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Figure 1: Widerde's single drift tube linear accelerator.

Figure 2: The first cyclotron with the Nobel Prize medal for comparison.




Particle Physics, accelerators and experiments

Accelerators bring matter to extremely high temperatures
and experiments observe the properties of the decay products

Collisions at LHC

Proton-Proton

Protons/bunch 10"
Beam energy 7 TeV (7x10" eV)
Luminosity 10* cm*® g’

o _ Event rate in ATLAS :
Proton " & N=Lxo (pp)~ 10° interactions/s

Mostly soft ( low p; ) events

1 _|'- I

y /
Parton \ZPX <} |nteresting hard (high-p; ) events are rare

{quark, gluon)

Higgs N
Particle Higgs Selection of 1in
10,000,000,000,000




Protons: energy Transpor'f and speed




Context in 1990
US:
Stanford B-factory, e* e ; ILC work

FNAL: Tevatron with p-pbar, 1000 + 1000 GeV, luminosity
1031/cm2s; CDF and DO experiments

BNL: ISABELLE given up because of CERN p-pbar
Approved SSC: Texas 20 + 20 TeV, luminosity 1033/cm?s
Japan:
KEK B-factory . underground neutrino; ILC work
Germany:
DESY Hera, 256GeV e* or e against 800 GeV p; ILC work
Europe:
CERN LEP e*e- 100 + 100 GeV, luminosity 1032/cm?s, Aleph, Delphi,
L3 and Opal experiments; LHC and CLIC work

Planned LHC 7.5 + 7.5 TeV, luminosity 1034/cm?s, same (?) potential
as SSC but experiments much more difficult
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Fig. 1. Comparison of the planned size of the S5C with three large panticle colliders then in cperation.
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SSC,
LHC,
Tevatron

SSC approval 1987
Site selected 1988
Cost3>4410°%,
5.910° $ in 1989,
8.310° $ in 1991,
>1010° $ in 1993>

Demise SSC: cost,
insufficient foreig
contributions, spin-
offs exaggerated,
other physics
projects and end o
cold war




Accelerators at CERN operating or approved

LHC approval 1994-1996, ~20% extl. contributions

LEP/LHC
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CERN: Use existing infrastructure and experience




LHC parameters

Parameters: LHC DIPOLE : STANDARD CROSS-SECTION
Proton beam energy: 7 TeV
L=10x 10 cm?s!

Pb ion beam energy : 2.8 TeV/u
L=1.0x10% cm? s

Installed in LEP tunnel

ALIGMA BT TRRCET

~= - Wi lH VCISIFTLE TS HARE

HEAT EXCHANGER PPE

£ P R B AT

Chronology:
Degigl].: 83 - 94 wH PO :.':'-| >
(considered since mid 70°s) iy

Approval:

- 94 (two-stages 5 — 7TeV .
( ) Dipole magnet: B=8.3 T. 12 kA,

- 96 (single stage 7 TeV) with : ]
substantial NMS contributions ND-Ti sc 6-7um filaments > cables.

Operation: 2007 — 1.9 K He II cooling, Ax = 194 mm b-b
cold mass: L = 16.5 m overall. 28 t

CERN: closer to technological limits and available resources
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10% rebate for Germany’s unification
Time is contingency
Industrial returns 


LHC: From first ideas to realisation

1976 : superconducting Large Storage Ring, LSR, study

1982 .

First studies for the LHC project

1982,83 : W, Z detected at SPS proton antiproton collider

1984 :
1989 :
1994 .
1996 .
: LEP operation at 100 GeV (W-factory)
2000 :

1996

2002

Nobel Price for S. van der Meer and C. Rubbia
Start of LEP operation (Z-factory)

Approval of the LHC by the CERN Council
Final decision to start the LHC construction

End of LEP operation (Higgs or not Higgs)

. LEP equipment removed
2003 :
2005 :
2008 :

2009 :
GGG

Start of the LHC installation
Start of hardware commissioning

Commissioning with beam started = incident
Nov. Collisions at 3.5TeV???




Components of a classical

accelerator ACCELERATING CAVITY

EENDING MAGNET

®

FOCUSING MAGMNET

A VACUUM CHAMBER

COLLISIONS -

N2 )‘f’*

LHC: circular machine with éhergy g_;_ain per turn of some MeV




Acceleration in a cavity | I
L K

U = 1000000 V
d=1m

gq=2¢€g ‘

AE =1 MeV

E(t)

Time varying field

E () =E, -cos(o-t+ @)

4

Maximum field about 20 MV /m
Consequence :bunchedbeam




RF cavity

2a

- orthogonal

LHC frequency 400 MHz

A

v

12



RF systems: 400 MHz

Power test of the first module

LHC-world




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 ‘

FLorentz: q-v-B /

Fcentrifugal — e VA
R=m-v/q-B

with o= ~ one gets: o=.B
R m




Force on a proton by an electric and magnetic field

An electrical field is assume, with a strength of:

A transverse magnetic field is assumed with

B:=8.3T

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

FB field = €p-C'B FE field = €0°'E

Fo «y=3.986x10" 'ON Fe rq=1.121 x
B field = 3 E field = 1-

F .

_B.field _ 5o5 469

FE field

For the gravitation: Fg=9mg

12

10 °N

Fo =8.933x 107 N

Radius of a proton in a B field with |[B=8.3T :7-10

12eV. 1

C eO-B

_2.813x10°m




Focusing using lenses as for light

A S—

f
3 Z A Z
Dipolemagnet — B-field in Quadrupolemagnet — B-field zero in
aperture constant centre, linear increase (as a lense)
25-09-09
LHC-world machine Hans 16
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B, (x) =const-x| Assuming proton runs along s into the
B,(z) =const-z| screen, perpendicular to x and z

trajectory

—
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Focusing of a system of two lenses for both planes

To focuse the beams in both planes, a succession of

focusing and defocusing quadrupole magnets is
required: FODO structure

horizontal plane d = 50m

2%-09-09

Zi vertical plane
LHC-world machine Hans 18
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.Just assuming to accelerate electrons to 7 TeV
(synchrotron radiation)

7102
Tlep -~ 2
me-c

assuming LEP with electrons at 7 TeV: eV

4
2 'lep

16
Ulep = 9-23x10"" eV

...better to accelerate protons

LHC-world
machine




Beam-beam interaction determines parameters
other beam like "quadrupole”

Number of protons per bunch Beam size given by injectors and
limited to about 10" by space in vacuum chamber

f=11246 Hz

Beam size 16 um,
forB=0.5m

with 2808 bunches (every 25 ns one bunch)
L= 1034 [cm=s]




Layout of insertion for ATLAS and CMS
compress to ~16 um

quadrupole quadrupole
4
recombination separation  inner quadrupole  inner quadrupole separation recombination quadrupole
dipole dipole (warm) triplet triplet dipole dipole Q5

ATLAS i

A

collision point

200m

Example for an LHC insertion with ATLAS or CMS

LHC-world
machine



Hier ist der Querschnitt eines LHC Dipolmagneten schematisch dargestellt. Sie sehen die beiden Strahlroehren mit der Richtung des Ablenkfeldes, einaml nach unten und einmal nach oben. Um die Stromkabel  sind Metallklammern angebracht, um die Kraefte aufzunehmen. Ausserhalb dieser Klammern sehen Sie einen Eisenzylinder, in dem die Feldlinien verlaufen.



_— ._...7““‘_ Regular arc:

S . _ E——— ] L
I Magnets
H'_ A A

1232 main
- dipoles +
392 main 3700
quadrupoles + multipole
e . ‘ 2500 corrector corrector
magnets magnets |

/ 7 F. Sorano



Connection via service
module and jumper

Static bath of superfluid

Supply helium at 1.9 K in cooling

helium with 26 km long loops of 110 m
cryogenic distribution —

line ¥. Muttani EST/ES|
F. Sorlano

length

g




Beam +/- 3 sigma

25-09-09

LHC-world machine Hans
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-

| Beam vacuum for

Beam 1 + Beam 2

Insulati
the cryogenic
distribution line

¥. Muttani EST/ESI
F. Gorano




—_ a“ Regular arc:

s IF— ]
Electronlcs

o ? Along the arc about several thousand
electronic crates (radiation tolerant) for:

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

¥. Muttani EST/ESI
F. Gorano




Operational margin of a superconducting magnet

Applied Magnetic Field [T]

Bc critical field

————

Normal state

QUENCH

Superconducting
state

Tc critical
temperature

AN

9K

Temperature [K]




Layout of the LHC ring: 8 arcs and 8 long
straight sections

LHC-world
machine




Schematic layout of beam dump system in IR6




Dipole magnets for the LHC

1232 Dipolmagnets

Length about 15 m, ~30 tons, heat loss ~30watts
Magnetic Field 8.3 T

Two beam tubes with an opening of 56 mm

LHC-world
machine




Coils for Dipolmagnets




Supraconducting filaments, wire and cable
6 um

1 mm

LHC-world




Two - in One Magnet

LHC-world

machine Computed magnetic flux map at B;=10 Tesla
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The Dipolmagnet in a cryostat

Heat Exchanger Pipe
Beam Pipe y
Superconducting Coils \

/// Helium-Il Vessel

// Superconducting Bus-Bar
: /l " Iron Yoke

Spool Piece
Bus Bars -

" Non-Magnetic Collars

" Vacuum Vessel
Quadrupole

Bus Bars ~___——— Radiation Screen

7 o < i / / “~ ~ — Thermal Shield

A The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

Protecti.on Instrumentation

Diccle Feed Throughs




Challenges: Energy stored in the beam

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

TEVATRON

i ‘SppS x 10000

)
=
&
qv)
O
fo)
o
c
JEr—r]
<
O
o
p -
O
e
n
>
o
p -
o
c
LL

F m SNS LEP? m

0.01

0.1 1 10 100 1000 10000

Momentum [GeV/c]
courtesy R.Assmann

LHC-world




Energy stored in LHC magnets

Approximation: energy is proportional to volume inside
magnet aperture and to the square of the magnet field

2 2
Bgipole -1€ngth-rgipole ™

Energy stored in twin dipole magnet: Eqioraq = 2

HO

about 5 MJ per magnet

Accurate calculation with the magnet inductance:

For all 1232 dipoles in the LHC: 9.4 GJ

LHC-world
machine




What does this mean?

10 GJoule......

corresponds to the energy of 1900 kg TNT
corresponds to the energy of 400 kg Chocolate

corresponds to theenergy for heating and melting
12 000 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?

LHC-world




LHC magnet assembly at CERN
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Lyn Evans

Busbar splice

Upper Copper
Profile
Cable in Copper

Upper Tin/Silver Stabilizer

Soldering alloy Layer

Lower Tin/Silver
Soldering Alloy Layer
Inter-Cable Tin/Silver P
Soldering Alloy Layer

Completed
Junction

Lower Gopper U
Profile




displacements
Displacements status in sector 3-4 (From Q17R3 to O33R3) : P3 side
Based on measurements by T5-5U, TS-MME and AT-MCS

Qi A6 Bia| CiB QI8 AI9 [ BI19]C19 Q191 A0 B21 | C21 f o2
Cryostat <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Cold mass ¥ 7 7 7 ¥ ? 7 <5 <5 <5 <5 <5 <5

Q21 A22 | B22 ) C22 BN AZ3 |B23 | C2 C24 P24 A25 | B25 | C25 FR2ES
Cryostat =2 <2 <2 ] <2 -T <2 <2 2 <2 =2 <? <2 <2 <2
Coldmass PS5 <5 | <5 | <5 =23 -67 |-102]- -60 SO <2 | == | <0 53

Q251 A26 | B26 ) C26 FQ26 ) A27 | B27 F C27 Cc28 1 Q28] A20 | B29 JC20 Q29

—
Cryostat <2 <2 | <2 ) <2 ) =2 ) <2 | <2 | <2 §474 <2 <2 | <2 p=2
Cold mass <5 <5 <h <5 = a7 114 §150% 144 o a5 <5 <5
[

Q2201 A30 P B30 ) C30 pQ30 7 A3l ES1|C3'I A32 1 B3 3210323 A33 ] B33 JC33 J033
Cryostat <2 <2 | <2 | <2 P& <2 | <2 A <2 <2 <2 | <2 5 <2 | <2 | <2 | &2
Coldmass | €5 | <5 | <5 | <3 | =5 19 § 77 | 148 140 | 1054062 18y <5 | <5 | <5 7
- ith vacuum barmier |open interconnaction Disconne ctad
=0 Towards Pd Electrical interruptions
[mirm] Walues are in mm :Dipl:llﬂ in shor circuit
K Not measured yet Electrically damaged IC
_ Cold mass displacement «—— QUMTI Z0N8s
E— Cryostal displacement

t and cold masses longitudinal

Courtesy JF. Tock



Energy frontier-constituents vs. time

10 000 - I - I - I - I ' ‘
THE ENERGY FRONTIER Exponential growth
LHC LCs .
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