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Overview

* Historical Introduction, The Role of Accelerators Today

e Accelerator Basics

* The Tevatron

* The Large Hadron Collider
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100 Years ago: How it started
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* |91 Rutherford discovered the atomic nucleus by experiments with &
particles on a thin Gold foil
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* Uranium as natural “accelerator”
MeV - scale particles from

radioactive decay
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Motivation for Accelerators

= S e ———— =

* |nitially, accelerators were only used for basic research:
To look into the structure of matter, you need short wavelengths, e.g. high
energies

ho o (1.2fm)

A =

1 GeV probes the size of the proton!

B ; ) p (in GeV/c)
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Motivation for Accelerators

* |nitially, accelerators were only used for basic research:
To look into the structure of matter, you need short wavelengths, e.g. high
energies
L _h_ (1.2 fm)
p p (in GeV/c)

1 GeV probes the size of the proton!

* To create new, previously unknown particles, you need energy

2
E =mc
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Motivation for Accelerators

* |nitially, accelerators were only used for basic research:
To look into the structure of matter, you need short wavelengths, e.g. high
energies
S _h__ (12fm)
p p (in GeV/c)

1 GeV probes the size of the proton!

* To create new, previously unknown particles, you need energy

2
E =mc
* |f you are looking for something that is rare (small cross-section!), you need

Intensity
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Historical Overview

1928: R. Wideroe reports the operation of the first linear accelerator
(Ka and Na-lons)

1931: Van de Graaff constructs the first high voltage generator

1932: Lawrence and Livingston present first proton beams from a 1.2 MeV Cyclotron

z;“’“f":‘(
1939: Hansen, Varian and Varian invent the Klystron | *’1
) Vi
1941: Kerst and Serber introduce the Betatron Yo #{”‘,..,‘_ 5
; JL._:,.'.,

Touschek and Wideroe invent the principle of ring accelerators

E.O. Lawrence

1947: Alvarez develops the first proton linear accelerator

1950 Christofilos formulates the concept of strong focusing
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Accelerators - Today

Fundamental physics

Biological & chemical sciences

Materials science
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Materials research

Beams of photons, neutrons

and muons are essential

tools to study materials at the

atomic level.

Protein modelling
Synchrotron light allows
scientists to solve the 3D
structure of proteins e.g. the
Chikungunya virus.

Cleaning flue
gases of thermal
power plants

Energy &
Environment

Controlling power plant
gas emission

In some pilot plants, electron
beams are used to control
emission of sulphur and
nitrogen oxides.

Treating cancer
Medical Imaging

Health & Medicine

Hadron therapy

Proton and ion beams are
well suited for the treatment
of deep seated tumours.

tatl

Safe nuclear

( \for glectronics
ien ‘\@urfa’cés‘f
Hardening \igterialdg

Wetsing and \uttir@ 2
Treating\waste % medical material

N

N A\

N

Industriatappliations

Non-destructive
testing

Cultural heritage
Authentication
Cargo scanning

Material
identification

Positron Emission
Tomography (PET)

Radioisotopes used in PET-CT

scanning are produced with
accelerators.
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lon implantation for
electronics

Many digital electronics rely
on ion implanters to build fast
transistors and chips.

Hardening materials
Replacing steel with X-ray
cured carbon composites can

reduce car energy consumption

by 50%.

Cultural heritage

Particle beams are used for
non-destructive analysis of
works of art and ancient relics.

Frank Simon (fsimon@mpp.mpg.de)

power
Replacing ageing
research reactors

Prospects

Energy

Accelerator technologies may
bring the power of the sun
“down to earth”, treat nuclear
waste and allow for safer
operation of reactors.



Accelerators - Today

More than of end products are produced, sterilized,
or examined using industrial accelerators
annually worldwide.

More than 24 000 particle accelerators have been built globally over the past
60 vears to produce charged particle beams for use in industrial processes.
This number does not include the more than 1 1 000 particle accelerators that have
been produced exclusively for medical therapy with electrons, ions, neutrons, or X-rays.

Around 200 accelerators are used for research worldwide, with an estimated
yearly consolidated cost of 1 B €

The world’s largest particle accelerator, the The temperature of the superconducting

. _ o
Large Hadron Collider (LHC), is installed magnets in the LHG reaches = 241 °G

In contrast, the temperature at collision point is
N atunnel 27 km in circumference, 1000 million times hotter than that of the Sun’s

buried 50-175 m below ground. core.
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Accelerator Basics
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The Basics of Particle Acceleration

* The underlying equations: Maxwell-Equations

Differentialform Integralform
div f.) = Pfei f]:_:l d;‘i — Q
divB = 0 fﬁ-dﬁ = 0
s JB . d .= -
tE = -— E-ds = -—(B-dA
" at | e |
- - dD . d - -
tH = j+ — H-ds = [+—fD-dA
o 7 dt f ° +dtf

The key: Lorentz-Force l5 = q(E +V X fB)

n.b.: The Lorentz-force is non-conservative for time-dependent fields!
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BaS|c Accelerator Types Cyclotron Llnac
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BaS|c Accelerator Types Cyclotron Llnac

lon So rce
Dee /— v
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-, tion
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Pole‘& Vacuum flOscillator

Deflector Tank Coupling
i [J- e o JJ.“{J.“[J.“{J. e
SoUrce
drift tube

e | inear accelerator:

* Alternating electric field for acceleration
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BaS|c Accelerator Types Synchrotron

accelerating cavity

focusing magnet credit:EPSIM 3D/JF Santarelli, Synchrotron Soleil

e Synchrotron:

* Magnetic bending field éets ramped up with particle energy: Particles can stay on fixed
path

* Magnetic field only needed locally

 Same accelerating cavities get passed many times
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Functlonal Parts of Rlng Accelerators

i Suoerconducting coil
(inner radius = 22 mm)

Circulating proton beam
Starad energy (?012)=145 MJ
(design: 362 MJ)

Sextupole for hlgher
order focusing,
additional beam line
elements: beam pipe,
pumps, ...

ol
J)
\\\\\\\
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Limits for Ring Accelerators: Bending Power

* Strong dipole magnets keep particles on their track in a synchrotron
Magnetic field and radius define energy!

LA (. -
F=%_ qg\v x B] Lorentz force acts on moving charge

dt

It forces the particle on a circular track:

MeV/c]/300
p=—L"" = pm]=~ [ ;

¢B B[T

Often, the term “stiffness” is used:

(Bp) = P, (Bp)[Tm] = P [1\;[3(\)//0] LHC : (Bp)~23000 Tm
q

Maximum dipole field and radius define imeg

—l
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Limits for Ring Accel

e Charged particles loose energy when accelerated:

1 e%a® | v . .
a —= — p: bending radius

6meg €3 K 0
scales with y4, at constant energy with 1/m4 <> Electrons loose 1013 times more
energy than protons!

P =

* Energy loss of electrons per turn in a storage ring

E4GeV?]

AE = 8.85 x 1077 MeV

plkm]
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Limits for Ring Accel

e Charged particles loose energy when accelerated:

1 e?a? v?
P = 74 a = — p: bending radius
6meg €3 0

scales with y4, at constant energy with 1/m4 <> Electrons loose 1013 times more
energy than protons!

* Energy loss of electrons per turn in a storage ring

4 4
AE = 8.85 x 10-5 219V Iy foy
plkm]
* Energy loss of protons
4 4
AE =78 % 10-0 eV oy
plkm]
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Limits for Ring Accelerators: Synchrotron Radiation

Charged particles loose energy when accelerated:

1 e%a® | v . .
a —= — p: bending radius

6meg €3 K 0
scales with y4, at constant energy with 1/m4 <> Electrons loose 1013 times more
energy than protons!

P =

* Energy loss of electrons per turn in a storage ring

4 4
AE =885 x 105219V 1oy
plkm]
* Energy loss of protons
4 4
AE =78 x 10-6 2TV oy
plkm]

 Example: 100 GeV electrons in LHC-tunnel (p ~ 4.3 km), e.g. LEP: AE ~ 2 GeV
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Limits for Ring Accelerators: Synchrotron Radiation

Charged particles loose energy when accelerated:

1 e%a® | v . .
a —= — p: bending radius

6meg €3 K 0
scales with y4, at constant energy with 1/m4 <> Electrons loose 1013 times more
energy than protons!

P =

* Energy loss of electrons per turn in a storage ring

E4[GeV*
AF — 885 x 10515V ) roy
plkm]
* Energy loss of protons
E4TeV?]

AE =78 x107° MeV

plkm]
 Example: 100 GeV electrons in LHC-tunnel (p ~ 4.3 km), e.g. LEP: AE ~ 2 GeV

 Example: 7 TeV protons in LHC-tunnel (p ~ 4.3 km): AE ~ 4.4 keV
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Limits for Ring Accelerators: Synchrotron Radiation

e Charged particles loose energy when accelerated:

1 e%a® | v . .
a —= — p: bending radius

6meg €3 K 0
scales with y4, at constant energy with 1/m4 <> Electrons loose 1013 times more
energy than protons!

P =

* Energy loss of electrons per turn in a storage ring

E4[GeV*
AF — 885 x 10515V ) roy
plkm]
* Energy loss of protons
E4TeV?]

AE =78 x107° MeV

plkm]
 Example: 100 GeV electrons in LHC-tunnel (p ~ 4.3 km), e.g. LEP: AE ~ 2 GeV

 Example: 7 TeV protons in LHC-tunnel (p ~ 4.3 km): AE ~ 4.4 keV

= Highest energies are not possible with electrons using synchrotrons!
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Strong Focusing

* Strong Focusing, or Alternating Gradient Synchroton: Breakthrough that
allowed to reach high energies of 10 GeV and more

/ * Two crossed quadrupole fields have a net focusing
’ effect, if they are placed at the right distance d
(smaller than the focal length) - Just like a lens system
iIn optics!

Quadrupole 2

Quadrupole 1 Quadrupole 2 Quadrupole 1 Quadrupole 2

L Quadrupole 1
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High Energies: Collid

* The first experiments with accelerators were fixed-target experiments:

ers

(Relatively) easy to manage: Shoot a beam at a target

* Much higher energy can be obtained in collider mode:

Two beams collider, the center of mass can be at rest in the laboratory

Available
Energy

Fixed — =
Target _jo D e

Beam Target
(450 GeV) (at rest)

Collding — "
Beans Fj;? @;—; 900 GeV
Beam Beam
(450 GeV) (450 GeV)

WS 17/18, 02: Hadron Accelerators
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Key Collider Parameters

* Event Rate R=L-0O
f. Collision frequency
o Luminosit ] = mn, nj: Number of particles in bunch i
4 47[()'x()'y Ox: horizontal beam size

Oy: vertical beam size

... assuming a gaussian beam profile and perfect overlap
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Key Collider Parameters

* Event Rate R=L-0O
f. Collision frequency
o Luminosit ] = mn, nj: Number of particles in bunch i
4 47[()'x()'y Ox: horizontal beam size

Oy: vertical beam size
... assuming a gaussian beam profile and perfect overlap

* Luminosity is often expressed in terms of the “B function” at the collision
point and in terms of “emittance”

* (B is related to the beam optics

* ¢ is related to the beam quality, and gives the phase space of the beam
particles (units length * angle)

nn,

L = f %k %k
4ofeBre,ps
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Evolution of Energy -

The Livingston Plot
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Colliders - Now and Then
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The Tevatron
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Fermilab Tevatron

FERMILAB'S ACCELERATOR CHAIN

— MAIN INJECTOR
/ X & (p and anti-p to 150 GeV;
TEVATRON \K 120 GeV p for anti-p target;
ol injection into Tevatron)
= » *, \ \ x

N
TARGET HALL
;

NTIPROTON (120 GeV p to Ni target)

SOURCE
\ t (p to 8 GeV after

BOOSTER 20000 turns)
/' “— LINAC

M

COCKCROFT-WALTON
(H-to 750 keV)

PROTON

Antiproton Proton
Direction Direction

NEUTRINO

Fermilab 00-635
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tor Complex
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The Fermilab Accelerator Chain

FERMILAB'S ACCELERATOR CHAIN

TEVATRON

TARGET HALL

ANTIPROTON
SOURCE

Cockcroft-Walton
DC accelerator

Antiproton Source
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Why Antiprotons?

* Can fly in opposite direction of protons using the same magnetic fields in one
beam pipe: One ring instead of two!

* Up to energies of 3 TeV the production cross sections for many particularly
iInteresting processes are higher for proton - antiproton collisions than for pp
collisions (valence-quark annihilation!)
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Why Antiprotons?

* Can fly in opposite direction of protons using the same magnetic fields in one
beam pipe: One ring instead of two!

* Up to energies of 3 TeV the production cross sections for many particularly
iInteresting processes are higher for proton - antiproton collisions than for pp
collisions (valence-quark annihilation!)

But:

Antiprotons have to be produced first!
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Antiproton Production

—_— =

B The Anti-Proton Source consists of three major components:
Division The Target Station
The Debuncher
The Accumulator

B For every 1 million 120 GeV protons smashed on the pbar target, only
about twenty 8 GeV pbars survive to make it into the Accumulator.

Transter

<" 120 GeV
Target Protons
Station

" 800 Billionen USD / g !

Debuncher

S I = 145 ey - 12,
. e —— A R L
TllE Pl 185 L ].|-| ].|:| I:Itl ats ol & o P ) T ;u:l T ik ey 07 I 4 2 ]'

of pbars - i

Teilchenphysik mit h6chstenergetischen Beschleunigern:
WS 17/18, 02: Hadron Accelerators

Frank Simon (fsimon@mpp.mpg.de)



The Antiproton Source

_—— e e e

Transfer

<
o
/ﬁ] GeV

Target Protons
Station

A ccummulator

«-—
Drebuncher

Lithium All sorts
Lens of stuff

T em

Nickel : Bend

Target Magnet

Anti-
Protons
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The Antiproton Debuncher

* transfer of large energy- and small time spread to small energy spread with
long time structure

Pbar
Target

Antiprotons right after the target

Higch
Energy
| Phars
Low y
Energy Antiprotons arriving at the RF cavity
Phars
Debuncher
Central :
aibit Deln;ml.? xE Antiprotons after many turns through the RF
ALY cavity
4

Antiprotons at the end of debunching
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Stochastic Cooling

* Nobel prize to Simon van der Meer (1984)

* Reduction of transversal phase space of antiprotons, carried out in debuncher
(retention time 1.5 sec) and in accumulator (several hours)

Processing
Electronics

oW Er At

amplification of pick-up signal by 150 dB (1019).
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Superconducting Magnets in Tevatron

e —

Magnets in the TEVATRON are superconducting.

There are about 1000 magnets in the T]

4V

The coils are made of mobuim-titanium alloy wire.
The s1ze of the wire 1s 0.0003 1nches (8 um)

There are 11 million wire-turms mm a

The dipole magnet 1s 21 feet long

coil.

There are 42,500 miles of wire 1n a magnet
For 900 GeV operation, the magnets are kept at 4.6°

Kelvimn.

For 1000 GeV operation, the cryogenic system has been
upgraded to obtain a temperature of 3.6° Kelvin (-453°F)
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Superconductlng Magnets

N The flf:ld in the magnets at 900 (Je‘a 1S 4 Tesh [The E'nth s magnetic
field 1s 0.0003 Tesla, 13,000 times weaker then a TEV magnet)

An LHC magnet (Large Hadron Collider in Geneva, Switzerland)
will have a magnetic field between 8-10 Tesla.

The theoretical limit for mechanically constraining a
superconducting magnet is about 15 Tesla.

B The current flowing through a magnet at 900 GeV 1s 4000 Amperes.

The total inductance of the TEVATRON is 36 H.

The total magnetic stored energy in the TEVATRON at 900 GeV
1s 288 Megaloules.

The time constant of the current dump system 1s 12 seconds.

If all the current in the TEV needed to be dumped, the dump
resistors would have to dissipate energy at 24 megawatts

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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Superconductlng Magnets

N The flf:ld in the magnets at 900 (Je‘a 1S 4 Tesh (

field 1s 0.0003 Tesla, 13,000 times weaker then a 20 ]
An LHC magnet (Large Hadron Collider in G ] HTS
will have a magnetic field between 8-10 Tesle o - /77
|
The theoretical limit for mechanically constrajes, ] °
. . 5 | Nb,Sn HID2 °
superconducting magnet is about 15 Tesla. = [ 3" ( = D20
— max.1g -
m The current flowing through a magnet at 900 Ge s 10 - : (max.reached)
: .. ]S :
The total inductance of the TEVATRON is 3¢ § -, — T — A& LHC
The total magnetic stored energy in the TEV £ Q ] SSC
1S 288. Megaloules. O 5 ¢ & Hera
The time constant of the current dump system : Tevatron
If all the current in the TEV needed to be dun : RHIC
resistors would have to dissipate energy at 24 0
0 20 40 60
Coil width (mm)
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Superconductlng Magnets

N The flf:ld in the magnets at 900 (Je‘a 1S 4 Tesh (

field 1s 0.0003 Tesla, 13,000 times weaker then a 20
An LHC magnet (Large Hadron Collider in G - HIS
will have a magnetic field between 8-10 Tesle o - /77
. o . - . | o . an p— 15 — —_— —_—
The theoretical limit for mechanically constrajes, ] ‘
superconducting magnet is about 15 Tesla. 2 - Nb,;Sn HI D20
. - . — (max.rq -
m The current flowing through a magnet at 900 Ge s 10 - (max.reached)
: ) . S I
The total inductance of the TEVATRON is 3 (= ——— ——— T HC
o 5 - St B N 'Tl
The total magnetic stored energy in the TEV A, SSC
. [ [ QI -
1s 288 Megaloules. Q 5 “x
0,000 - - Hera
’ C | YBCO: Parallel to tape L TCV ﬂthIl
_ lane, 4.2 K L
Vi Slif?;f:,.i,o;!ﬂw = -$Ba(?g: Perpendicular to i RI—IIC
—\ | . & Deouble Layer tape plane, 4.2 K 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
. | Tape e )212: Round wire, 4.2 K )
T\ T T
1000 | .'." Ct%h —'_—E:?)S.n:lligthEnergy O 20 40 60
’ K i p ysics, 4. . .
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Tevatron: Integrated Luminosi
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* Project termination on September 30, 2011

w Run Il Integrated Luminosity
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peak luminosity ~ 1032 cm-—2s-1
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The Large Hadron Collider
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The LHC: Visions (1980ies) %

_—_——

* particle accelerator with the highest collision energies aiming at:

test of the Standard Model beyond energies of 1 TeV
finding the missing pieces of the SM: top quark

investigate the mechanism of electroweak symmetry breaking:
find the Higgs boson

search for New Physics beyond the Standard Model
(Supersymmetry, large extra dimensions, ...)

find the unexpected

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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The Challenges

use existing LEP tunnel
and pre-accelerators
of CERN

-“fast” and ,,cheap” o
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“fast” and ,,cheap”

* highest energies at
given radius of tunnel

WS 17/18, 02: Hadron Accelerators
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use existing LEP tunnel
and pre-accelerators
of CERN

accelerate protons
(instead of electrons at LEP)
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The Challenges

“fast” and ,,cheap”

* highest energies at
given radius of tunnel

- collision energies of
constituents of ~TeV
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of CERN

accelerate protons
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Proton energies of
at least 5 TeV
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and pre-accelerators
of CERN

accelerate protons
(instead of electrons at LEP)

Proton energies of
at least 5 TeV

superconducting magnets
at ~ 8 Tesla
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The Challenges

“fast” and ,,cheap”

* highest energies at
given radius of tunnel

- collision energies of
constituents of ~TeV

 Proton energies of
at least 5 TeV

 generate objects of
very high masses
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use existing LEP tunnel
and pre-accelerators
of CERN

accelerate protons
(instead of electrons at LEP)

Proton energies of
at least 5 TeV

superconducting magnets
at ~ 8 Tesla

need high luminosity
(L ~1034 cm-2 s-1)
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The Challenges

“fast” and ,,cheap”

* highest energies at
given radius of tunnel

- collision energies of
constituents of ~TeV

* Proton energies of
at least 5 TeV

 generate objects of
very high masses

L ~1034 cm=2 s
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use existing LEP tunnel
and pre-accelerators
of CERN

accelerate protons
(instead of electrons at LEP)

Proton energies of
at least 5 TeV

superconducting magnets
at ~ 8 Tesla

need high luminosity
(L ~1034 cm-2 s-1)

high data rates; radiation
damage
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e Proton-proton collider in a
27 km tunnel at CERN

p=> <=p

7 TeV 7 TeV

* Highest collision energies

e Highest luminosity

e 4 large experiments:
« ATLAS & CMS (general purpose p-+p) constructed & operated in collaboration
with ~ 40 nations
* ALICE (Heavy lon collisions)

* LHCDb (heavy quark physics)

e Start of operations 2009 (originally planned for 2005), running until ~ 2035
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The LHC Complex at CERN
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Détecteur

LHC-B
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The Full CERN Accelerator Complex

LHC North Area
ALICE TT20 ‘\"_,""' l—HCb
SPS
1976 (7 km)
T2 TT10
A ATLAS
HiRadMat 6o
:
ELENA AD ISOLDE
TT2 2016 (31 m) W 1999 (182 m) ,
BOOSTER
m 1972 (157 m)
S << Ris REX/HIE
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n-ToF = :
ECI ) PS R
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n LNAC 2 () _ (CTF3
N O ¢
o __
P p (protons) ) ions ) RIBs (Radioactive lon Beams) P n (neutrons) P p (antiprotons) ) e (electrons) <)~ proton/antiproton conversion <=9 proton/RIB conversion
LHC Large Hadron Collider SPS Super Proton Synchrotron PS Proton Synchrotron AD Antiproton Decelerator CTF3 Clic Test Facility
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Bunch -
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Protion

Parton
(quark, gluon)
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Proton — Proton collisions:

2835 x 2835 bunches
distance: 7.5 m (25 ns)

1011 protons / bunch
collision rate: 40 million / second
Luminosity: L = 1034 cm-2 s-1

Proton-Proton collisions: ~10°/ s
(pile-up of 20-30 pp-interactions
for each beam crossing)

~1600 charged particles in detector

= highest demands on detectors

Frank Simon (fsimon@mpp.mpg.de) 39
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Nevents /s=0xL

Nevents = 0 X I L dt
1 nb =10-33 cm?
calculus (example):

End of 2010:
[Ldt = 40 pb-' = 40 x103 nb-1

corresp. to ~ 4 x103 top-quark-
events (ot ~ 10-1 nb at 7 TeV)

corresp. to ~200 Higgs-evts.
with My =120 GeV at 7 TeV

data sample 2011: ~ 5 fb-1
data sample 2012: ~20 fb-1
data sample 2015: ~4 fb
data sample 2016: ~40 fb-1
data sample 2017: ~40+ fb-1

Production Cross Sections: P

—_— =

o (nb)

10°

10° L

10" E

10°
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proton - (anti)proton cross sections
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Production Rates at LHC

* |nelastic Proton-Proton collisions: 1 Billion / second
* Quark -Quark/Gluon scatterings with ~100 Millions/ sec
large transverse momenta (> 20 GeV)

* b-Quark pairs 5 Millions / sec

* top-Quark pairs 8 / sec
e W —ev 150 / sec
e Z —ee 15 / sec
* Higgs (Mass = 150 GeV) 0.2 / sec
* Gluino, Squarks (Mass = 1 TeV) 0.03 / sec

 Interesting physics processes are extremely rare:
= high luminosities !

extremely powerful detectors (to suppress background)
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LHC Parameters: Technical D
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General LHC Parameters Version 4.0
(These parameters correspond to optics version 6.4 and the

RF parameter update from the 14. LTC meeting (15. October 2003) )
(the Version 3 parameters can be found here)

Momentum at collision 7 TeV/c
Momentum at injection 450 GeV/ic
Machine Circumference 26658.883 m
Revolution frequency 11.2455 (%) kHz
Super-periodicity 1
Lattice Type FODO, 2-in-1
Number of lattice cells per arc 23
Number of insertions 8
Number of experimental insertions 4 Maximum dispersion (cell) 2.018/0.0 (%) m
Utility insertions 1 RFEQC:{:II’:“;:;?E:ICﬁDH r;;jrg:lijz:?:i:fﬂmm insertions) 594.Eif§§.3 ") :
Dipole field at 450 GeV 0.535 T = ——

- Gamma Transition 55.678
Dipole field at 7 TeV 8.33 T Momentum Compaction 0.0003225 (**)
Bending radius 2803.95 M | [Main RF System 4008 MHzZ
Main dipole coil inner diameter 56 mm Harmonic number 35640
Distance between aperture axes (1.9 K) 194 mm | [Voltage of 400 MHz RF system at 7 TeV 16 MV
Main Dipole Length 14.3 m Synchrotron frequency at 7 TeV 23.0 Hz
Main Dipole Ends 236.5 mm Bucket area at7 TeV 7.91 eV.s
Half Cell Length 53.45 m Bucket half-height at 7 TeV 3.56 107
Phase advance per cell 90 degree| |Voltage of 400 MHz RF system at 450 GeV 8 MV
Horizontal tune at injection 64.28 Synchrotron frequency at 450 GeV 63.7 Hz
Vertical tune at injection 59.31 (without 200 MHz RF)
Horizontal tune at collision 64.31 Bucket area atlﬁﬂ GeV 12 Vs
Vertical tune at collision 59.32 Bucket halfheight at 450 GeV 10 10%
Maximum beta-function (cell) 1771180 () m | [capture RF system 2004 MHz
Minimum beta-function (cell) 30/30 () m
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The LHC Magnets

* Superconducting main dipoles
* biggest challenge: magnetic field of ~9 T
e overall 1300 main dipoles, each 15 m long
o operated at 1.9 K (superfluid helium)
LHC DIPOLE : STANDARD CROSS-SECTION

___— MAIN QUADRIPOLE BUS-BARS
——— HEAT EXCHANGER PIPE
. SUPERINSULATION
—— SUPERCONDUCTING COILS
| BEAMPIPE
I',T —— VACUUM VESSEL

—— -~ BEAM SCREEN
‘ I AUXILIARY BUS-BARS
T/ SHRINKING CYLINDER / HE -VESSEL
_ THERMAL SHIELD (55 to 75K)

N NON-MAGNETIC COLLARS

"\ IRON YOKE (COLD MASS, 1.9K)
T DIPOLE BUS-BARS

T SUPPORT POST
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The LHC Magnets

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

sV
ey L ?/ 4

Helium-Il Vessel
Spool Piece

Bus Bars I < i . y Superconducting Bus-Bar

Iron Yoke

Non-Magnetic Collars

Vacuum Vessel
Quadrupole

Bus Bars Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar Tube

. Instrumentation
PrOt%Ciggg Feed Throughs
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Installation of dipoles in the
LHC ring
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Lowering of the first dipole
into the tunnel (March 2005)
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A view of the tunnel...
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Interconnection of the dipoles
and connection to the cryoline
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LHC Installation
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LHC Status

09.09.2008: first stable ,,beam® in LHC

19.09.2008: technical problems with large impact:
destruction of parts of LHC ring; repair of ~1 Jahr.

20.11.2009: restart after repair; first collisions!

11.12.2009: world record: collisions at 2.36 TeV! (2:1.18 TeV)
30.03.2010: collisions at 7 TeV (2 - 3.5 TeV)

Nov. 2011: 5 fb-1 at 7 TeV per experiment

2012: - collisions at 8 TeV
- until Dec: ~20 fb-1
- 4. July 2012: a new Boson ...

2013/14: long shut-down (LS1);
2015: operation at 13 TeV; 25 ns bunch spacing

Teilchenphysik mit h6chstenergetischen Beschleunigern:
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LHC Status

* 09.09.2008: first stable ,beam® in LHC

* 19.09.2008: technical problems with large impact:
destruction of parts of LHC ring; repair of ~1 Jahr.

 20.11.2009: restart after repair; first collisions!
* 11.12.2009: world record: collisions at 2.36 TeV! (2:1.18 TeV)
 30.03.2010: collisions at 7 TeV (2 - 3.5 TeV)
* Nov. 2011: 51fb-1 at 7 TeV per experiment

e 2012: - collisions at 8 TeV
- until Dec: ~20 fb-1
- 4. July 2012: a new Boson ...

 2013/14: long shut-down (LS1);
 2015: operation at 13 TeV; 25 ns bunch spacing
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LHC Operations: Always an Adventure

_—_——
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SPS BEAM DUMP

* Limited to 96 bunches
per injection

e 2076 bunches per beam
cf. 2750

WEASEL PS MAIN POWER SUPPLY
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Peak Delivered Luminosity (Hz/nb)

o
‘% L,
% |
E..
'.
k'
'.%

Data included from 2010-03-30 11:22 to 2017-10-18 19:07 UTC

2010, 7 TeV, max. 203.8 Hz/ub
2011, 7 TeV, max. 4.0 Hz/nb
2012, 8 TeV, max. 7.7 Hz/nb
2015, 13 TeV, max. 5.1 Hz/nb
2016, 13 TeV, max. 15.3 Hz/nb
e 2017, 13 TeV, max. 17.7 Hz/nb

N
=

15}
LHC design goal: 1034 cm-—2s-1
10_. ....................................................................................................................................................................................................................
5 o 4
‘: s * oo ®

N N N A °° N
Date (UTC)

* Design luminosity reached end of June 2016
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Measurlng the Lum|n03|ty

* Different techniques in use - the most “basic” one: Van der Meer - Scans

Y
P16Y) P2(Xy)
Bunch 1 Bunch 2
N4
number of bunches rAeV/OIUt'O” frequency
nb f n n2// no. of protons per bunch
g:nbf,nlnzﬂ 0,(X,y)p,(x,y)dxdy= s
X y\
beam width
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Measurlng the Lum|n03|ty

* Different techniques in use - the most “basic” one: Van der Meer - Scans
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Teilchenphysik mit h6chstenergetischen Beschleunigern:

Bunch 2

N n2

number of bunches

P2(X,y)

revolution frequency

nbf n, n, ¥{ no. of protons per bunch

beam width

Scan determines beam width

bunch population from external measurement

Accuracy on the 2% level
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Luminosity
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-10-18 19:07 UTC
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minosity results in multiple |

nteractions per bunch crossing
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Example: Z->pp process, in an
event with 25 reconstructed
interaction vertices
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Plan
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LHC / HL-LHC Plan

LHC
Run 1 | | Run 2 | | Run 3
LS1 EYETS 14 TeV
13-14 TeV "t
li lidati iniect d .
7 TeV 8 TeV sl’;t:t‘:g:%'c‘:l‘i’n'la:olr‘;n mlcry:rpuo?gtr: € cryolimit

interaction

regions

R2E project

Civil Eng. P1-P5

2011 2012 2013 2014 2015 2016 2017 2018

2019 2020

2021 2022

radiation
damage

2 x nominal luminosity

o J
75% experiment 1

experiment upgrade

High
LHC

HL=LHC installation

2024 2025

Luminosity

14 TeV

energy

5t07x
nominal
luminosity

I—

2026

s |G| o — [ e posce | —— =
/m 150 b | X i
e Continuing current run until 2018
* “mild” luminosity upgrade (injector upgrade) 2019/20
e HighLuminosity LHC upgrade 2024-26:
4 -7 x 1034 cm-—=s-1 peak luminosity
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HL-LHC: Luminosity Levelling

* A key “feature” to limit excessive pileup: Luminosity levelling

L [10° cm™s™'] L[10% cm?s]
20 - WS - oy 20 S
= \ no leveling w peak 2x10% cm2s! n ’i‘}_'_f;‘;j!';:ﬁ:ﬁ“"'\ Il‘ '\

| \ \ \ \
10 10\ \ |\ \

' - \ \ \ -

leveling at 5x10°* cm~s”! leveling at
5 g 1 S AH LAY \ l:P'A_|_I L . average no level
. e I . m-cméu level
nominal » | | | | | i

— ——

2 4 6 8 10 12 14 ¢[h] o 5 10 15 20 25 30 ¢[h]

* Allows longer running at high luminosity per fill, only mild impact on average
luminosity, with substantial gain in terms of experimental conditions
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Summary

* Accelerators are key instruments in particle physics - with many applications
beyond fundamental research

* Proton synchrotrons in “collider mode” reach the highest energies - limited by
accelerator radius and main dipole field

* The Large Hadron Collider LHC is the current energy record holder - and has

just exceeded its design luminosity
* Physics program with luminosity upgrade extending to 2035
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Summary

* Accelerators are key instruments in particle physics - with many applications
beyond fundamental research

* Proton synchrotrons in “collider mode” reach the highest energies - limited by
accelerator radius and main dipole field

* The Large Hadron Collider LHC is the current energy record holder - and has

just exceeded its design luminosity
* Physics program with luminosity upgrade extending to 2035

Next Lecture: 30.10., “Detectors |I”, F. Simon
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Schedule
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11.
12.
13.
14,

Introduction

Accelerators

Particle Detectors |

Particle Detectors I

Monte Carlo Generators and Detector Simulation

Trigger, Data Acquisition, Computing
QCD, Jets, Proton Structure

Top Physics

Topic Open - Wishes, Ideas?

Tests of the Standard Model

Higgs Physics |

Higgs Physics |l

Physics beyond the SM

LHC Outlook & Future Collider Projects
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16.10.
23.10.
30.10.
06.11.
13.11.
20.11.
27.11.
04.12.

11.12

18.12.

08.01.
15.01.
22.01.
29.01.
05.02.
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