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Particle physics requires an accelerator colliding beams with
a centre-of-mass energy substantially exceeding 1TeV

Energy and Luminosity

In order to observe rare events, the luminosity should be in
the order of 1034 [cm=s-'] (challenge for the LHC accelerator)

Event rate:

Assuming a total cross section of about 100 mbarn for pp
collisions, the event rate for this luminosity is in the order of
109 events/second (challenge for the LHC experiments)

Nuclear and particle physics require heavy ion collisions in
the LHC (quark-gluon plasma ....)
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CERN and the LHC
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LEP: e+e-

104 GeV/c (1989-
2000)

Circumference
26.8 km

LHC
proton-proton
Collider

7/ TeV/c in the
LEP tunnel

LHC will also
collide heavy ions
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LHC: From first ideas to realisation

1982 : First studies for the LHC project

1983 : Z0 detected at SPS proton antiproton collider
1985 : Nobel Price for S. van der Meer and C. Rubbia
1989 : Start of LEP operation at 45 GeV (Z-factory)
1994 : Approval of the LHC by the CERN Council

1996 : Final decision to start the LHC construction

1996 : LEP operation at 100 GeV (W-factory)

2000 : End of LEP operation

2002 : LEP equipment removed (second life for sc cavities ?)
2003 : Start of the LHC installation

2005 : Start of hardware commissioning

2007/8 : Commissioning with beam
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The LHC is the largest machine that has ever been
built, and probably the most complex one

To make the LHC a reality: Accelerators physics and ....
Electromagnetism und Relativity

Thermodynamics

Mechanics

Physics of nonlinear systems

Solid state physics und surface physics

Quantum mechanics

Particle physics and radiation physics

Vacuum physics

+ Engineering

Mechanical, Cryogenics, Electrical, Automation,
Computing
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Qutline

e Accelerator Physics: An Introduction

* Why protons? Why in the LEP tunnel? Why superconducting
magnets? Why “two” accelerators in one tunnel?

LHC layout and beam transport
The quest for high luminosity and the consequences
Wrapping up: LHC Parameters

The CERN accelerator complex: injectors and transfer

LHC technology
LHC operation and machine protection
Conclusions
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Lorentz Force

The force on a charged particle is proportional to the charge,
and to the vector product of velocity and magnetic field:

Acceleration (increase of energy) only by electrical fields — not
by magnetic fields:
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Acceleration

Acceleration of a particle by an electrical potential

For an acceleration to 7 TeV a voltage of 7 TV is required
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Acceleration with RF fields

U = 1000000 V
d=1m

g=¢€,

AE =1 MeV

@

E(t)

9 ﬁ

V=1

< >

U = 1000000 V

Time varyingfield

E (1) =E, cos(®-t+ @)

z

Maximum field about 20 MV /m
Consequence :bunchedbeam
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RF cavity

B(t) orthogonal

LHC RF frequency 400 MHz
Revolution frequency 11246 Hz <
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RF systems: 400 MHz

400 MHz system:

16 sc cavities (copper
sputtered with niobium)
for 16 MV/beam were
built and assembled in
four modules
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@) To get to 7 TeV: Synchrotron — circular
accelerator and many passages in RF cavities

i

LINAC (planned for several hundred GeV - but not above 1 TeV)

@ PNNANVNAD AN NANAVANNN DD

LHC circular machine with energy gain per turn some MeV
acceleration takes about 20 minutes

....requires deflecting magnets (dipoles)



Deflection by magnetic fields

For a charged particle moving perpendicular to the magnetic
field the force is given by:

The particle moves on a circle

:q.v.B

FLorentz

2
FCentrifugaI — m- VA
R=m-v/q-B

with o= > one gets: 0=3.B
R m
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Particle deflection: Lorentz Force

The force on a charged patrticle is proportional to the charge,
and to the vector product of velocity and magnetic field:

Maximum momentum 7000 GeV/c
Radius 2805 m fixed by LEP tunnel

Magnetic field B = 8.33 Tesla

Iron magnets limited to 2 Tesla, therefore
superconducting magnets are required

Deflecting magnetic fields for two beams
INn opposite directions
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Force on a proton by an electric and magnetic field

An electrical field is assume, with a strength of: E.=7-10° v

m
A transverse magnetic field is assumed with B:=8.3T

With the Lorentz Force F = eq-(E + ¢-B) the force on the proton is given by:

FB field = €0'C'B FE field=€0°E
F ~3.986x10 '° - -1z
B_f|e|d = O. x 10 N FE_erld =1.121x 10 N
F .
_B.field _ 255 469
FE field
For the gravitation: Fg=9-mg FG=8.933x10 0N

Radius of a proton in a B field with|B = 8.3T : 7.10'2 e;/-e 1 - = 2.813x 10°m
o




Energy loss for charged particles by synchrotron
radiation

Lorenz Force =
accelerating force

.f.

N
TS0
"'J‘

I
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charged particle
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Particle trajectory
Figure from K.Wille Radiation field

Power emitted for one particle: Pg=
( 2)4 p2
6-1-€4-(MQ-C

with E = energy, mq = rest mass, e = charge, and p = radius




@\ Energy loss for charged particles electrons /
protons in LEP tunnel

-,

Ejgp := 100GeV Ejhc == 7000GeV

Energy loss for one particle per turn:

9 3
U|ep =3.844x 10" eV U|hC =8.121 x 10" eV

Total power of synchrotronradiation:

Number of electrons in LEP: Nlep =102 Number of protons in LHC N = 1014

I:’to’[al_lep = NIep'PIep Piotal_Ihc = Nihc Plhc

/ 3

The power of the synchrotronradiation emitted at the LHC is very small, but the
radiation goes into the supraconducting magnets at 1.9 K... 20 K



@ ...Just assuming to accelerate electrons to 7 TeV

7.1012

Tlep =
P

assuming LEP with electrons at 7 TeV: eV

y 4
_ .2 'lep
U|ep = eo Sgop

16
Ulep = 9-23% 10~ eV

...better to accelerate protons
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LHC Layout

eight sectors
eight arcs

eight long straight
sections (insertions)
about 700 m long

Main dipole
magnets: making
the circle

! ‘ Beam dump
IR5:CMS blocks

~\ /
IR4: RF + Beam IR6: Beam &
instrumentation dumping system

M [R3: Momentum Beam IR7: Betatron Beam =
Cleaning (warm) Cleaning (warm)

IR2:ALICE IR8: LHC'B
o

injection . injection
25
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Beam transport

Need for getting protons on a circle: dipole magnets

Need for focusing the beams:

e Particles with different injection parameters (angle,
position) separate with time

* Assuming an angle difference of 10-°rad, two particles would
separate by 1 m after 10° m. At the LHC, with a length of 26860 m,
this would be the case after 50 turns (5 ms !)

e Particles would ,drop“ due to gravitation
e The beam size must be well controlled

* At the collision point the beam size must be tiny
e Particles with (slightly) different energies should stay
together
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Focusing using lenses as for light
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AW

Sﬂém Maxwell equations:

Assuming proton runs along s (=Yy),
perpendicular to x and z

Looking along proton
trajectory

X A/ Top view

.
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To focuse the beams in both planes, a succession of
focusing and defocusing quadrupole magnets is required:
FODO structure

horizontal plane

vertical plane
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A cell in the LHC arcs

Quadrupole magnets controlling the
beam size ,to keep protons together”
(similar to optical lenses)

LHC Cell - Length about 110 m (schematic layout)

sextupole _ _
corrector orbit orbit

MCS corrector corrector

main main main main main
dipole dipole dipole dipole dipole
MB MB MB MB MB

special lattice decapole special lattice special lattice
corrector sextupole octupole corrector g sextupole corrector sextupole
MQS MS corrector MO MS MO MS
MCDO
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Magnets and beam stability

e Dipole magnets
* To make a circle around LHC

e Quadrupol magnets
* To keep beam particles together
* Particle trajectory stable for particles with nominal momentum

e Sextupole magnets
* To correct the trajectories for off momentum particles
* Particle trajectories stable for small amplitudes (about 10 mm)

e Multipole-corrector magnets
* Sextupole - and decapole corrector magnets at end of dipoles

e Particle trajectories can become instable after many turns
(even after, say, 10° turns)
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@ Particle stability and superconducting magnets -
Quadrupolar- and multipolar fields

Harmonic oscillation
after coordinate
transformation

g
yIMM/\/\/\ , ° />.>

Particle oscillations in
quadrupole field (small
amplitude)

Circular movement in
phase space

// y
o
Particle oscillation Amplitude grows until No circular movement in
assuming non-linear fields,  narticle is lost (touches ohasespace

large amplitude aperture)



Dynamic aperture and magnet imperfections

Particles with small amplitudes are in general stable
Particles with large amplitudes are not stable
The dynamic aperture is the limit of the stability region

The dynamic aperture depends on field errors - without any
field errors, the dynamic aperture would be large

The magnets should be made such as the dynamic
aperture is not too small (say, 10 e the amplitude of a one
sigma particle, assuming Gaussian distribution)

The dynamic aperture depends also on the working point
and on the sextupole magnets for correction of chromatic
effects
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@ High luminosity by colliding trains of bunches

Number of ,New Particles”
per unit of time:

The objective for the LHC as proton — proton collider is a luminosity of
about 1034 [cm2s]

* LEP (e+e-) ; 3-4 103" [cm2sT]
* Tevatron (p-pbar) : ~ 10%2 [cm™2s]
* B-Factories: > 1034 [cm2s]
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Luminosity parameters

L - N°-f.-n,
4t-G, -0,
with :
N =Number of protons per bunch
f =revolution frequency
n, =number of bunches per beam
o, o, =beam dimensions at interaction point

What happens with one
particle experiencing the
force of the em-fields or
10" protons in the other
beam during the collision ?
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Limitation: beam-beam interaction
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@) Electromagnetic force on a particle in the
counterrotating beam
Optimising
luminosity by
increasing N

Electromag netic field of one beam act on other beam.

Calculation by transforming into frame of test particle
and calculate Lorentz Force :

F(r) = ALENIL 2 '[1_6XP(— - ZJ
2 r -

T-€, 20

Bunch intensity limited due to this strong non-
linear field to about N = 10"
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Beam beam interaction determines parameters

Number of protons per bunch Beam size given by injectors and
limited to about 107 by space in vacuum chamber

f=11246 Hz

Beam size 16 um,
for B =0.5m

L= N2f n,/4ncx0y =3.510% [cm2s]

with one bunch

with 2808 bunches (every 25 ns one bunch)
L = 1034 [cms]
Riidiger Schmidt Heidelberg April 2007




Large number of bunches

Bunch structure with 25 ns spacing
Experiments: more than 1 event / collision, but should not exceed a
number in the order of 10-20
Limit number of collision points as far as possible

Vacuum system: photo electrons
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Large number of bunches

e Crossing angle to avoid beam beam interaction (only long
range beam beam interaction present)

e Interaction Region quadrupoles with gradient of 250 T/m
and 70 mm aperture
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Experiment / &\ v 4
~
7

distance about 100 m

Focusing quadrupole for beam 1, defocusing for beam 2

High gradient quadrupole magnet triplet with large aperture (US-JAPAN)
Total crossing angle of 300 prad

Beam size at interaction point 16 um, in arcs about 0.3 mm
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quadrupole

e}
quadrupole recombination separation inner quadrupole  inner quadrupole separation
Q5 dipole dipole (warm) triplet triplet dipole

/

\‘

collision point

200 m

Example for an LHC insertion with ATLAS or CMS
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Very high beam current

Many bunches and high energy -
Energy in one beam about 330 MJ

Dumping the beam in a safe way

Beam induced quenches (when 107 of beam hits magnet
at 7 TeV)

Beam stability and magnet field quality
Beam cleaning (Betatron and momentum cleaning)
Synchrotron radiation - power to cryogenic system

Radiation, in particular in experimental areas from beam
collisions (beam lifetime is dominated by this effect)

Photo electrons - accelerated by the following bunches
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Challenges: Energy stored in the beam

IIII I LI IIII
One beam, nominal intensity
(corresponds to an energy
that melts 500 kg of copper)

LHC
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10 100 1000 10000

courtesy R.Assmann Momentum [GeV/c]

Transverse energy density: even a factor of 1000 larger



Momentum at collision 7 TeV/c

Momentum at injection 450 GeV/c
Dipole field at 7 TeV 8.33 Tesla
Circumference 26658 m

High beam energy in
LEP tunnel
superconducting NbTi
magnets at 1.9 K

Luminosity 1034 cm-2s-1
Number of bunches 2808
Particles per bunch 1.1- 1011
DC beam current 056 A
Stored energy per beam 350 MJ

Normalised emittance 3.7 pm
Beam size atIP /7 TeV 15.9 um

Beam size in arcs (rms) 300 um

High luminosity at 7 TeV
very high energy stored in
the beam

beam power concentrated
In small area

Arcs: Counter-rotating proton beams in two-

In-one magnets

Magnet coil inner diameter 56 mm
Distance between beams 194 mm

Limited investment
small aperture for beams




@) summarising the constraints....

Centre-of-mass energy must well exceed 1 TeV, LHC
installed into LEP tunnel

e Colliding protons (and heavy ions)
e Magnetic field of 8.3 T with superconducting magnets

Luminosity of 1034 cm-2s-1

e Need for “two accelerators” in one tunnel with beam
parameters pushed to the extreme — with opposite
magnetic field

Economical constraints and limited space
e Two-in-one superconducting magnets
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LHC injector complex

protons Booster

LINACS High intensity beam from

the SPS into LHC
at 450 GeV via TI2 and TI8

lons

LEIR LHC accelerates to 7 TeV

Beam size of protons decreases with energy: 62=1/E
Beam size large at injection
Beam fills vacuum chamber at 450 GeV




@) Getting beam into the LHC

Beam size of protons decreases with energy: 6 =1/E
e Beam size large at injection
e Beam “fills” vacuum chamber at 450 GeV

If the energy would be lower ...

larger vacuum chamber and larger magnets — increased
cost

magnets and power converter limitations (dynamic effects,
stability, ...)

Issues of beam stability

Injection from the SPS at 450 GeV, via two transfer lines, into
the LHC
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Injector Complex

Pre-injectors: Linac, PS Booster and Proton Synchrotron
deliver protons at 26 GeV to the SPS

The SPS accelerates protons from 26 GeV to 450 GeV

Both, the pre-injectors and the SPS were upgraded for the
operation with nominal LHC beam parameters

Already today, beams are available close to the nominal
beam parameters required for the LHC

The TI8 injection line has been commissioned
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Results of Transfer Line TI18 test

LHC Transfer Line Tl 8

F TV screen at end of line

T il —
T
’ 1
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I@H summarising constraints and consequences....

Centre-of-mass energy must well exceed 1 TeV, LHC installed into
LEP tunnel

« Colliding protons, and also heavy ions
« Magnetic field of 8.3 T with superconducting magnets

« Large amount of energy stored in magnets

Luminosity of 1034 cm2s™

« Need for “two accelerators” in one tunnel with beam parameters pushed
to the extreme — with opposite magnetic dipole field

« Large amount of energy stored in beams

Economical constraints and limited space

« Two-in-one superconducting magnets




Outline

Main systems in LHC arcs

LHC main dipole magnets

— How does it work?

— Superconductivity

— From fabrication to installion

From magnets to electrical circuits
Magnet operation and machine protection

Beam operation and machine protection

— Risks

— Beam dumping system

— Collimation system

— Strategy for Protection of the LHC machine

From construction to operation

Conclusions
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F. Soriano




- Regular arc:

R Cryogenics

¥. Muttoni EST/ESI
F. Sorlano




Regular arc:
Vacuum

¥. Muttoni EST/ESI
F. Sorlano




Regular arc:
Electronics

quench protection, power converters
for orbit correctors and instrumentation
(beam, vacuum + cryogenics)

¥. Muttoni EST/ESI
F. Sorlano




Dipole magnets for the LHC

1232 Dipolmagnets

Length about 15 m

Magnetic Field 8.3 T

Two beamtubes with an opening of 56 mm






@) Dipole field — apprgximat_e cosine teta current
distribution

!
!
!
Intersecting ellipses + Tm I )
generate uniform field | \:] |
!
|
|

Such configuration follows:
J, = J-cos(0)

Nt

In practice the above current distributions are approximated by real
conductors, so the field contains also higher order harmonics
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Discovery of superconductivity

* 1908 -- Kamerlingh Onnes liquifies Helium
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1911 --R-T

for Mercury s /,/
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@) Magnetic field - current density - temperature

i

Superconducting
material determines:
Tc critical temperature

Bc critical field

Production process:

Jc critical current density

Lower temperature =
increased current
density

Typical for NbTi:
2000 A/mm2
@ 4.2K, 6T

Coovriaht A \/erweii
VVH]I Igl TOU 7 Y= W U "VIJ

LHC: for 10 T operation at less than 1.9 K required
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100

a4 g uasl

10

He II

pressurized
He II

supercritical

saturated Hel

vapour

saturated He I

1
7

Helium:
Phasediagram

T>T,: He |

T<T,: He ll
(superfluid Helium)

T,=2.17 K




i

@) Helium Parameter

12
Specific heat of 10
Helium as o5 | N
function of T X / / N
O
S 6 T
= / /
O 4 / “
Phasetransition 2 /
at 2.18 Kelvin 0 { { {
Superfluid 0 1 /5 3 4 5 6 7
Helium (He ”) Tx Temperature (K)
He ll, 1.9K |[He l, 4.2K |Water, 300K |SC @ 8T, |SC @ 8T,
1.9K 4.2K
thermal cond. |~100,000 |0.02 1 ~400 ~400
viscosity 0.01 - 0.1 3 1000
Cp 4 5 0.0001 0.0004
Copyright A Verweij

[a)
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Superconducting wire
Wire diameter &1 mm

Filament diameter &6 um

(£ ‘:i :l" J I”f':*:l_ i f, {' ; ﬂ/

il }t’ J

s
Moo 1%

width 15 mm
l Rutherford cable



Fabrication of superconducting dipoles

&)




@\ Cryostating and measurements (main dipoles and
other magnets)

s SMA18 cryostating hall
—t L ® | at CERN for installing
dipole magnets into

| | cryostats

SM18: 12 measurement
stations are prepared for
cold tests of possibly all
superconducting magnets




Only one access point for 15 m long
dipoles, 35 tons each




©)

Nt

Transport in the tunnel
with an optical guided
vehicle

about 1600 magnets to
be transported for 15 km

at 3 km/hour




Transfer on jacks




Challenges for dipole production

The field quality must be excellent (relative field errors much less than
0.1 %, positioning of collars to some 10 um)

The geometry must be respected — and the magnet must be correctly
bent (banana shape)

All magnets had to be produced in time, delivered to CERN, installed
in the cryostats, cold tested, and finally installed into the LHC tunnel

The magnets must reach without quenching a field of at least 8.3
Tesla, and possibly 9 Tesla

Training LHC Powering R.Schmidt 24



Bc critical field
quench with fast loss of

~5 - 10° protons

Normal state

>{ QUENCH

Superconducting
state

quench with fast loss of Tc critical
~5 - 10° protons N\ temperature

AN

| Temperature K] [

Training LHC Powering R.Schmidt 25



@) Power into
superconducting .
cable after a quench

i

Cross section : Agc = 10-mm?
Current : lsc := 10000-A
Length of superconductor : Lgc:=1-m
Copper resistance at 300 C: Poy:=1.76-10 ®. ohm-cm
2 Lsc 5
Psc :=Poulsc - —  Pgc=1.76x10" watt
ASC
.. joule
Specific temperature of copper at 300 C : CVgy = 3.244.
K-cm
. PSC
Temperature increase of copper oT :=
Asc-Lsc CVeu
Temperature increase within one second: ST = 5.425 % 1()3 g

Training LHC Powering R.Schmidt 26



Quench - transition from superconducting state to
normalconducting state

&

* Quenches are initiated by an energy in the order of mJ (corresponds to
the energy of 1000 protons at 7 TeV)

« Movement of the superconductor by several um (friction and heat
dissipation)

« Beam losses
« Failure in cooling

« To limit the temperature increase after a quench
— The quench has to be detected

— The energy is distributed in the magnet by force-quenching the coils
using quench heaters

— The magnet current has to be switched off within << 1 second

Training LHC Powering R.Schmidt 27



Current after a quench

Current in a dipole magnets after a quench, when heaters are fired (7
TeV) -
12000
10000 i Current after quench
E 8000 /
'S 6000 i / Gaussian approximation
::; 4000 /
2000 ]
0 \ \
-0.05 0.15 0.35 0.55
Time [seconds]
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If this does not work...

During tests the energy of 7 MJ in one magnet was
released into one spot in the coil (interturn short) P.Pugnat
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@) Magnet inventory: about 10000 magnets

g

Powered in series
— Main dipole magnets (13 kA)
— Focusing and defocusing arc quadrupole magnets (13 kA)

— Lattice sextupole magnets in arcs (600 A) to correct the trajectories for
off-energy particles

— Multipole and other correctors in arcs (trim quadrupoles, sextupoles,
decapoles, octupoles, 600 A) to correct field imperfections, to suppress
instabilities, etc.

Powered individually

— 752 arc orbit corrector magnets powered individually (60 A) to ensure
that the beam follows the design orbit (within about 0.5 mm)

— Correctors to adjust beam parameters (trim quadrupoles, orbit
correctors, etc., 80 — 600 A) in arcs and insertions

— Insertion main dipole and quadrupole magnets (4 — 8 kA) to ensure beam
crossing / to increase the interbeam distance / to focus beams for
experiments etc.
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l@)ﬂ From superconducting magnet to electrical circuit

The magnet needs to be cooled at 1.9K or 4.5K
— Installed in a cryostat

The magnet needs to be powered

— Power converter at room temperature to supply the current

The magnet must be connected
— By superconducting cables inside the cryostat

— By normal conducting cables
outside the cryostat

The superconducting cables
must be connected to normal m

conducting cables
— Connection via current leads

inside special cryostat (DFB)

HTS
Current
Leads

Cryostat DFB
.
Magnet :—l
i
Power
Converter

Training LHC Powering R.Schmidt
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Interconnection of magnets inside cryostat

« Cryostated magnets with length 15 m for dipoles, 5 m for SSS

« Many cryostated magnets interconnected to make the 3 km long
continuous arc cryostat

« All superconducting bus bars need to be connected for each
iInterconnect

« Magnet in the center of the arc still powered from DFB
« Only 60 A orbit correctors powered locally

Cryostat DFB

L IR AN T (000 IS

Magnet Magnet Magnet HTS
_ Current
T T Leads
Interconnection shown only for one circuit é Power
Converter
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@) Power converters and water cooled cables

Nt
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@ DFBs with current leads - feeding current from warm to cold

| 7
0 b !
;)
r :T
:l'-'l‘l e oy . - ik
ill L - 0
-!. | i
- ,‘

DFB and HTS current leads
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Interconnecting busbars

Training LHC Powering R.Schmidt




Nt

@ One out of 1700 interconnections (19/3/2007)

J _-';J-ir :

o

600 A bus
bars
(NLine)

6 kA bus
bars

| < v i
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Magnet operation and
machine protection




i

©)

Energy stored in LHC main dipole magnets

E dipole = 0-9 ® L ginoie ® | 2dipole
Energy stored in one dipole is 7.6 MJoule

For all 1232 dipoles in the LHC: 9.4 GJ

Too much energy for one electrical circuit
— charging the energy requires too much voltage
— discharging the energy is even more critical

Subdivide LHC powering into 8 sectors
154 main dipole magnets in series for one sector

Stored energy in other magnets much less, but failure could also lead
to damage
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@) What does this mean?

i

10 GJoule......

« corresponds to the energy of 1900 kg TNT

« corresponds to the energy of 400 kg Chocolate

« corresponds to the energy for heating and melting 12000 kg of copper

« corresponds to the energy produced by of one nuclear power plant during
about 10 seconds

Could this damage equipment: How fast can this energy be released?
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@) LHC Powering in 8 Sectors

| e

« Main DC power feed at even
points (MB, MQ)

« Some DC power feed at odd

points

Octant

arc

LHC
Sector

owering Sectors allow for
progressive “Hardware Commissioning”

started two years before beam

Sector

~ P.Proudlock




Charging the energy: LHC magnetic cycle

L.Bottura

beam energy

start of
the ramp

injection
phase

preparation
and access

450 GeV

Training LHC Powering R.Schmidt
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<)

Ramping the current in a string of dipole magnet

Power Converter

HTS leads 1 HTS leads 2

Magnet 1 Magnet 2 Magnet i Magnet 154

« LHC powered in eight sectors, each with 154 dipole magnets
« Time for the energy ramp is about 20-30 min (Energy from the grid)
« Time for discharge is about the same (Energy back to the grid)
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E@)j Quench - Emergency discharge of energy ...

0,

Power Converter

HTS leads 1 HTS leads 2
® m 0
@ ® 0 @ : @ @
Magnet 1 Magnet 2 Magnet i Magnet 154

assume one magnet quenches

assume the magnets in the string have to be discharged in, say, 200 ms

U ~ Ldipole Wipole 0 ~ 194Lgipole ldipole
discharge 1~ 0.95 discharge 154 -— 0.25

Uy = 6.426x 10°V Uy ~ 9.896x 10°V
discharge 1 = *: discharge_154 = v

DischafminipgtbHetewerind/RSohmidhossible 44



..... and how it being done in the LHC

Power Converter _-_

HTS leads 1 HTS leads 2
Magnet i

Magnet 1 Magnet 2 Magnet 154

« when one magnet quenches, quench heaters are fired for this magnet

« the current in the quenched magnet decays in about 200 ms

« the current in all other magnets flows through the bypass diode that
can stand the current for about 100-200 seconds
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Diod for 13 kA Energy extraction switch 13 kA




Beam operation and
machine protection




LHC magnetic cycle - Beam injection

\

injection phase
12 batches from the
SPS (every 20 sec)

one batch 216 / 288
bunches

\

L.Bottura
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@ Regular (very healthy) operation

Assuming that the beams are colliding at 7 TeV

Single beam lifetime larger than 100 hours.....
— corresponds to a loss of about 1 kW / beam

— far below the cooling power of the cryogenic system, even if all
particles would be slowly lost at 1.9 K

— losses should be either distributed across the machine or captured in
the warm cleaning insertions

Collision of beams with a luminosity of
— lifetime of the beam dominated by collisions

— 109 protons / second lost per beam / per experiment (in IR 1 and IR
5 - high luminosity insertions) - this is about 1.2 kW

— large heat load to close-by superconducting quadrupoles
— heavy shielding around the high luminosity IPs
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i

End of data taking in normal operation

« Luminosity lifetime estimated to be approximately 10 h (after 10
hours only 1/3 of initial luminosity)

« Beam current somewhat reduced - but not much
« Energy per beam still about 200-300 MJ

« Beams are extracted in beam dump blocks

« The only component that can stand a fast loss of the full beam at
top energy is the beam dump block - all other components would
be damaged

« At7 TeV, fast beam losses with an intensity of about 5% of one
“‘nominal bunch (from 2808)” could damage superconducting coils
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LHC rin ) ! Beam dump
9 IR5:CMS ’\ bliirl?s )

3 insertions for \

machine protection IR BF + Boam IR6: Beam N

systems instrumentation dumping system
| IR3: Momentum Beam IR7: Betatron Beam |

Cleaning (warm) Cleaning (warm)
IR8: LHC-B /

IR2:ALICE

IR1: ATLAS

Injection

Injection




Beam losses into material

« Proton losses lead to particle cascades in materials
« The energy deposition leads to a temperature increase

« For the maximum energy deposition as a function of material there is
no straightforward expression

» Programs such as FLUKA are being used for the calculation of the
energy deposition

Magnets could quench.....
— beam lost - re-establish condition takes several hours

The material could be damaged.....
— melting
— losing their performance (mechanical strength)

Repair could take several weeks or more
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@ Damage of material for impact of a pencil beam

Maximum energy deposition in the proton cascade (one proton)E .. ¢y = 1.5-10_5i
- g

Specific heat of copper is ¢, spec = 384_5600li

kg K

To heat 1 kg copper by, say, byAT := 500K , one needs: cg, SpeC-AT-1kg = 1.92x 105J

C AT
Number of protons to deposit this energy is: Ll Ejpiete =[1.28 x 1010
max_Cu
Maximum energy deposition in the proton cascade (one proton)E o ¢ = 2.0-10_Gi
- g
" o 1 J
Specific heat of graphite is CC_spec = 71 O.GOOOK—QR

To heat 1 kggraphite by, say, byAT := 1500K , one needs: cg_gpeqAT-1kg = 1.07% 10°4

C AT
Number of protons to deposit this energy is: L sjpee =(5.33 x 1011

max_C




<)

SPS experiment: Beam damage at 450 GeV

Controlled SPS experiment " Tl

8-10'2 protons clear damage

beam size o,,, = 1.1mm/0.6mm

2-10'2 protons

0.1 % of the full LHC
beams




Septum magnet
deflecting the
extracted beam H-V kicker

for painting Beam Dump
the beam Block

magnet

> /W/ T
e

B

Fast kicker S about 700 m

about 500 m




Beam Dump Block - Layout

beam absorber P
(graphite) '

e
-

o
~
o j
* il
.r...

.r"-

A0 .
o ’-jﬂ ¥
|

about 8 m

concrete
shielding

__ L.Bruno
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)

initial transverse beam
dimension in the LHC
about 1 mm

beam is blown up due
to long distance to
beam dump block

additional blow up due
to fast dilution kickers:
painting of beam on
beam dump block

beam impact within less
than 0.1 ms

M.Gyr

Beam on Beam Dump Block

00
ey

about 35 cm




2D THERMO-MECHANICAL ANALYSIS
OPTIMIZED DENSITY
Thermal Lead [C] at z=80cm ang

e o

X

up to 800 C

L.Bruno: Thermo-Mechanical Analysis with ANSYS

Temperature of beam dump block at 80 cm

AlISYS 5.4
FEB 3 1999
16:53:07
PLOT 110. 1

Anal y1is TDECHAMZC
BOUNDARY CONDITIONS
Simply Support

Edga Q.Frae

Plane Strese
LOADS

bucket: &3/2

Tred : 20,

Tindt : 20D.
GEOMETRY

Diek rad. : F50 mn
Disk thek.: .5 mn

Inside

Training LHC Powering R.Schmidt
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E@j Requirement for clean beam dump

Beam dump must be
synchronised with
particle free gap

Strength of kicker
and septum
magnets must match
energy of the beam

« Particle free gap »
must be free of
particles

A
>

|

.

particle free abort gap
of 3 us

Kicker
strength

M

>

>

Time
Illustration of Kicker risetime

\‘ ‘block

Kicker
magnets
constant angle

Beam dump



Lifetime of the beam with nominal intensity at

7/ TeV
Beam Beam power into Comments
lifetime equipment (1 beam)
100 h 1 kW Healthy operation
10 h 10 kW Operation acceptable, collimation must
absorb large fraction of beam energy
(approximately beam losses = cryogenic cooling
power at 1.9 K)
0.2 h 500 kW Operation only possibly for short time,
collimators must be very efficient
1 min 6 MW Equipment or operation failure - operation not
possible - beam must be dumped
<< 1 min > 6 MW Beam must be dumped VERY FAST

Failures will be a part of the regular operation and MUST be anticipated




E@)j Basic concept of two stage collimation

Jaws (blocks ot solid materials such as copper, grapnite, ....) very

close to the beam to absorb more than 99.9 % of protons that would
be lost

Primary collimators: Intercept primary halo

Impact parameter: ~ 1 um
Scatter protons of primary halo

Convert primary halo to secondary off-momentum halo

Secondary collimators: Intercept secondary halo

Impact parameter: ~ 200 um
Absorb most protons
Leak a small tertiary halo

.................................. » | Beam axis

Impact
parameter

Particles

_ R.Assmann
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56.0 mm

R

Beam in vacuum chamber with beam screen at 450 GeV
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56.0 mm

R

Beam in vacuum chamber with beam screen at 7 TeV

Training LHC Powering R.Schmidt
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g

Collimators at
7/ TeV, squeezed
optics

R.Assmanns
EURO

A-

‘ Beam +/- 3 sigma

Example: Setting of collimators at 7 TeV - with luminosity optics

Beam must always touch collimators first !
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RF contacts for guiding

image currents



@ Accidental kick by the beam dump kicker at 7 TeV

part of beam touches collimators (about 20 bunches from 2800)

P.Sievers / A.Ferrari /




@ Accidental kick by the beam dump kicker at 7 TeV

part of beam touches collimators (about 20 bunches from 2808)
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The LHC Phase 1

Collimator




S
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@) Optimisation of Beam Cleaning system

i

« Requirements for collimation system take into account failure scenarios
and imperfect operation

— Worst case is the impact of about 20 bunches on the collimator due to pre-
firing of one dump kicker module
« Material for collimator: low Z material is favoured
« Impedance to be considered - conducting material is favoured

* more exotic materials are considered: copper loaded graphite, beryllium,
partially plated copper ....
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Single turn beam loss

during injection and
beam dump

Passive protection

* Avoid such failures (high reliability systems -
work is ongoing to better estimate reliability)

* Rely on collimators and beam absorbers

Multiple turn beam loss

due to many types of failures

Active Protection

» Failure detection (from beam monitors and /
or equipment monitoring)

* Issue beam abort signal
* Fire Beam Dump

In case of any failure or unacceptable beam lifetime, the beam must be
dumped immediately, safely into the beam dump block




Beam Interlock System

LHC
= Devices Mov_able BCM Experimental CoIIi_mator Environmental BTV
E Devices Beam Loss Magnets Positions parameters screens Mirrors
: l
Safe Software CCC Transverse Beam L
Mach. | [ Interlocks | [ SEQ | | Operator | [Experiments| | Feedback Aperture || Collimation FBCM BTV
Kickers System Lifetime

I S S N S N S B e

System

Safe
Beam Interlock System

T 1 11 1 1 T 1 =

PIC eésential RF BPM in Access Vacuum
+ auxiliary wic FMCM System BLM IR6 System System Ly Timing System
circuits (Post Mortem)
Magnets Power Monitors || Monitors Doors EIS Vacuum Access RF
Converters aperture in arcs valves Safety Stoppers
limits (several Blocks
(some 100) 1000)
QPS Power AUG (| UPS | | Cryo
(several Converters OK
1000) ~1500
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Beam Loss Monitors

&

Primary strategy for protection: Beam loss monitors at collimators and other
aperture limitations continuously measure beam losses

Beam loss monitors indicate increased losses =>

When beam losses exceed threshold

Beam loss monitors break Beam Permit Loop
Beam dump sees “No Beam Permit” => dump beams




From construction to
operation




LHC Progress : : .
Dashbosrd Cryodipole production finished

Cryodipole overview

1250

yd)

d/i
7Y/

[/ |

/

L/

Equivalent dipoles

200 //
250 /

7
L |

N NN

01-Jare01 01-Jarn0z 01-Jan03 01-Jan-o4 01-Jan0s 01-Jan-0s 01-Jano7 01-Jan-0g
— 0l masses delivered — Crydipoles assembled
= Cryodipoles cold tests passed = _ry0dipoles assigned to positionin ring
— CryDdipoles prepared forinstallaton — CryDdipoles installed

Updated 31 March 2007 Data provided by D, Tommasini AT-MCS, L. Bottura AT-MTM



LHC Progress : :
Dashboard Interconnections in progress

Interconnection overview

1700
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o
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R
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=——=Bgeam lines =—Mdain busbars PP busbars == ryogenic lines
= ine N segments ==Thermal shielding =|nsulation vacuum

Updated 28 Feb 2007 Data provided by 1. Ph. Tock AT-MCS



@ Commissioning of all technical systems that do not
require beam: “Hardware commissioning”

« about 10000 magnets (most of them superconducting)
« 26 km cryogenic distribution line

« 26 km cryogenic magnets

« 4 vacuum systems, each 27 km long

« > 1600 magnet powering circuits with power converters (60A to
13000kA)

« quench protection and powering interlock systems

« commissioning of about 90% of the investement

> 10000 electronics crates for operation and protection
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LHC Powering in 8 Sectors

Octant

Sector

~ P.Proudlock

Powering individual sectors:
eight accelerators, only
coupled by the beam.

One sector 1.5emass of HERA




@‘ Hardware commissioning sequence

« Commissioning power converters on short circuit (including
cooling and ventilation, controls, others, ...)

« Pumping vacuum system to nominal pressure
« Cooling down sector to 1.9 (4.5) Kelvin
« Connection of power converter to magnets via current leads

« Commissioning of the power converter + interlock system +
magnet protection system (low current)

« Commissioning of magnet powering + magnet protection system
(high current)

« Powering of all magnets in a sector to nominal current
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Power converters installed and commissioning

on short circuits in tunnel
- 81 power converters in UA83
F.Bordry, 11-2005 - 156 kA and 1.2 MW dissipated: PCs and Cables




High current power converter

20.4

Location: UA83 (Beginning)
Equipt type: LHC2-4-6-8kA
SP1 T°C: 46°

YA COnf.: 90%

Date: 2005-10-13 11h00

- F.Bordry, 11-2005




network

24h endurance test of power converters and electrical
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Cooldown of sector 7-8
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= Maximal Magnet Temperature
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= Minimal Magnet Temperature

ove cursor to 1|.-'nall square to identify magne




Cooldown details

LHC sector 78 - First cooldown - Phase 45 K to 1.9 K ﬂ
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Status summary

Magnet production completed

Installation and interconnections in progress, few magnets still to be
put in place

Cryogenics

— one sector being cooled down

— large part finished and operational (e.g. cryoplants)

— QRL being installed and partial commissioning started

Powering system: commissioning started
— power converters installed and commissioning on short circuits in
tunnel, 80% done

Other systems (RF, Beam injection and extraction, Beam
instrumentation, Collimation, Interlocks, Controls)

— essentially on schedule for first beam in 2007/8

Training LHC Powering R.Schmidt
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Recalling LHC challenges

« Enormous amount of equipment
« Complexity of the LHC accelerator

* New challenges in accelerator physics with LHC beam parameters
pushed to the extreme

Updated schedule
expected for May

123456789101112 (1234567891011 12 /1234567891011 12 112345678910 11 12

2004 2005 2006 2007
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It would be wonderful to always report on smooth
progress, but this is not the case.....and unrealistic

=

« The LHC is a machine with unprecedented complexity
« The technology is pushed to its limits
« The LHC is a ONE-OFF machine

« The LHC was constructed during a period when CERN was asked to
substantially reduce the personel

« Problems came up and were solved / are being solved:
, iInner triplet, ....

In my view, such project can only be successful not because of the
absence of problems, but because problems are detected and
adressed with competent and dedicated staff and collaborators
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E@)‘j Conclusions

« The LHC is a with the world-wide high-energy physics
community devoted to its progress and results

« As aproject, it is than the SPS or
LEP or constructed to date

Machine Advisory Committee, chaired by
Prof. M. Tigner, March 2002

e No one has any doubt that it will be a great challenge for
both machine to reach design luminosity and for the
detectors to swallow it.

e However, we have a competent and experienced team,
and 30 years of accumulated knowledge from previous
CERN projects has been put into the LHC design

L.Evans, Project Leader
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