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CERN accelerator complex overview

(not t?j?cale) 450 GeV /c -7 TeV /c

Chain/sequence of
accelerators

8z Gran Sawso )

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSE: Proton Synchrotron Booster

PS: Praton Synchrotron

LINAC: LiNear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cem Newtrinos 1o Gran Sasso

50 MeV — 1.4 GeV wzv 1.4 GeV — 26 GeV/c
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SPEECH DELIVERED BY PRCFESSOR NIELS BOHR
ON_THE OCCASION OF [HE INAUGURATIUN OF THE CERN PRCTON SYNCHROTRON

0N 5 FEBRUAERY, 1960 Frass Release PH;EE
12 February, 1960

1t may perhaps seem odd that apparatus as blg and as
complex as our gigantic proton synchrotron is needed for the
investigation of the smallest objects we know about. However,
just as the wave features of light propagation make huge telescopes
necessary for the measurement of small angles between rays from
distant stars, so the very character of the laws governing the
properties of the many new elementary particles which have been
discovered in recent years, and especially their transmutations in
violent collisions, can only be studied by using atomic particles
accelerated to immense energies. Actually we are here confronted
with most challenging problems at the border of physical knowledge,
the exploration of which promises to give us a deeper understanding
of the laws responsible for the very existence and stability of
matter.

All the ingredients are there: we need high energy particles
produced by large accelerators to study the matter constituents and
their interactions laws. This also true for the LHC,

Small detail... Bohr was not completely right, the “new” elementary
particles are not elementary but mesons, namely formed by quarks



Interlude: a brief recall of energy scales

®  WARNING:for purists or non-experts: Energy, Masses and Momentum have different units, which
turn to be the same since c (speed of light) is considered equal to one.

® Energy[GeV], Momentum [GeV/c], Masses [GeV/c?]
(Remember golden rule, E=mc? has to be true also for units...)

® Justan as a rule of thumb: 0.51 1 MeV/c? (electron mass) corresponds to about 9.109 10-3! kg

An Example about energy scales: my cellular phone battery.

Voltage: 3.7 V

Height: 4.5 cm

proton mass ~ | GeV

To accelerate an electron to an energy equivalent to a proton mass:

| GeV/3.7 eV = 270 270 270 batteries
270 270 270 batteries * 0.045 m ~ 12 000 000 m

12 000 000 m ~ THE EARTH DIAMETER

Obviously one has to find a smarter way to accelerate particles to high
energies instead of piling up cellular phone batteries ....



History/Energy line vs discovery

Higgs and super-symmetry ?

Mass (MeV) !
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Obs: you can notice different particle species used in the different colliders
electron-positrons and hadron colliders (either p-p as Tevratron, p-p as LHC)




How an accelerator works ?

Accelerator Goal: keep enough CHARGED oparticles
confined in a well defined volume to

accelerate them for a sufficiently long time
(ms - hours)

How ? Lorentz Force!

F() = q (B +v() @ B)

l

Electric ﬁeld. Particles of
accelerates particles different energy
An accelerator is formed by a sequence (speed) behave differently
(called Iattice) of: v
Magnetic field confines
a) Magnets = Magnetic Field particles

on a given trajectory

b) Accelerating Cavity — Electric Field






Building Blocks of an accelerator

2) An accelerating system

|) A particle source




How to get protons: duoplasmatron source

Protons are produced by the ionization of H;
\ Xpansion cup

plasma enhanced by an electron beam

| —
J = \[ To Linac
Electron cathode Plasma chamber

 # Proton exiting from the about | mm? hole have a
=ty | speed of 1.4 % ¢, v ~4000 km/s

. QT The SPACE SHUTTLE goes only up to 8 km/s
Back of the source



Cern Control Center: first LHC day \
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How to get antiprotons

Starting from high energy p ptp — ptptp +F

and with a very low efﬁcienC);

10'3 p to have about 107 antiprotons



E se volessimo neutrini da spedire
al Gran-Sasso!



Cockroft-Walton. Old CERN proton pre-injector

High voltage unit composed
by a multiple rectifier system
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CERN: 750 kV, used until 1993

Bits an pieces are in the garden outside the Microcosm
of the low energy part




Main limitation

Main limitation:
electric discharge due to too high Voltage.
Maximum limit: | MV

Limit set by Paschen law:
the breaking Voltage between two parallel
electrodes depends only on the pressure of the r
gas between the electrodes and their distance |

)V (volt) t=0°C
o . B
1000 |-t Reeesy : -
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(mmHg x cm)

Low pressure: gas not

too dense, long mean

average path of High pressure: dense

electrons gas, large Voltage
needed for gas
ionisation




Van De Graaf electrostatic generator (1928)

maximum voltage before sparking.

Top terminal

C\ rotating belt charges a top terminal up to the]
v/ ~loMY

Ch?rge + +
. . llector
(Maxmum accelerating Voltage: 10 MV Y +
: + +
+ -+
Typical speed: 20 m/s ; + ¥
Hight: 0.5 m b
Top terminal: | MV - 10 MV !
B ) + Evacuated
: - ;s 7 1 Charging.___+ acceleration
ihoy belt + thannel
y . +
+
+
+
Spraycomb Momentum
Py \j_— analysing
Tt + magnet
—
Collimator
50 kV
d.c.
=
v

AT ROUND HILL SPARKING TO HANGAR (LONG EXPOSURE)

@MIT Museum  All rights reserved



Tandem

Tar_c]et Pressure Hfgh— voltage Negaﬁve
tank te.rmmal ion Source

-

(Application of Van der Graaf generatop

a) Source of negative ions (150 keV)
b) Van Der Graff column (25 MV)
c) Stripping foil

change in charge
d) Further re-acceleration

J

Everything in a pressurized vacuum tank

magnet and Since negative and positive

collimator Multicharge states are
used, different energies
can be obtained

Ana{ysfng Ana[ysing
magnet and
¢collimator

Stnpfamg Chargin5 belt

foil or gas

Current applications:

a) Low energy injector for lons
Still in use at Brookeven (US) as injector for
Cu and Au ions

b) Compact system for “other uses”
Dating of samples at Louvre.




Application of Louvre Tandem: composition of scribe eyes

http://accelconf.web.cern.ch/AccelConif/e02/ TALKS/FRYGBOO | .pdf

e


http://accelconf.web.cern.ch/AccelConf/e02/TALKS/FRYGB001.pdf
http://accelconf.web.cern.ch/AccelConf/e02/TALKS/FRYGB001.pdf

Cyclotron pees
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Particle source located in a vertical B field TN
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Electrical (E) RF field generated between
two gaps with a fixed frequency

South Pole of Magnet
Particles spiral while accelerated by E field
Every time they go through the gap
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Max energy for protons: 20 MeV

filoment
support and -
leads

———glass cylinder

T——deflecting DC potential
negative

. . .. N\
Main limitations:

|) not working for relativistic particles,
either high energy or electrons

\2) B field at large radius not vertical ) Invented by Lawrence, got the Noble prize in 1939

North Pole of Magnet
www.physics.rutgers.edu/ cyclotron/




The first cyclotron and the Berkeley one
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Synchrotron (1952, 3 GeV, BNL)

New concept of circular accelerator. The magnetic field of the bending magnet varies with time.
As particles accelerate, the B field is increased proportionally.
The frequency of the accelerating cavity, used to accelerate the particles, has also to change.

B = B(t) magnetic field from the_
bending magnets

Deflection

electrodes ﬁ
p = p(t) particle momentum varies d ernal g;t]p:: i:p
b)’ the RF cavity target and __Inflector [\ outstae

J [ ]
éxtraction

/ ’

: Analysin
e electric charge RE station may%’e e
: Electrostatic
p constant radius of curvature

inJ'ector'

Bending strength limited by used technology
to max ~ | T for room temperature conductors Particle rlgldlty




Wideroe linac: the first linear accelerating structure

a\') 25 kV
RF Generator

| MHz oscillator

Y ” 4 E

lon A A~ | 2 1 To circular machine or target
Source ~— A < —, =~ 3 : - . —_ .
\ / Beam accelerated to 50 keV
_ Gap Electrodes with inverse polarity
Potassium F=qE at a given time t (snapshot)

Source
E:irst linac composed by drift tubes interleaved by acceleration gaps powered by an ﬁ]

generator. (1928,Wideroe PhD)

Obs: the drift tube length has to increase because particles are not yet relativistic.
To an energy increase corresponds a speed increase, and the particle has to travel
more in the shielded region to be in phase with the accelerating field.
4 N
Main limitation: after a certain energy, the length of the drift tube is too long.
The RF frequency has increase to some 10 MHz, need to enclose the structure

% in a resonator to avoid field losses. )




Alvarez drift tube linac

Linac composed by drift tubes interleaved by acceleration gaps as VWideroe linac,
but field generated in a resonant cavity.The frequency of the field can go up to 200 MHz.

Currently we have two Linacs at CERN with Alvaretz structure, for protons and ions.

MITILT

|

=
Inner structure of Linac |
(Alvarez type).The drift tubes
are supported on stems,
through which the current
for the quadrupole magnets
(located inside the tubes) and
the cooling water are
supplied.
Linac | accelerated
kprotons to 50 MeV.




CERN accelerator complex overview

(not tglif;,cale) 450 GeV/c -7 TeV/c

" G~ 27 km

Questions:

Chain/sequence of
accelerators

- why so many accelerators and

not just the LHC?
26 - 450 GeV/c

- why rings of increasing

C~6km circumference?

" LHC-b
—t ' - why rings and linear
o R accelerators?

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSE: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACoelerator

LEIR: Low Energy Ton Ring

CNGS: Cem Newtrinos 1o Gran Sasso

50 MeV—1.4( '

C~157 m

- how particles go from one
machine to the other?

\ 1.4 GeV — 26 GeV/c

“#z®  C~630m




Basically accelerators brings you ...
_;‘cms Exie:mem‘:énhewc, CERN /

| )\ [
a &iok) GMT(04:2958 gesTy
' a8

from nearly a bottle of hydrogen  to a little bit before this

How much time(distance) does it take from the source to collisions ?
(assumption, protons travels always at the speed of light)

In the Linac 2, basically nothing.
In the PSB, a bit less than than 1.2 s.
In the PS, a bit less than 3.6 s

In the SPS, a bit less than 16.8 s
In the LHC, minimum 30 minutes

S

| 821.6 s » 546 480 000 km

about 3.7 time the distance Sun-Earth




Particles of
different energy
(speed) behave differently

\

Magnetic field confines
particles
on a given trajectory



Bend % Design
‘magnet orbit

F N\ (s)

FLAT TOP: 90ms BCT3 21-06-09 18:25:27
TMG MODE: COUPLED SC:21852 SC LENGTH: 18BP 21.65
Rate*E 10 : 400 GeV/c
2267 2158 3 3802 3892 1400
TT2 INJ1 FT) SEX DUMP

NEW SPS-PAGE1 I nt USER:CNGS1 21-06-09 18:26:06
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Dipoles

Force given by the vertical magnetic

field compensates the centrifugal force

to keep the particles on the central trajectory,
i.e. in the center of the beam pipe.

A fast dipole, able to deflect the beam in few us is
called kicker. A kicker is used to extract the beam
from the machine.

CERN-SPS dipoles, in total about 500




Two dipoles you should know we well

Earth Magnetic Field : ~ 0.6 Gauss

Typical SPS dipole field: ~ 20000 Gauss (2 Tesla)
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INTERLUDE:

THE TERMINATOR-3 ACCELERATOR

We apply some concepts to the accelerator
shown in Terminator-3 [Columbia Pictures, 2003]

o Estimation of the magnetic field

No way!\ ( -

o Energy = 5760 GeV
o Radius ~30 m
o Field =5760/0.3/30~700T (alot!

o Why the magnet is not shielded with iron ?

o Assuming a bore of 25 mm radius, inner field
of 700 T, iron saturation at 2 T, one needs

700*25/2=9000 mm=9 m of iron ... no space
in their tunnel !

o In the LHC, one has a bore of 28 mm radius,
inner field of 8 T, one needs 8*25/2=100 mm
of iron

o Isit possible to have 700 T magnets ??

A magnet whose fringe field is not shielded

From E.Todesco CERN Summer student lecture
2



Typical LHC Operational cycle

F¥atatal
TUUY

Beam dump

¥

Energy [Gev]

Ramp down/precycle

3000 -

Squeeze

Stable beams

2000

Ramp

Injection

22222}

(=]
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Collide

Ramp down
Injection
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Squeeze
Collide

Stable beams

35 mins
~30 mins
12 mins
15 mins
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0 - 30 hours
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-1000
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F How an accelerator works ?

Goal: keep enough particles confined in
a well defined volume to accelerate them.

How ? Lorentz Force!

F(ﬂé]%H](t)@B(t))

Particles of
different energy
(speed) behave differently

v

Magnetic field confines
particles
on a given trajectory



Synchrotrons: strong focusing machine

Dipoles are interleaved with quadrupoles to focus the beam.
Quadrupoles act on charged particles as lens for light. By alternating focusing and defocusing lens
(Alternating Grandient quadrupoles) the beam dimension is kept small (even few mum?).

QUADRUPOLE

Y

]

2% Y\§
- 0

focusing defocusing
quadrupole  quadrupole

S

/)
_horizontal plane
s

- vertical plane

S

B field is focusing in one plane
but defocusing in the other.

VI o

I I
Typical lattice is FODO,
focusing-drift-defocusing
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An example of a lattice: LHC cell

| 1
| Classical FODO cell (F=focusing, O=drift, D=defocusing) |
I i

ke LHC Cell - Length about 110 m (schematic layout) >
SSS
sextupole
quadrupole orbit corrector quadrupole  orbit quadrupole  orbit
MQF  corrector (MCS) MQD  corrector MQF corrector

special lattice decapole special lattice special lattice
corrector sextupole octupole corrector sextupole corrector sextupole
(MQS) (MS) corrector (MO) (MS) (MO) (MS)
(MCDO)




Apples vs Antiapples: protons vs antiprotons

Do protons fall in an accelerator?

And what about antiprotons!?



From Wikipedia

An accelerator that you know very well

1
2
3
4
5
6
7
8

. Three Electron guns (for red, green, and blue phosphor dots)

. Electron beams

. Focusing coils

. Deflection coils

. Anode connection

. Mask for separating beams for red, green, and blue part of displayed image
. Phosphor layer with red, green, and blue zones

. Close-up of the phosphor-coated inner side of the screen



Real beam images

P— = A

Courtesy of B. Goddard






Summary: Building Blocks of an accelerator

S 2) An accelerating system

g ‘. )

N\ \ 1) A particle source
8 =

4
11 ‘




An example of a lattice: LHC cell

| 1
| Classical FODO cell (F=focusing, O=drift, D=defocusing) |
I i

ke LHC Cell - Length about 110 m (schematic layout) >
SSS
sextupole
quadrupole orbit corrector quadrupole  orbit quadrupole  orbit
MQF  corrector (MCS) MQD  corrector MQF corrector

special lattice decapole special lattice special lattice
corrector sextupole octupole corrector sextupole corrector sextupole
(MQS) (MS) corrector (MO) (MS) (MO) (MS)
(MCDO)




Definition of envelope

Beam physical dimension

E(s) =g B(s)

The envelope is defined as
the maximum amplitude for
which the particle remains
in the machine vacuum
chamber.

Teilchenbahn

Enveloppe




Our reference frame: xx’, the phase space

X = amplitude e

-1.0 §

Reference particle

particle with
"amplitude" Ve

The space occupied in the
xx' (or yy’) plane by the beam
~ at a given position in the
machine is defined as
Emittance

particle distribution | VB(sg)e = E(s)



Particle transport in a lattice

X = amplitude

>
Reference particle

¢
s.r
r

W Onnpte e oy Cuadripala 1) 1

0 Q

‘ Spot size evolution




Tune

Tune: number of oscillations (called betatronic) in the xx‘ plane a particle
does in one machine turn.

The tune depends on the quadrupole settings

E(s) =V e B(s)

Teilchenbahn

Enveloppe



Norm. amplitude
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Tune: number of betatron oscillation
in the transverse plane
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1.2
http://mgasior.web.cern.ch/mgasior/pro/3D-BBQ/ps.html




Acceleration
® Particles are accelerated by an RF (radio frequency) electric
field which is confined in cavities.

® The electric field varies in time as a sinus wave in such a
way, that at each revolution, the particle comes back at
the RF to see the acceleration.

= AE, = eV, . sio,

VRF A
V. |l---» ~
RF | SN
'I)3 ~./ ' 1\' - dt ( ]: 0) » ’/ \
P14 Y (~“E=0) ¢ Y
19 \T +de (“E<0) T \
PZ" : '\..\ A-'”"
K ! hd \
| | " If . :(bRr
\..ﬂ: / _ 4\ .
¢| TE T[_¢'w \‘\ ‘,-"’ ¢|_ d)s .r'lllql

\ i \ /
N\ e ,
L [ TI‘C\' \_./




Acceleration |

Acceleration again with Lorentz force: F(t) — q (E(t) —|— % @ B} t))

r[m]’
Courtesy
R L. Rinolfi
aI . '; X R
-9123 g/2 s [m]
\ |

In a well defined part of the accelerator,

a RF (radio frequency) cavity generates
an electric field parallel to the velocity
of a zero divergence particle.

The cavity itself acts as a resonator.

B. Salvant
N. Biancacci

Obs: The magnetic field associated to the RF wave is negligible (for us).



Example of RF cavities in the PS

The dimension of the cavity changes with the RF wave length

10 MHz RF cawty‘traight
< Section (SS) 11 of the PS
- = For the acceleration

World Radio Switzerland: 88.4 MHz



Longitudinal focusing, a pendulum ...

e Particles are confined within a range in phase and energy called
BUCKET and are grouped into bunches by the electric field.

Bucket

del E ey

Bunch

Bunch length: few 100’s- few ns

One machine turn ~ some (hundred)microseconds



Longitudinal focusing, a pendulum ...

e Particles are confined within a range in phase and energy called
BUCKET and are grouped into bunches by the electric field.

Bucket

del E ey

Bunch

Bunch length: few 100’s- few ns

One machine turn ~ some (hundred)microseconds



A chain of buckets

Courtesy
E. Wilson

L

11
-’W
_/W‘\

by
\M/

M

& wino’

Number of buckets:

possible positions along the machine circumference where
there could be a bunch.

In the example: 3 buckets and 2 bunches






What is the LHC ?

LHC: Large Hadron Collider
LHC is a collider and synchrotron storage ring:

Large: high energy needs large bending radius due
to the maximum magnetic field existing technology can produce
26.7 km circumference

Hadrons:
p p collision = a) synchrotron radiation
b) discovery machine.

Collider: particles are stored in two separated
rings which are synchrotrons, and accelerated
from injection energy (450 GeV) to 7 TeV.

At 7 TeV the two beams are forced to cross in
collision points to interact.

The beams are stored at 7 TeV for few 10 h to produced
collisions. When the intensity is too low, the two rings are emptied
and the process of injecting, accelerating, storing and colliding is
restarted, until one finds the Higgs or supersymmetry... then one
needs a bottle of Champaign and a nobel price ...

Low £ (pp)
High Luminosity

RF
& Future Expt.

Cleaning '_

(B physics)




What is the LHC ?

LHC: Large Hadron Collider

Large: high energy needs large bending radius due
to the maximum magnetic field existing technology can produce
26.7 km circumference

Limited by technology

Mass (MeV)
E+01 1.E+02 1.E+03 1.E+0:

Electron

Muon

Tau

[ +.511‘
\

1777.05

up

Down

[ Strange-

6//110 n Charm-
e k = — = — B p— Bottom

=1 Top
p h Pion(charged) :

Pion(neutral)

Proton
Neutron

photon

gluon
FLANAGAN. w
——l U .S A
\ Sliggkastning. z
o e Sl Higgs

Radius: limited by cost, Given by the physics

and by the radius of the earth...

|
3L25
I

4250

173800

139.57

134.97

938.27

939.56

80410
91187
126p00

This will depend on the mass of
the particles we want to discover



LHC geometry: it is not flat... and it is not round

| 2

Calcaire

| | | | | | | | | Distance|
3 4 5 5 7 B 9 10 i (Km)

Tunnel build almost entirely on a geological layer

called “Molasse”, easy to tunnel,
but reach of water.

Slope is 1.4%

CMS/TOTEM

ATLAS/LHCf

LHC: 8 independent sectors
8 straight sections

8 arcs



Different approaches: fixed target vs collider

Fixed target Storage ring/collider

Proton-Proton (2835 x 2835 bunches
Protons/bunch  10M

" Beamenergy 7 TeV (7x10%ZeV
Luminosity 10 cm? g

f\C cUnULATOR

Crossingrate 40 MHz

Collisions = 107 - 10%Hz

Higgs

SUSY.....

Eoyv = \/2 (Ebeammc2 + m2C4) << ECM = 2 (Ebeam + mCQ)

This usually is defined as +/s




ISR: first proton-proton collider
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Luminosity

event —

L Oeve n {

quadrupole
Q4
quadrupole recombination separation inner quadrupole  inner quadrupole separation recombination quadrupole
Q5 dipole dipole (warm) triplet triplet dipole dipole Q
beam Il ATLAS
S or CMS
beam
194 mm = & [ N
beam | T
collision point i

Example for an LHC insertion with ATLAS or CMS

Cross section
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Luminosity

Number of particles per bunch Revolution frequency
Nbeam! >kl\lbeam2= NE

Number of bunches
N?. f. n/
ooy

Geometric Reduction factor
due to crossing angle

L =

Beam dimension at the IP

x 6’ O'z
N R

~
At first look, the smaller the better




LHC Operational page

LHC Pagel Fill: 2822 E: 4000 GeV t(SB) 00:13:50 09-07-12 23:10:07

PROTON PHYSICS: STABLE BEAMS

4000 GeV I(B1): 2.41e+11 2.52e+11

251

Intensity
1e30 cm

Energy (Ge\)

Luminosity /

T T

T - T T
L 12:00 14:00 16:00 18:00 20:00

I

T 1

1
12:00 14:00 16:00 18:00 20:00

— ATLAS AUCE — ™S LH(b

Comments 09-07-2012 21:58:46 : BIS status and SMP flags B2

Bl
Link Status of Beam Permits  true | true |

Q20 set up finished Global Beam Permit  true W true |
Setup Beam

_ _ . Beam Presence  true |l true |
Now: fill for high pile-up ramp Moveable Devices Allowed In  true W true |

Stable Beams | true W true |
AFS: Single_2b+1small_2_0_1 PM Status B1 ENABLED NN E{THY:¥ ENABLED




QF Qb QF

Inner triplet: final focusing 1A
= how to make the beam small at the IP - =~

Experiment

50 ns bunch spacing ~

ATLAS s - —

empty buckets distance about 100 m

1.9K 4,5 L5 45K 15 150 ?K 15K 19K ' ‘ '
pilBL |
o1 02 03/| D1 D204 09 06| [EE] | 07
5 TAS  MQOXA  MOXB  MOXADEBX  MBXW TAN  [MBRC MQY] MOML| MOML| OFBA | MOM + ME
P = ol o = ] rier =
[ || BEAM 1 | 1 |
‘ 3 | 3 1 \
e i ) BEAM 2 | i nonnee 1
L 18 6.3702.715] 5.5 1| 5.5 [3.215.57 0.766 H | 3ae| @0809000 241
19.05 19.05 34| 55| 8475 1.3 | " 3.4 0.68
22,965 22.96 30.67 5607_| 2493 69.703 945 |5.298/3.4 22837 48 271 48 29214 7.167
268.904
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What is the LHC ?

LHC: Large Hadron Collider

| ! |

THE ENERGY FRONTIER
(Discoveries)

Hadron Colliders

(top quark) Tevatron

(W*Z bosons) SppS 4
100 g ’,‘(SLC, LEP  (Ny=3)
,/"TNSTAN
«’PETRA, PEP  (gluon)

Hadrons: p p collision = synchrotron radiation L/ CESR

and discovery machine. SSPEAR I

FSPEAR  (charm quark, T lepton)
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The proper particle for the proper scope

Electrons (and positrons) are (so far) point Protons (and antiprotons) are formed by
like particles: no internal structure quarks (uud) kept together by gluons

/ o\ g
’%ﬁ“ S /\

The energy of the collider, namely two The energy of each beam is carried by the
times the energy of the beam colliding is proton constituents, and it is not the entire

totally transferred into the collision proton which collides, but one of his
constituent
Ecoll= Ebl+ Eb2= 2Eb = 200 GeV (LEP) Ecoll <2 Eb (8TeV)
Pros: the energy can be precisely tuned to Pros: with a single energy possible to scan
scan for example, a mass region. different processes at different energies.
Precision measurement (LEP) Discovery machine (LHC)

Cons: above a certain energy is no more Cons: the energy available for the collision is
possible to use electrons because of too high  lower than the accelerator energy
synchrotron radiation




Synchrotron radiation

Radiation emitted by charged particles accelerated longitudinally and/or transversally

Power radiated per particle goes like: 4th power of the energy
(2nd power)! of the bending radius
P 2c X E4 X 70 (4th power) ! of the particle mass
R 2
— 3 g
3p% (mg X c?) ’

particle classical radius

Aregmoc?

p particle bending radius

Energy lost per turn per particle due to synchrotron radiation:

e- =~ some GeV (LEP)

p~some keV (LHC)

Power lost per m in dipole: some W

\ Total radiated power per ring: some kVV




LHC beam screen with cooling pipes

" Beam screen to protect
Superconducting magnets
_from Synchrotron radiation.

~

Holes for vacuum pumping

Atmosphere pressure = 750 Torr
Moon atmospheric pressure = 5 103 Torr

(" )
Vacuum required to avoid unwanted collision far from the |IPs and decrease the Luminosity

Typical vacuum: 10-'3 Torr
There is ~6500 m3 of total pumped volume in the LHC, like pumping down a cathedral.
J

\



What is the LHC ?

LHC: Large Hadron Collider

LHC is a collider and synchrotron storage ring:
ILC is a collider but is not a synchrotron storage ring

Collider: particles are stored in two separated
rings which are synchrotrons, and accelerated
from injection energy (450 GeV) to 7 TeV.

At 7 TeV the two beams are forced to cross in
collision points to interact.

The beams are stored at 7 TeV for few 10 h to produce
collisions. When the intensity is too low, the two rings are emptied
and the process of injecting, accelerating, storing and colliding is
restarted, until one finds the higgs or supersymmetry... then one
needs a bottle of Champaign and a nobel price ...

RF
& Future Expt.

Cleaning '_

Low £ (pp)
High Luminosity

(B physics)




- 2210
- 2063
- 185
- 1760
- 161
- 1473
- 1326
- 1178
- 10
- 0884
- 076
- 05689
- 0442
- 0294
- 0147

‘The LHC is one ring

\

where two accelerators

are coupled by the

magnetic elements.
\agetceeets )

Nb -Ti
superconducting cable
in a Cu matrix




PS: they are not straight,
small bending of 5.1 mrad

At 7 TeV:

Imax = 1 1850 A Field=8.33 T

Stored energy= 6.93 M|

The energy stored in the entire LHC
could lift the Eiffel tower by about 84 m
Weight = 27.5 Tons

Length =15.18 m at room temp.
Length (1.9 K)=I5m=-~10cm




Quadrupoles are also two-in one

N J‘r 4‘ ALIGNMENT TARGET

MAIN QUADRUPOLE BUS—BARS

At ev.
HEAT EXCHANGER PIPE ; I .
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¢ 1 X ¢ AUXILIARY BUS-BARS H —
‘ Weight = 6.5 Tons
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3
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LHC machine center
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Why do we have to protect the machine ?

(Total stored beam energy at top energy (7 TeV), nominal beam, 334 MJ (or 120 kgTNT)\
Nominal LHC parameters: 1.15 10'! protons per bunch
2808 bunches
0.5A beam current
\_ J

British aircraft carrier:
HMS lllustrious and Invincible weigh 20,000 tons all-up and fighting which is 2 x 107 kg.
Or the USS Harry S.Truman (Nimitz-class) - 88,000 tons. S— -

Energy of nominal LHC beam = 334 M] or 3.34 x 108

which corresponds to the aircraft carrier navigating -
at v=5.8 m/s or | 1.2 knots (or around 5.3 knots if you're an American aircraft carrier)

" So, what if something goes wrong!

What is needed to intercept particles at large transverse]
amplitude or with the wrong energy to avoid quenching

a magnet!?
\ g




Few years ago something went wrong during a test

-

LHC extraction from the SPS
450 GeV/c, 288 bunches

Transverse beam size 0.7 mm (| O)
.15 x 10'" p+ per bunch, for total intensity of 3.3 x 10'3 p+
Total beam energy is 2.4 M|, lost in extraction test (LHC 334 M

B.Goddard CERN AB/BT




Collimation system for machine protection

Two sections in LHC dedicated to beam cleaning:

IR3 momentum cleaning — remove particles with too large dp/p
(> £103)

IR7 betatron cleaning. — remove particles at too large amplitude.

Done by intercepting particle with 2 stage collimation

y o
ATLAS
/N
Low B (Tons) (Blfx%\;i]s[iscs)
Low B (pp)
High Luminosity



Movable collimators, they to be robust

Materials chosen:

Metals where possible
or C-C fibers

Robustness required,
listen to 103 pona

C-C Jaw

SPS experiment:
a) |.5el3 protons, 450 GeV, 0.7%¥1.2 mm? (rms) on CC jaw

b) 3el3 protons , 450 GeV, 0.7%1.2 mm? (rms)
on CC jaw = full desigh CASE

equivalent to about 1/2 kg of TNT
from S. Redaelli

360 MJ proton beam
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Movable collimators, they to be robust

Materials chosen:

Metals where possible
or C-C fibers

Robustness required,
listen to 103 pona

C-C Jaw

SPS experiment:
a) |.5el3 protons, 450 GeV, 0.7%¥1.2 mm? (rms) on CC jaw

b) 3el3 protons , 450 GeV, 0.7%1.2 mm? (rms)
on CC jaw = full desigh CASE

equivalent to about 1/2 kg of TNT
from S. Redaelli

360 MJ proton beam



At 7 TeV, beam really small, 30" diam.~ 1.2 mm

Injection Jaw opening

e -

RF contacts for guiding
image currents

Top energy

Intermediate settings (2011): Tight settings:
~3_.1 mm gap of ~2.2 mm gap of
primary collimator primary collimator

Precision required for collimator movements about 25 pm




CERN accelerator complex overview

(not t?j?cale) 450 GeV /c -7 TeV /c

Chain/sequence of
accelerators

8z Gran Sawso )

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSE: Proton Synchrotron Booster

PS: Praton Synchrotron

LINAC: LiNear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cem Newtrinos 1o Gran Sasso

50 MeV — 1.4 GeV wzv 1.4 GeV — 26 GeV/c



Beam extraction, LHC as example

At the end of every “fill”’, when too low luminosity, or
when BLM system triggers, both
beams extracted on an external beam dump, in one turn.

Beam dump built to absorb full power at full energy.

I Beam here is few mm? I

Septum magnet A
deflecting the HiahLomoy
extracted beam  H-v Kkicker

I Beam here is few cm2|

for painting

Beam Dum
the beam ump

Block

Fast kicker
magnet

about 700 m

about 500 m



CNGS, conventional neutrino beam

Helium bags Decay tube Hadron stop Muon detectors
Target / Reﬂecto\ /K - dec /%//% /\%

— Plon / Kao MUO ,

Proton : | Ne“” I ‘ %

beam @& ya 4

) g 100m :/ /IE : :..| u :
i 1095m i 18m__5m! 67m .5m!

.I\\\‘\\}\\I h |} I\} | N
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Prévessin-Moéns

Emilia-Romagna
Monte-Maggiorasca

v
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LEP/LHC

Meyrin Site

CNGS looks for v appearance in a beam of v,
The beam is sent from the SPS at 400 GeV/c on the C target. It is “only” a 450 kW beam



CNGS target station

Target magazine: 1 unit

p——

used, 4 in-situ spares

—

proton beam focus

Highly radioactive area.

S S LSS NN
EP DAL
IR,

Everything has to be built to be remotely handled

For CNGS, 5 Carbon targets in situ.
One used, the other
four in case of failure (never happened).
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What can influence an accelerator?

The physics case:
the Z mass at LEP has been measured with an error of 2 MeV.

Energy of the accelerator has to be know better than 20 ppm. ST AN
Nominal ECM (LEP)
(GeV) (GeV)
Energy measurements obtained by 181 | 180.826 + 0.050
: : 182 | 181.708 % 0.050
during last years of LEP operation 55 T 183691 £ 0.00
184 | 183.801 & 0.050

| Combined | 182.652 + 0.050 |

What can influence the energy of a collider?

el o Lo Lo Lo o Lo e Lo Lo o)
a8 a9 80 g1 92 93 94 a5




“Rappel”of strong focusing synchrotron optics

Stable orbit is bent by the main dipoles, centered in the quadrupoles, no field

Energy fixed by bending strength and cavity frequency

JrRF = h+ [reo
v v 1 qBy

fmv:a:%ZZW o

A variation of the Circumference C induces
changes in the energy proportional to a, the

momentum compaction factor.

AE()  1AC ()
E() 84 CC

In LEP o= 1.86 10-4 a small variation the
circumference induces a large variation in energy

—— Central Orbit
----- Actual Orbit

B = Bending Dipole
QF = Focusing Quadrupole
QD = Defocusing Quadrupole




Moon tides can change earth geometry

Moon induces a earth deformation similar to water tide.

Total deformation of the LEP about 4 mm

Energy variation of 100 ppm
200

The 12 h cycle is due to the earth deformation p,

-200

LEP TidExperiment

100

11 Nov. 1992
T T I T T T I T T T I T T T | T T T I T T T I
m Relative energy change

measured by resonant depolarization

L — Tide prediction : —strain/a,
(from G.E. Fischer)

-100

Continuous line is not a fit of data
but a prediction of the earth movement |

1 l 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l

0 4 8 12 16 20 24

Time (hours)

The effect is modulated by the different tide intensities and by the SUN tides



The problem: an accelerator is not in the middle of nothing

Observed variation of the
bending strength of the LEP
dipoles during the day

CROSS SECTION OF THE DIPOLE MAGNET WITH THE VACUUM CHAMBER

Prestressing Support Thermal
rods bars insulation —Support
SH A bars

Getter pump
Chamber positioning
plate

Cooling Iron-concrete/ Profile of the / =
channels mag etic yoke Magn el plates pump
{laminations )

bending field |G]

509066

509.022

508.978

508934

508.890

508.846

508.802

Notsy Period

Behaviour Behaviour

035G

Quiet Period

. Y

Step E Drift
i

16:00

18:00

20:00

22200 00:00 02:00 04:00 06:00
time of day [h]



Influence of train leakage current

Lausanne

P 6 :
LEP La Versoix
and
rails DC railway 1500V
AC railway 15000V
River

— = [Earth current

+ —- —

Top line

Rectifier station
ﬂ@n —
<— Rail =— OO QO

LN 'y emm
WY LEP tummel e

B. Dehning
M. Geitz
28.11.1995

—

1km \

LEP beam pipe as ground for leakage current.
Variation of the dipole field due to the current .
Change in energy following the SNCF train table




The evidence, TGV to Paris at 16:50 ...

Correlation between trains and LEP energy

17.11.1995 LEP Polarization Team
T

T I T T I T T

3
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The future (personal view, pretty long term...)

® See Lucio’s lecture plus ....

Laser plasma acceleration : few GeVs per meter ....

... that’s not for tomorrow... yet...


http://www.youtube.com/watch?v=MlNxgmPVF6U
http://www.youtube.com/watch?v=MlNxgmPVF6U

Thanks for your attention!!!



