a
serious failure in a high-pressure test at
CERN of a Fermilab-built inner-triplet

series of three quadrupole magnets left of
Point §




Construction and commissioning 2002-2008

Tunnel activity determined by
N~

<+ Triplet =»

“00% “00% 2002 2009 2009 2007 “009

Redesign of the heat exchanger:
new Cu tubes with larger buckling
pressure, and new bi-metallic

Both repairs had

transitions in the ends. to be made on all 8

triplet assemblies

Redesign of the support system
based on four cartridges that
react to the longitudinal forces
and retain the fixed point of the
cold mass in its original position

Some were
already installed
in the machine
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Construction and commissioning 2002-2008

Tunnel activity determined by
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Incident of September 19t 2008

During a few days period without beam

Making the last step of dipole circuit in sector 34, to 9.3kA

At 8.7kA, development of resistive zone in the dipole bus bar splice between Q24
R3 and the neighbouring dipole

Electrical arc developed which punctured the helium enclosure

Helium released into the insulating vacuum

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 and dipoles
Connections to the cryogenic line affected in some places

Beam vacuum also affected

R.Bailey, Aspen 2009 83



Development of resistive zone 1n dipole bus bar

Beam Pipe
Superconducting Coils

Spool Piece
Bus Bars

Quadrupole ] /,, _”

Bus Bars

¢

. 4 ;
_ P Auxiliary

’-.
Bus Bar Tube

N 7 Instrumentation
PTOtlE;ggg Feed Throughs

Heat Exchanger Pipe

Helium-Il Vessel
Superconducting Bus-Bar
— Iron Yoke
~ Non-Magnetic Collars
Vacuum Vessel

Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole




Upper Copper
Profile Superconducting

Cable in Copper

Upper Tin/Silver Stabilizer

Soldering alloy Layer

Inter-Cable Tirn/Silver
Soldering Alloy Layer

Lower Copper U
Profile Cable Junction Box
Cross-section




Working hypothesis

Splice insulation Length He IL@ 1.9K, 1Bar

ﬁ
h

Bus Bar’s Insulation

Splice Length Heat exchange with He [l

Favored /vpothesis for the S34 incident cause :

* Temperature increase due to excessive resistance (estimate ~ 200nQ)
* Superconductor quenches and becomes resistive at high current

* 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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b elium released into the




Consequences
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What is it (for) ?
Construction
Beam

Breakdown



Repair
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Post Mortem (needles and haystacks)
behaviour s

Tnis was followeacd by s J'Eeffm"r] > SCIU "r]ny of all data logged
cduring tne weeks of power testing of all 8 sectors

Anomalous cryogenic behaviour foLnd in sector 12 a1t 714

/a

rligher than norminal heat load in cryogenic

—~ |—)

’J 2 I;J
Confirmecd oy detailed tesis in late 2008

Corresponcding electrical resistance

No other faulty splice has been found

Electrical measurerments located it to inside 2 cdipole
R.Bailey, Aspen 2009
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Trnesse JnvasrU«JrunsE‘é hio 1{'}} velooment of powerful
calorimetric and elec s o) r fact axXcessive

resistances in the main LrlC HJfJ_JIJ ngCLJ]'t

Tnese methods have veen prototyoacd and will be furiner
improved nefore veing installed macnine-wice and applizd a3
dedicated procedures cliring ihz machine cormrmissioning

2000 new electronic crates
160km of cable to be pulled 93



Mitigate the conse nYMg or 34 by increasing the
tigate the conseqbep ST TYYRAGUNEGor 34 by increasing

helium gas release

All quadrupole cryostats have spare flanges
— Equip them with new full-flow release valves
— Gives Factor 8 in discharge cross section
— Can and will be done in situ at cold

Addition of full-flow release valves on EVERY dipole cryostat (all 1232)

— Brings overall discharge cross section increase to Factor 40
— Can onlv be done at warm

Presznt major activity fores

Acilvity

94




Restart in 2009

Installation of ALL protection systems would preclude a run in 2009
— Install as much as possible in shadow of sector 34 repair

— Run with reduced risk in 2009
— Complete installation of new protection systems for 2010

Restart in 2009 will be determined by
— Efficiency of logistics of magnets removal / installation
— Efficiency of magnet repair
— Efficiency of beam pipe repair / cleaning
— Efficiency of interconnection activities
— Time to cool down whichever sectors are warmed up
— Time to re-commission all power circuits

Target is beam operation in second half of 2009
— Lower energy (450GeV to 5TeV)
— Lower intensity (43 to 156 bunches per beam)

Push performance in 2010

R.Bailey, Aspen 2009
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Prospects

2009

M Low intensity operation
commissic

No beam Beam

2010

Increase number

WM s

-intenSity

No beam Beam
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