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1.) Electrostatic Machines:
The Cockcroft-Walton Generator

1928: Encouraged by Rutherford Cockcroft and Walton
start the design & construction of a high voltage
generator to accelerate a proton beam

1932: First particle beam (protons) produced for
nuclear reactions: splitting of Li-nuclei with

a proton beam of 400 keV
Particle source: Hydrogen discharge tube
SRR S5 on 400 kV level
2\ S \ee i Accelerator:  evacuated glas tube
@ - Target: Li-Foil on earth potential
3 . i \i i“
A Technically: rectifier circuit, built of capacitors
- (A and diodes (Greinacher)

robust, simple, on-knob machines
largely used in history as pre-accelerators for
proton and ion beams

recently replaced by modern structures (RFQ)



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
gas between the electrodes and their distance |

y V (volt) t=0°C
e \\ LE
ki 3 \\ :7* He
400 T A
o | ‘\—-/"/ Pl pd
Wor a1 4 0] 0 10 (mmbgxem)

Low pressure: gas not

too dense, long mean

average path of High pressure: densel

electrons gas, large Voltage
needed for gas
ionisation




2.) Electrostatic Machines:
(Tandem -) van de Graaff Accelerator (1930 ...)
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creating high voltages by mechanical
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* Terminal Potential: U= 12..28 MV

using high pressure gas to suppress discharge ( SF) ! Collimator

Analysing magnet \g';

T
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Problems: * Particle energy limited by high voltage discharges
* high voltage can only be applied once per particle ...
... OF twice ?



The ,, Tandem principle ““: Apply the accelerating voltage twice ...
... by working with negative ions (e.g. I") and
stripping the electrons in the centre of the
Structure

Example for such a ,,steam engine*: 12 MV-Tandem van de Graaff
Accelerator at MPI Heidelberg

f’ MP-BESCHLEUNIGER




... and how it looks inside

“Vivitron” Strassbourg

] Accelerating structure and
vacuum beam pipe




The Principle of the “Steam Engine’:
Mechanical Transport of Charge via a rotating
chain or belt




3.) The first RF-Accelerator: ,Linac"

1928, Wideroe: how can the acceleration voltage be applied several times
to the particle beam

schematic Layout:

Quelle + - + -+

Energy gained after n acceleration gaps n number of gaps between the drift tubes

. q charge of the particle
— n K g* x
E n=hn"q Uo Slmlis U, Peak voltage of the RF" System
Y synchronous phase of the particle

“acceleration of the proton in the first gap

“voltage has to be ,,flipped* to get the right sign in the second gap = RF voltage
=2 shield the particle in drift tubes during the negative half wave of the RF voltage




Wideroe-Structure: the drift tubes

L‘r
shielding of the particles during the negative !
half wave of the RF
Time span of the negative half wave: tp,/2 ]
) ] « Trf — V= ’\/ 2E, /m
Length of the Drift Tube: i=ViT
2 —
. . . 1 1 i* q * UO* sinyp
Kinetic Energy of the Particles E. =—m? [, = * .
C2 _ V. 2m

valid for non relativistic particles ...

Alvarez-Structure: 1946, surround the whole
structure by a rf vessel

Energy: =20 MeV per Nucleon B ~0.04 ... 0.6, Particles: Protons/Ions



Example: DESY Accelerating structure of the Proton Linac

E.. = 988MeV

m,c’ = 938 M eV

p=310MeV /c

Beam energies

1.) reminder of some relativistic formula

rest energy E ) = M,C

total energy F = % * EO =y * m062 momentum E? = Czpz + m02C4

kinetic energy Ekin = Etotal - m,C



GSI: Unilac, typical Energie =20 MeV per Energy Gain per ,,Gap®:
Nukleon, f~0.04 ... 0.6, .
Protons/Ions, v= 110 MHz W=qU,sinwg.t

Application: until today THE standard proton / ion pre-accelerator
CERN Linac 4 is being built at the moment



4.) The Cyclotron: (Livingston / Lawrence ~1930)

lonenquelle
Idea: Bend a Linac on a Spiral

Application of a constant magnetic field
keep B = const, RF = const

= Lorentzforce
F=g*(vxB)=q*v*B

circular orbit

* 4,2 . . .
m=y increasing radius for
k4, K — _s *k —
q-Vv B = R B*R = P / q increasing momentum
= Spiral Trajectory
revolution frequency
q . the cyclotron (rf-) frequency
a)z =—*B z

m is independent of the momentum



Cyclotron:

! @ is constant for a given q & B

!l B*R = p/q
large momentum =2 huge magnet

1T w ~ 1/m # const works properly only for
non relativistic particles

PSI Zurich

Application:
Work horses for medium energy protons

Proton / Ion Acceleration up to = 60 MeV (proton energy)
nuclear physics

radio isotope production, proton / ion therapy



Beam Energy

.. 8O SOrry, here we need help from Albert:

v/c
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Linac 2 kinetic energy of a proton (MeV)

PSB

CERN Accelerators
kin. Energy Y
Linac2 60 MeV 1.06
PS 26 GeV 27
SPS 450 GeV 480
LHC 7 TeV 7460

remember: proton mass = 938 MeV



CyCIOtFOH.' modern trends: Problem: m = const. e*B
= non relativistic machine

i

ey
oot
RENA X

S
{
o~ B g

g

e
[P S s RS e

4 b//
4 g 4
/4 g . s Y 5 - < - 2
Sector AL . 1132 . .
Magnet g

court: R. Thomae

i »




5.) The Betatron: Wideroe 1928/ Kerst 1940

...apply the transformer principle to an electron beam: no RF system needed,
changing magnetic B field

Idea: a time varying magnetic field induces a voltage that will accelerate the particles

schematic design

Farady induction law fEd§ = —fédf = —(i)
A

2

: : my
circular orbit =e*p* B

v
— p=e*B*y

magnetic flux through this orbit area

(I)=def=Jtr2*Ba



induced electric field

. 2 * ; °
— — = —=Jur Ba 1
§$Eds=E*2mr=-® = E-= ———B.r
27r 2
- 1
force acting on the particle: pP= —‘E ‘8 = EBa r

The increasing momentum of the particle
has to be accompanied by a rising magnetic

guide field:

p=e*Bgr Bg=

robust, compact machines,
Energy <300...500 MeV,
limit: Synchrotron radiation




6.) Synchrotrons / Storage Rings / Colliders:
Wideroe 1943, McMillan, Veksler 1944,

@gston, Snyder 1952

Idea: define a circular orbit of the particles,
keep the beam there during acceleration,
put magnets at this orbit to guide and focus

Advanced Photon Source,
Berkley




7.) Electron Storage Rings
Production of Synchrotron Light

1 “““’"—liiilifi t— iiiJi]
s kritische Energie
electron beam adlitgnrsan 1 0'7 4 S R N — ! 7
\ m\ \ = 1 /l
> : 7
k B - i 1T -
N ==
7 T ,.w'h/ \
/ — -
bending magnet : 016 " N\

—

electron beam

2 4 11
P = €C x 1 L Radiation Power a I
s 6.7[80 (moc2)4 R4 14 1 P L 1 : : N
10 10 10 10 10
£, [ev]
e’ E* Energy Loss per turn
AE = 2\ 4
3£O(moc ) R
wtypical Frequency*
3cy’ of emitted light




Application of Synchrotron Light
Analysis at Atoms & Molecules

The electromagnetic spectrum

frays 102 nm

The electromagnetic Spectrum:

109H [
10! nm
1084
X rays 10% nm

107 He |~
\ 10! nm

1016 Hz — far
Ultraviolet 102 nm

1015 Hz

1014 Hz

1012 Hz

104 Hz

1004z
having a closer look at the sun ... D

Light: : jots
A=400 nm ... 800 nm J10tm
1 Oktave —100m

WIVIIM Source: Kotz & Purcell




Analysis of Cell structures

Structure of a Ribosom

Ribosomen are responsible for the protein production
in living cells.

The structure of these Ribosom molecules can be
analysed using brilliant synchrotron light from
electron storage rings

(Quelle: Max-Planck-Arbeitsgruppen fiir
Strukturelle Molekularbiologie)

Structure of the ribosome, the “protein factory” in living cells

Angiographie

x-ray method applicable for the imaging of coronar
heart arteria




8.) Synchrotrons as Collider Rings (1960 ... ):

Beam energies
1.) reminder of some relativistic formula

total energy E2 = p202 + mozc4

— (p= \/Ez—mg * —\/(ymocz)z—(mocz)2 =y —1my’

—  p=yBrmc’
2.) energy balance of colliding particles

: 2 2\? 2 2 2
rest energy of a particle Eo — (moc ) =E°--pc

in exactly the same way we define a center of mass energy of a system of particles:

2

(3432



two colliding particles
2 4
k., = (V1m1 tY.m, )ZC = (Cp1 +CP, )2

Eczm = (Vlml + Y, )204 - (7/1/31”71 +v,0,m, )204

Example 1): proton beam on fixed proton

Efm = (7’1 + 1)2m12904 - (7/1/3)17”1 )264

remember: Py = )/2 —1



E2, =y, + 1) mict = -1 e

£, =20y, -1 e’

>

Descovery of the Quarks: electron beam on fixed proton / neutron target




e+/e, p/p, m+/m-

Example 2 : particle anti-particle collider

* store both counter rotating particle beams in the same magnet lattice
* no conservation of quantum numbers required

Ecm=35GeV

LT

E_ =2ymc’
1979 PETRA Collider at DESY

discovery of the gluon

Colliders: * working at highest energies (“cm”)
* store the particles for long time in an accelerator

* bring two beams into collision

* particle density !!
* preparation / technical design / field qualities are extreme



Structure of Matter

9.) Storage Rings
J <001 m o for Structure Analysis
Kristall =
o0
<C
( 1/10.000.000 =
| 7
109 m 5
Molekul =
\ o
1/10 5
E
-10 47
! 10 "m c
® Atom %
a7 S
1/10.000 =
é 7 synchrotron light: nm
10 *m
Atomkern electron scattering: A ... 10-18™
'/ 1/10
10718 m < de Broglie:
Proton =
J 1/1.000 = h i
= C
; -18 g. )\/ = — = — E = pC
~ ‘ <10 °m & E
Elektron, = p
Quark K2



10.) Storage Rings to Explain the Universe

Precision Measurements of the Standard Model,

Search for Higgs, Supersymmetry, Dark Matter
Physics beyond the Standard Model

. e

Hubble Deep Field

PRC96-01a - ST Scl OPO - January 15, 1996 - R. Williams (
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Luminosity Run of a typical storage ring:

LHC Storage Ring: Protons accelerated and stored for 12 hours
distance of particles travelling at about v = ¢
L=10"-10" km
... several times Sun - Pluto and back )

intensity (10")

7 3500

31 — -3000
x L2500 3
2 - -2000%
-1500 =
1 - -1000 S

-500

 amm—— T T T T T 0
17:00 20:00 23:00 02:00 05:00

= guide the particles on a well defined orbit (,,design orbit*)
—>  focus the particles to keep each single particle trajectory
within the vacuum chamber of the storage ring, i.e. close to the design orbit.




1.) Introduction and Basic Ideas

» « iN the end and after all it should be a kind of circular machine*
- need transverse deflecting force

Lorent force F = q *&4‘ Vx B )
typical velocity in high energy machines: v=c=3*10° '%
Example.p
B=1T — F=g#3:10°"x1
5oom technical limit for el. field:p
MV
F=qg+300 — MV
m E<l—-
—— m

equivalent el. field ...) E



old greek dictum of wisdom:
if you are clever, you use magnetic fields in an accelerator wherever
it is possible.

y
The ideal circular orbit
S
circular coordinate system
condition for circular orbit:
\
Lorentz force F p =evy B
2 4
centrifugal force F = ym, v ; =bp

B p = "beam rigidity"




2.) The Magnetic Guide Field

Dipole Magnets:
define the ideal orbit B =t !
homogeneous field created h
by two flat pole shoes
Normalise magnetic field to momentum: convenient units:
1 eB GeV
R
e o p m c
Example LHC:
; 83V . 83s*3%10'm]
B = 8.3 T = 9 9 2
o 700010 eV/ 7000%10° m
GeV "
p =7000 | -
¢ — =0.333 —y
Jo, 7000/ m



The Magnetic Guide Field

1.0—

0.5

Magn. Induktion B(T)

0 \ [ , | . 1 l

field map of a storage ring dipole magnet

p=253km —— 2ap=17.6km B=1..8T
=66%
rule of thumb: 1 0.3 B [T ] w,hormalised bending strength“
p P [GeV/ c]



The Problem:

Georg Simon Ohm

LHC Design Magnet current: I=11850 A

and the machine is 27 km long !!!

Ohm’slaw: U =R*], P=R*]’

Problem:
reduce ohmic losses to the absolute minimum

Born 17 March 1788
Erlangen, Germany

The Solution:

super conductivity




0,452

Super Conductivity

0,425 —

0,40

discovery of sc. by
H. Kammerling Onnes, vors g,
Leiden 1911

0,05
0,025
15700
2% ;o0 o 4§20 130 40
A A
203 g Raumtemperatur N 0ec
= =
140 -
130
TICaBaCuO
120
BiCaSrCuO
110
100
YBa Cu0,
90 4
80 1< ﬂus&ggr Snclfstoff | 196 “C
70 4
g 60
50
La, ;S Cuo,
40
# 30 fliissiger Wasserstoff La, Ba,Cu0,
4 b l / T Nb,Ge
e = ~.w‘ 2 : X 5 20 | Moo VSi NbAIGe | 253°C
Nb.Sn
10 | )
LHC 1.9 K cryo plant —_— | g fussiges Helum | 569 o¢
0 T T T T T T T T T -273°C
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Superfluid helium: T s —

1.9 K cryo system ™ \

\ CRITICAL POIN

Hell k/l'ne Hel /"

Phase diagramm of Helium

100
Pressurized He II‘ 4 @

/ GAS
10

P [kPa]

1900 Saturated He II/(
[ ] *‘\ 1

L ] szmlatcd

¥ presgurised (L bar)

TIK]

£HT W em P K)

T "]
_::gr—;sf—’*"

N r’ thermal conductivity of fl. Helium

PR LA T D B = . S S . W in supra fluid state
13 L+ L5 L6 L7 19 2 21 23 23
TIK)




LHC: The -1232- Main Dipole Magnets

LHC DIPOLE : STANDARD CROSS-SECTION

Quadrupole
Heat : bus-bars
exchanger /
. e Superconductin
Beam pipe coils J

(108 H2/m?3)

Collars
Vacuum Beai
-6
Vesns]ﬁla(rlo screen required field quality:
AB/B=10 +#

Iron Dipole

yoke | bus-bars
Thermal ~15m

shield 8.3 T, 11.87 kA

T=19K, ~27.5 ton

6 um Ni-Ti filament




2.) Focusing Properties - Transverse Beam Optics

F() =g (E(®) +v() @ B(1))
—— ——

FE Fg

Linear Accelerator Circular Accelerator




2.) Focusing Properties - Transverse Beam Optics

classical mechanics: ! there is a restoring force, proportional
pendulum to the elongation x:
* dzx *
— —_—— m 5 = —C" X
dt
general solution: free harmonic oszillation X (f ) =A% COS(CUf + QO)

Storage Ring: we need a Lorent; force that rises as a function of
the distance to ........ 2
................... the design orbit

F(x)=qg*v*B(x)



Quadrupole Magnets:

required:  focusing forces to keep trajectories in vicinity of the ideal orbit
linear increasing Lorent force

linear increasing magnetic field B y=8X B. =gy

normalised quadrupole field:

> k = L
ple
. 8(T/m)
simple rule: = V.
P (Ge Vie ) LHC main quadrupole magnet
g=25..220 T/m
what about the vertical plane: VvV xB :X" %? -0 — B Y _ 0B, =g
.. Maxwell ox ay



Focusing forces and particle trajectories:

normalise magnet fields to momentum
(remember: B¥p=p/q )

Dipole Magnet Quadrupole Magnet

B=B=1 k:=g




3.) The Equation of Motion:

B(x)=1 + kx + —mx" +—mwx +..
p/e e, 2! 3!

only terms linear in x, y taken into account dipole fields
quadrupole fields

Separate Function Machines:

Split the magnets and optimise
them according to their job:

bending, focusing etc

Example:
heavy ion storage ring TSR

man sieht nur

dipole und quads = linear




The Equation of Motion:

%  Equation for the horizontal motion:

x”+x(iz+k)=()
o

x = particle amplitude
x’ = angle of particle trajectory (wrt ideal path line)

w Equation for the vertical motion:

—=0 no dipoles ... in general ...

k < -k quadrupole field changes sign

y'=ky=0




4.) Solution of Trajectory Equations

Define ... hor. plane: K= 1/p? +k
.. vert. Plane: K=-k

x'"+Kx=0

Differential Equation of harmonic oscillator ... with spring constant K

Ansatz:  Hor. Focusing Quadrupole K > 0:

x(s) = X, 'cos(\/@é‘) + X, ﬁ Sin(\/@S ) I /\ """"""""""""""""""""""" .I

x'(s) = —xg " /|K| -sin(y /|K|S) + x(, - cos(4 /|K|S) o

For convenience expressed in matrix formalism:

N ) cosm,) -
( )sl_ foc( )so R sin (R cos(Fl)



s=sl

hor. defocusing quadrupole: | N [ v

x” - K x = O --------
.................... ) \ ‘

Ansatz: Remember from school

1
cosh . /|K |l sinh /| K|/
JEI i i€

x(s) = a, -cosh(ws) + a, *sinh(w s) M f o=
1/|K| sinh , /|K|I cosh,/|K|I
drift space: e
K= 0 ..............................
x(s)=x,*s 1 7
M, . =
drif't (0 1)

! with the assumptions made, the motion in the horizontal and vertical planes are
independent ,, ... the particle motion in x & y is uncoupled*




Transformation through a system of lattice elements

combine the single element solutions by multiplication of the matrices

e, focusing lens
R N
M, =My *Mp* My, * Mg, * M ST
total QF D OD Bend D*..... 8 \ 8 dipole magnet
| _:— defocusing lens
_ x ]
X s2 X sl court. K. Wille

in each accelerator element the particle trajectory corresponds to the movement of a
harmonic oscillator ,,

GO Lt 1
x(s) Teilchenbahnen und Enveloppe

typical values

in a strong

foc. machine:
xX~mm,x <mrad




5.) Orbit & Tune:

Tune: number of oscillations per turn

64.31
59.32

Relevant for beam stability:
non integer part

LHC revolution frequency: 11.3 kH7

~| YASP DV LHCRING / INJ-TEST-NB / beam 1

Rviews | B m|5s 3 B More | k4B

FT - P450.12 GeV/c - Fill # 827 INJDUMP - 10/09/08 10-41-34
10

an = 10.590 / RAS = 4.37 / Dp = -C.f1

L kb
T

10 [INJ-BL TCSG.5L3)
= T

0 100

FT - P450.12 GeV/c - Fill # 827 INJDUMP - 10/09/08 10-41-34

Monitor H

1Y)

Mean = -0.323 /RM§ = 3.581 /Dp = -0.71

LHCb)

T
100

T
200

Monitor V

T
500

0.31*11.3=3.5kHz

ave [ Gownd PREEE| 2924 BRI 297 |




Beam Status (=)

800
(DZD(E < ) () () hitp://hcc.web.cem.ch/hcc/beam/by_beam.php vz v JR(Glz( Google Q
Most Visited = HEP~ CERN

p:
~ ATLAS~ CAF~ DDM~ FDR~ Operation~ SW~ DP~ Tools~ TMVA~ Gfitter~ g-2v EPJ~ %

POINT 5
Cms

POINT 6
Dump

LHC Operation: Beam Commissioning

First turn steering "'by sector:"

POINT 7
0One beam at the time eaon
aBeam through 1 sector (1/8 ring),
correct trajectory, open collimator and move on.

Beam 1 P?\IJ\IT 1 Beam 2
| YASP DV LHCRING / INJ-TEST-NB / beam 2 i e T8 sty romosam
Rviews | R (m|&lee| T3] E more |48
FT - P450.12 GeV/c - Fill # 830 INIPROT - 107 007 08 15— 00— 58 i B
P Tneap -0.336 / RNS = 2.868 /[Dp = -0.37 ; ;
e ; z
= v ] ’ 0 i
$ Il 1] ; g I l
T i 2 i E
i ? ?
. [ATLAS| [AucH [RF-B2] S| DUMP-B2 iN)-B2
0 100 200 300 400 500
Monitor H
£ ] I ¥ I
8 I 1] g
- f .
0 ATIlAS ALICE W CMS DUM'I’-B2 m
0 100 200 300 400 500

Monitor V




Question: what will happen, if the particle performs a second turn ?

w.. OF a third one or ... 100 turns

DrERE AT L dm 1

Teilchenbahnen und Enveloppe




I1.) The Ideal World.:
Particle Trajectories, Beams & Bunches

-0.002

Bunch in a Storage Ring

(Z,X,Y)



Astronomer Hill:

differential equation for motions with periodic focusing properties
»Hill‘s equation*

Example: particle motion with
periodic coefficient

equation of motion: x"(s)=k(s)x(s)=0
restoring force % const, we expect a kind of quasi harmonic
k(s) = depending on the position s oscillation: amplitude & phase will depend

k(s+L) = k(s), periodic function on the position s in the ring.



6.) The Beta Function

» It Is convenient to see* ... after some beer ... general solution of Mr Hill
can be written in the form:

Ansatz:

x(s) = Je *./ B(s) *cos@ (s) + @) &, ® = integration constants

determined by initial conditions

P(s) periodic function given by focusing properties of the lattice — quadrupoles
B(s+L)=p(s)

& beam emittance = woozilycity of the particle ensemble, intrinsic beam parameter,
cannot be changed by the foc. properties.
scientifiquely spoken: area covered in transverse x, x” phase space ... and it is

constant !!!

Y(s) =, phase advance* of the oscillation between point ,,0“ and ,,s“ in the lattice.
For one complete revolution: number of oscillations per turn ,, Tune*

1 ds
% =2 Tai)




6.) The Beta Function

Magnet—qr

Amplitude of a particle trajectory:

x(s5) = Ve #~/B(s) * cos@(s) + @)

Maximum size of a particle amplitude

i(s) = Ve B(s)

Teilchenbahnen und Enveloppe

[ determines the beam size
(... the envelope of all particle
trajectories at a given position
“s” in the storage ring.

x/mm —=->

It reflects the periodicity of the
magnet structure.




7.) Beam Emittance and Phase Space Ellipse
£ =y(s)*x(s) +2a(s)x(5)x'(5) + B(5)x'(s)’

A
_a | 7
(Y Liouville: in reasonable storage rings
area in phase space is constant.

A = w¥*s=const

Jer
/

Vm -

& beam emittance = woozilycity of the particle ensemble, intrinsic beam parameter,
cannot be changed by the foc. properties.
Scientifiquely spoken: area covered in transverse x, x” phase space ... and it is constant !!!



Particle Tracking in a Storage Ring

Calculate x, x° for each linear accelerator
element according to matrix formalism

plot x, x“as a function of ,s"

10 T T T T T

Xt 0 _

-10 | | | |
0 20 40 60 30 100

10 I I I I I

¥t 0 ]

0 20 40 60 30 100



.. and now the ellipse:

note for each turn x, x"at a given position ,s;" and plot in the
phase space diagram

10 I I I
5 _
XXX
(] 0F _
XXX
_5 - —
- | | |
10-IU =3 0 5 10



Emittance of the Particle Ensemble:

"
|
|
I

C=Z.3X,XD

-0.04 —

+ +

Xn,1-%n ,2:%n ,3-%n 4

0.1




Emittance of the Particle Ensemble:

x(s) = e \[B(s) - cos(W(s) + ) 3(s) = Ve B(s)

Teilchenbohnen und Enveloppe
\
;
2
1 x
.

Gauﬁ p(x)_ N € -e 2Uixz
Particle Distribution: V27 o,

JAE G particle at distance 1 ¢ from centre
< 68.3 % of all beam particles

< 10 20 jeivl

5/r0 e

single particle trajectories, N = 10 ' per bunch

LHC: [=180m

e=5*10"mrad

O =\Je*B =510 m*180m = 0.3 mm

2 T T T T T T T

05—

aperture requirements: r ,= 12 * ¢

0.15 02



II1.) The ,,not so ideal* World
Lattice Design in Particle Accelerators

1952: Courant, Livingston, Snyder:
Theory of strong focusing in particle beams



Recapitulation: ...the story with the matrices !!!

Equation of Motion: Solution of Trajectory Equations
" _ _ 2 _ .
x +Kx=0 K =1/p? —k ... hor. plane: X oM X
K=k ... vert. Plane: x' o x' 50
[ = v (U
................................................... e (0 1)

J Iy COS(\/WI ) \/‘1?‘ sin(\/m l)
p—— T

cosh(/|K|D) \/‘%‘ sinh(,/|K|/)
JIK|sinh(\[K|1)  cosh(,/|K]r)

|A .................................. ‘ M 1os e =

=MQF >X<]‘ID*]WB*jup*jugp*jup>X<



8. ) Lattice Design: »e. hOWw to build a storage ring*

Geometry of the ring: B*p=p/e p = momentum of the particle,
p = curvature radius

Bp= beam rigidity
Circular Orbit: bending angle of one dipole

ds _dl _Bdl

o = =
p p Bp

The angle run out in one revolution
must be 2, so for a full circle

[ Bai
o= B— =27
P Y/
[Bai=22" : . :
- ... defines the integrated dipole field around the machine.



7000 GeV Proton storage ring
dipole magnets N = 1232
[=15m
q=+le

delleB=2:tp/e

9
_ 27 7000 10" eV _ 23 Tesla

1232 15m 3 10° ™% ¢
A)




LHC: Lattice Design
the ARC 90° FoDo in both planes

106.90 m

i o

MCS
BPM
MSCB

MO, MQT, MQS

equipped with additional corrector coils

MB: main dipole

MQ: main quadrupole

MQT: Trim quadrupole

MQS: Skew trim quadrupole

MO: Lattice octupole (Landau damping)
MSCB: Skew sextupole

Orbit corrector dipoles

MCS: Spool piece sextupole

MCDO: Spool piece 8 /10 pole

BPM: Beam position monitor + diagnostics




Magnets for the LHC, total budget, every magnet has a role in the optics design

Name Quantity Purpose

w_ | @D

MQ 400 Main lattice quadrupoles

MSCB 376 Combined chromaticity/ closed orbit correctors

MCS 2464 Dipole spool sextupole for persistent currents at injection
MCDO 1232 Dipole spool octupole/decapole for persistent currents
MO 336 Landau octupole for instability control

MQT 256 Trim quad for lattice correction

MCB 266 Orbit correction dipoles

MQM 100 Dispersion suppressor quadrupoles

MQY 20 Enlarged aperture quadrupoles
In total 6628 cold magnets ... |




A magnet structure consisting of focusing and defocusing quadrupole lenses in

FoDo-Lattice
alternating order with nothing in
(Nothing = elements that can be neglected on first sight: drift, bending magnets,
RF structures ... and especially experiments...)
= sso.{ B :
‘g’ 500. - -‘
= 450. - -
400. - J
350. - -
300. - .
A 250. = I I =
— :

7 > 16.2 24.3

oo/ i

Starting point for the calculation: in the middle of a focusing quadrupole

Phase advance per cell p = 45°,
-> calculate the twiss parameters for a periodic solution



9.) Insertions
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B-Function in a Drift:

£2
)= P, +—
/3()/3+/3

0

At the end of a long symmetric
drift space the beta function
reaches its maximum value in the
complete lattice.

-> here we get the largest beam
dimension.

-> keep | as small as possible

a
\ 4
a
\ 4

Magnet—qr

Anzahl Sigma 7

7 sigma beam size inside a mini beta quadrupole



drift spaces

in

... unfortunately ... in general
high energy detectors that are
talled in that

ins

... clearly there is an




The Mini-f Insertion:

R=L*X

react

production rate of events

is determined by the

cross section X,

and a parameter L that is given
by the design of the accelerator:
... the luminosity

Q;ATLAS Jet Event at 2.36 TeV Collision Energy

e 2009-12-14, 04:30 CET, Run 142308, Event 482137
A EXPERIMENT

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

1 [ *1,

— *k
- 2 % * * pAes _ iz, HDZ 2. Siandard Lumi—Opdil ‘ __B20 Gev fZ7.5 Cev
dre” fob o *o, |

(B OB (R i



10.) Luminosity

p2-Bunch

10 1 particles

pl-Bunch

10 11 particles

Example: Luminosity run at LHC

B.,=055m f, =11.245kH7

£, =5%107"° rad m n, = 2808 i 77

Oy =17 um L=——r: E
4re” fon, O0,0,

I,=584mA

L=1.0%10% %mzs



Mini—Q Insertions: Betafunctions

A mini-f insertion is always a kind of special symmetric drift space.
>greetings from Liouville

VELP

x r
the smaller the beam size
the larger the bam divergence




Mini-f§ Insertions: some guide lines

* calculate the periodic solution in the arc
* infroduce the drift space needed for the insertion device (detector ...)
* put a quadrupole doublet (triplet ?) as close as possible

*introduce additional quadrupole lenses to match the beam parameters
to the values at the beginning of the arc structure

a,, D., D,
parameters to be optimised & matched to the periodic solution: T o
ayo Py Qx’ Qy
so00. LHC2010 first exerciddAD-X 4.01.00 3_%)/06/;0 11.38.45
4500. - B B |
8 individually 2000. ? : |
powered quad 3500.
magnets are ]
needed to match S000-.
the insertion 2500. -
(... at least) 2000. -
1500. -
1000. -
500. -
0.0 PSS . : . :
12.40 71348 14.02

s (171) [FI1O**( 3)]



The LHC Insertions

Inner

Separation/ Matching
ATLAS Trplet‘ RecomPlnatlon Quaqrupoles
RI1 J | Torti . \
. Ol 02 03 DI e’f lary %DZ 04 05
1P1 i:: . . .44 asn  collimator = ¢sm 1
— 1 a3 F8 s : '— .
) ;U_: e e i | s I =
———= | 1.9k |. warm 83| me <
. ln ln
< <
- 5000 LI;(C fir-ror'A-nal)':sis MADX }.0‘0.03 .(?3/-12/'0;9 1 0.'-35.60
- )
- 4500. B B
£ 4000.{ :
S 3500. -
3000.
2500.
2000.
1500. A
1000. A
500. A
P ECSOEle st = s o
12.850 13.135 13.420 13.705

Momentum offset = 0.00 %
s(m) [*10%%( 3)]

mini § optics




Acceleration: Energy Gain

.. we have to start again from the basics

Lorents force F = g* (E + 7 é) in long. direction the
\ B-field creates no force
v| B
F = @= cE acc. force is given by the electr. Field
dt

In relativistic dynamics, energy and momentum satisfy the relation.
2 2 2 2
E*=E}+pc (E=E +W)
Hence: dE = [ Fds =vdp

and the kinetic energy gained from the field along the z path is:

dW =dE =eE ds = W=efEst=eV



11.) Electrostatic Machines

(Tandem -) van de Graaff Accelerator

Charge
ccllectar lon
) source

[]

Top
* 1erminaql
+ BMY

creating high voltages by mechanical
transport of charges

1 t Evoouated
M acceleration
channel

=

L.l
| -
L

Spraycomb
i o Earth gV

* Terminal Potential: U= 12..28 MV

using high pressure gas to suppress discharge ( SF) ! Collimator

Analysing magnet \g';

T
|

Problems: * Particle energy limited by high voltage discharges
* high voltage can only be applied once per particle ...
... OF twice ?



The ,, Tandem principle: Apply the accelerating voltage twice ...
... by working with negative ions (e.g. H") and
stripping the electrons in the centre of the
Structure

Electro Static Accelerator:12 MV-Tandem van de Graaff
Accelerator at MPI Heidelberg

i
/

v 1
¢

]

f

A
[]l

[




12.) Linear Accelerator

Energy Gain per ,Gap™:

1928, Wideroe

W =qU,sinwgt

Quelle

I:]ﬁ—:-]{-,» B

HF-S

drift tube
Structure at a

proton linac
(GSI Unilac)




Cyclotron:

exact equation for revolution frequency:

_v__4
Z_R_Q/Bm*BZ

l) ifv<<c=y=l

a

2.) y increases with the energy
=> no exact synchronism

Cyclotron SPIRAL at GANIL

B = constant

Y Wpp = constant

. q
w - decreases with time w (H=w_.(t) = *B
“ () 75 y(2) * m,

keep the synchronisation condition by varying the rf frequency



The SynChI'OtI'OIl (Mac Millan, Veksler, 1945)

( o) The synchrotron: Ring Accelerator of const. R

where the increase in momentum (i.e. B-field) is
automatically synchronised with the correct

synchronous phase of the particle in the rf cavities

C=2nR

Wrr = hwr — RF synchronism
p=cte R=cte —

Bp=%=B

Constant orbit

" Variable magnetic field



13.) The Acceleration

Where is the acceleration?

Install an RF accelerating structure in the ring

and adjust the phase (the timing) between particle and RF-
Voltage in the right way: “Synchronisation”

B. Salvant
N. Biancacci




14.) The Acceleration for Ap/pz0
"Phase F OCUSiﬂg " below transition

ideal particle ® w

article with Ap/p >0 ® aster
P PP faster == ]

particle with Ap/p <0 ®  slower \/\/\/\

Stable synchr. particle

Focussing effect in the
longitudinal direction
keeping the particles
close together

D, n -, - > ; B
o wa  -Jorminga “bunch

_ ha, , qU,cos @,
27 E

N

oscillation frequency: f, = f\/ ~ some H7



... S0 Sorry, here we need help from Albert:

v/c

0.9

0.8

0.7
0.6 f
0.5

0.4

0.3

... Some when the particles
do not get faster anymore

0.2

0.1

' ' ' ' ' ' ' ' ' .. but heavier !
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

kinetic energy of a proton



15.) The Acceleration for Ap/pz0
"Phase Focus Iﬂg " above transition

ideal particle ® m

particle with Ap/p >0 ®  heavier =~ o= =

particle with Ap/p <0 ®  lighter W

Focussing effect in the longitudinal direction
keeping the particles close together ... forming a “bunch”

... and how do we accelerate now ???
with the dipole magnets !



The RF system: IR4

S34y v Y v S45 o S i
Ahk_ Acs. PN L L] 4 16
- 1 £ s B

Bunch length (40) ns 1.06
Energy spread 2o0) 107 0.22

"""" Synchr. rad. loss/turn keV 7

Synchr. rad. power kW 3.6

RF frequency M 400

H
Harmonic number 35640

RF voltage/beam MV 16

A S W&  Energy gain/turn keV 485
Nb on Cu cavities @4.5 K (=LEP2) Synchrotron Hz 23.0

Beam pipe diam.=300mm frequency



RF Buckets & long. dynamics in phase space

—————————————— Pl -
' h
. Stable synchr. particle B
N,
3

@, -,
1 <P
L

l Oscillations in Energy and Phase

\\<

35640 Possible Bunch Positions (“buckets”)
2808 Bunches



LHC Commissioning: RF

Mask | Math | | vities | vein (IR

LHC Longitudinal Bunch Profile Beam2

a proton bunch: focused longitudinal by
the RF field

[BDPO7254 Acq MR Time 4CH with CH3 Inverted.vi Front Panel *

oject
@WD EzlEa)

CH3 INVERTED!!!

ol crel anl gu  POROM
o) ore ) (o) - o) i

_Belwiscrornss Save|
$ios

Filename of actual datal

First Trigger]

[/ DPO7254 Acq MR Time 4CH with CH3 Inverted.vi
Ele Edit Y Operate Tools Window Help

»[S][@[u]

CH3 Mountain Range|

( a=® 200mvidiv 500 §y:2.5G

(o R \=:41=pJll] F'DPO7254 Acg MR Timea 41CH with CH3 In
Fil: EUL i Prujel_l Opzrale  Tuus Wil i

Choose Channels to acquire: - IE] 13pt Application Fcnt l E

ol a2l cmsl ol

=
o) ore ) (on) ofe

& = Bunch length ~ 1. 5 ns P ~45 cm

Filename of actual datal

First Triger|

00 200 40n 600 800 1000 1200 14.0n 16

Traces|

Hukiply Data with|
Scale Factor (d6)

5
!IQ

Bunch Length at Position
et | oo | 4

Trace
‘Separation) §

.30

@ Scope released
savetorie
Display Data: Switch to C¢
D Extract &
D ‘Show Bunch Length & Amplit
D ‘Show Bunch Length & Ampiit.

D Show Spectrum
D Display Contour Plot.

STOP.

Bunch Length CH3
500.00m

L |

RF on, phase adjusted,
beam captured

RF on,
phase optimisation




IV.) Are there Any Problems ?2?

sure there are



Liouville during Acceleration

e =y(s) x°(s) +2a(s)x(5)x'(s) + B(s) x"*(5) *

Beam Emittance corresponds to the area covered in the /

X, x " Phase Space Ellipse

Liouville: Area in phase space is constant.

But so sorry ... & # const!

Classical Mechanics:

phase space = diagram of the two canonical variables
position & momentum

X Py

L

= ; L=T-V =kin. Energy— pot. Energy
9,

P




According to Hamiltonian mechanics:
phase space diagram relates the variables q and p

q = position = x 1 . X
p = momentum = ymv = mcyp,

Liouvilles Theorem: f pdq = const

for convenience (i.e. because we are lazy bones) we use in accelerator theory:

, dx dxdt P,
= = = where f.=v,./c
ds dtds f
fpdq= mcfy/a’xdx
f pdq=mcyp f x'dx , 1 the beam emittance
— = &= [xdxx /3—7/ shrinks during

€ acceleration ¢~ 1/y



B (m), B (m)

Nota bene:

1.) A proton machine ... or an electron linac ... needs the highest aperture at injection energy !!!
as soon as we start to accelerate the beam size shrinks as y - in both planes.

O =./¢p

2.) At lowest energy the machine will have the major aperture problems,
2 here we have to minimise 3

5000 LHC Error Analysis ~ MAD-X 3.00.03 03/12/08 10.32.07

) . 4500. B B 1
3.) we n.ee.d different beam. optics adopted to the energy: gl | :
A Mini Beta concept will only be adequate at flat top. . |
3000.
2500. -
2000. -
O, === mrre oo ooy emmeee e cnmme e oo st i oo ]500. 1
sso.{ PB- B> ] _
500. : ; - 1000.
450. A f | ] 500 1
400. 4 ' 1 N f U )
;(5,3 1 | ] 0.0 8.01 16.02 24.03
250- : v Momentum offset = 0.00 %
s0. | s(m) [*10%%( 3)]
200. -
150. LHC mini beta
= optics at 7000 GeV
00 81 162 243 LHC injection

Momentum offset = 0.00 %

sm) [#10%+ 37 optics at 450 GeV



Example: HERA proton ring

injection energy: 40 GeV y=43
flat top energy: 920 GeV =980

emittance ¢ (40GeV) =12 *107
£(920GeV) =5.1 *10"°

Magnet—qr

Anzahl Sigma 7

Magnet—qr

Anzahl Sigma 7

7 o beam envelope at E = 40 GeV

...and at E =920 GeV



RF Acceleration-Problem:

panta rhei
(Heraklit: 540-480 v. Chr.)

Just a stupid (and nearly wrong) example) Bunch length of Electrons = Icm

v =400MHzZ
A A=T75cm
t €=

sin(90?) =1 AU
sin(84°) = 0.994

=6.0 107

\p _
typical momentum spread of an electron bunch: — =10 107



Dispersive and Chromatic Effects: Ap/p = 0

Are 'here any Problem: 22?2 font colors die to
Sure there are !l pedagogical reasons



17.) Dispersion and Chromaticity:
Magnet Errors for Ap/p # 0

Influence of external fields on the beam: prop. to magn. field & prop. zu 1/p

B dl A
dipole magnet a = L Xp(5) = D(s) 7p

focusing lens k=——

cell length . .
Figure 20: FODO cell : particle having ...

to high energy
to low energy
ideal energy



Dispersion

it for Ap/p > 0

Matrix formalism:

x(s) =x4(5)+ D(S).A_p

p - elle slEl )
X(5) = C(5) 3y + S(5) 3 + D(s)-2 x), e SR« (D,
P




HERA P-Ring, Lumi-A-Optik, 7/0.5 m, p/e+ 920 GeV, 1999, qd997z, hts920e+8, A+8 Naomen
T T T T T T

or expressed as 3x3 matrix

X cC § D X
x| ={C" S D || X
A A
%s 0 0 1 %O

Example

xﬁ=1m2mm

D(s)=1...2m }  Amplitude of Orbit oscillation
A contribution due to Dispersion = beam size
7 ~1-107 /
P

= Dispersion must vanish at the collision point

Calculate D, D’: ... takes a couple of sunny Sunday evenings !



26.) Chromaticity:
A Quadrupole Error for Ap/p # 0

Influence of external fields on the beam: prop. to magn. field & prop. zu 1/p

f" F 0 D 0

-
-
—r —— = —

focusing lens k=—2— P
Z8ENN T il

cell length . .
Figure 20: FODO cell : particle having ...

to high energy
to low energy
ideal energy

sample trajectory

v

... Which acts like a quadrupole error in the machine
and leads to a tune spread:

definition of chromaticity:

r0-0'+ 2P
p



. what is wrong about Chromaticity:

Problem: chromaticity is generated by the lattice itself !!
Q' is a number indicating the size of the tune spot in the working diagram,

Q' is always created if the beam is focussed
=2 it is determined by the focusing strength k of all quadrupoles

0'- -~ fK()B(s)ds

k = quadrupole strength
p = betafunction indicates the beam size ... and even more the sensitivity of
the beam to external fields

Example: LHC

J

—>Some particles get very close to

f —
0'=250 resonances and are lost

Aplp=+/-02*103 %
40 =0.256 ... 0.36

in other words: the tune is not a point
it is a pancake



Tune signal for a nearly
uncompensated cromaticity

(Q'~20)

Ideal situation: cromaticity well corrected,

(Q'~1)

i YAy

026 027 028 029 03 031 . . . . 28 03 031 032



Correction of Q':

Need: additional quadrupole strength for each momentum deviation Ap/p

A
1.) sort the particles acording to their momentum xXp(s) = D(s) L
P

... using the dispersion function

%4 Hero P New BPM Display
Priting _ Optionen Korrelturen  Offsets SaveFlle SelectFle SetOptics SetBunch oecil OrbtView Expert

Tossmmess——
-IIIB“::'.)

Ablage 246
[Scratcra <]/ | Xthor 20538 [ 23572 || Strom 47 Status [wrong
boitn Ep=07i6 | P/ [D [7em G A e [T
Feb 08 23:09:16 2006 2006-02-08 23:07:15 dplp Aus. l 1482 | [geladen] hpldOn Release | [ E

2.) apply a magnetic field that rises quadratically with x (sextupole field)

B =gxz
' 0B, 0B, . linear rising

1 _ = = 8X wgradient®:
B, - (x2 = z%) oz dx &




Correction of Q':

Sextupole Magnets:

z

7z
Eisenjoch Wulen
Eisenjoch i
! - NWs
| AL
3 S ¢ <
Spulen e
nx| \\ :

< ¥
<

corrected chromaticity

considering a single cell:

, 1 . _ 1
chll_x= _E{kqfﬁx qu _kqdﬁx lqd}a E kflsextpfﬁ

F sext

' 1 Q 2 1 F F
chll_y = _E{_kqfﬁquf +kqdﬁqud}ra E k2 lsext Dx

F sext

B

k; normalised quadrupole strength

k, normalised sextupole strength

~

k,(sext) = g_/.z =k,*x

k,(sext) =k, *D*A—p
p

SextupQ}.ﬂﬁprS‘L v—
- ‘ F

1

F D D pD
-— E k'l D

X 1 s 2 “sext xﬁx

|
F o le DD D
X 471: Dgxt 2 “sext 7 x ﬁx



Some Golden Rules to Avoid Trouble



I.) Golden Rule number one:
do not focus the beam !

B * [ pﬂ/ﬁ? *cosp, 1, - 0) ds

2sinmQ
\_'_I

Assume: Tune = integer Q=1 — 0

Problem: Resonances X, (8) =

Integer tunes lead to a resonant increase
Qualitatively spoken: of the closed orbit amplitude in presence of
the smallest dipole field error.

Teilchenmnbahnen und Enveloppe

]




Tune and Resonances

m*Q +n*0 +H*0 = integer

Tune diagram up to 3rd order

... and up to 7th order

!
J
A
. .
=
oy
e J e
; -
- ) p
by
~ -
¥ -

Homework for the operateurs:
find a nice place for the tune
where against all probability
the beam will survive




)

II.) Golden Rule number two: Never accelerate charged particles |

Quadrupole Uniform Gaussian
(Hor. Foc.) ) )
Y - L_y:'- , Fdef
Proton N;& dé:s ._-:-:_;_:;2__-'-_“ -
® , - X Tt
Beam ""”’%gﬂ'm e R
S3-£N I
/’ -
Fx I
I ﬁ)’\
X [ x
Focusing Defocusing Defocusing
Linear Linear Non—Linear
Transport line with quadrupoles Transport line with quadrupoles and space charge
" _ " —
X +K(s)x =0 X +(K(s)+ K. (s))x =0




Golden Rule number two: Never accelerate charged particles !

Tune Shift due to Space Charge Effect AQ.  =- N
X,y

y o 2
Problem at low energies 275@

v/c

1
0.9
0.8
0.7
0.6 4
0.5

0.4

0.3

0.2
... at low speed the particles 0.1
repel each other 0

0 I 1000 2000 3000 4000 5000

Linac2 E,,=60 MeV E,;, of a proton
Linac 4 E,;,=150 MeV



I11.) Golden Rule number three:

Never Collide the Beams !

the colliding bunches influence each other

> change the focusing properties of the ring !!

0.325 T

032

0315 |

031

1 I
"head-on and long-range, 4 interaction points”

1 1

0.305 L
0.295 0.3

Courtesy W. Herr

0.305 0.31

0,

0.315

25 ns

most simple case:
linear beam beam tune shift

ko %k

AQ,

B 2y, (0, +0,)* 0O,

and again the resonances !!!




LHC logbook: Sat 9-June “Late-Shift”

18:18h injection for physics

clean injection ! ||} AN A NN R

FBCT Beam 2 - Average Bunch Intdiygdabsdolet4tk46

1.7E11 A =
L6EIL e s 3 T
b * 00' ‘0.0’ * .O...: ".'0:.’.0
Z LSELL s, e e e AT (VT
-; - - ..?o . . R .o - s i .
SRESEL : 1 but particle losses when beams
= 1.3E11- . - . : e
g : e brought into collision
S 1.2E11 )
- 4‘/‘/4—;‘/‘//”
£ 11E11- ; /
1E11 - : =
9E10

I 1 I 1 1 1 1 I
0 50 100 150 200 250 300 350 400
Bunch




| I V.) Golden Rule Number 4: Never use Magnets

}:. 1M MQXCD
bh2M MQECD
b2 MOWCD

inj
17

B B | - -

s

hn
blU MQXCD_inj :=
b2U MQXCD _inj =
h2I1_MOYCD

1 o

| uT:
bl

b’

A . _ % . .
bt B.\_ + IB_‘. - B"t{/' 2 (b" + lan 1=
Ne=

n-=l| ‘=

e
bhOM _MQXCD 1n1
h10M MQXCD inj
b1l1lM MOXCD in7

0.5000

s

Pt N NP LL-‘AA_L'

hOU MOXCD_inj = -

h10U MQKED 1ﬂ1 =
b11U MQXCD _inj :=

bh121
bh13]

“effective magnetic length”

|2U MQXCD _inj :=
| 3U_MQXCD_inj :=

b14M:MQHDD:in% .=

b15M MQXCD
%

! B ldf

b1l M_I'I QECD _C

bh2M MO rn

] g
T T

P e Tz s

Zaraiil
L

==J:Bak

b14U MQXCD 1inj :=
b15U MOXCD _1inj :=

at 1ﬂ1EEt1Hﬂ

= =F | . = 0

;
- pt .
u.usug

}-lfl ifl C rllllii. -

b 3N
hdh 1.0
bED
bhEN
b7Th
b&b
bhON
b1(]
b11]
bh14
b13 0

0.5

Magn. Induktion B (T)

b1U MOQXCD lnl .=
lF')TT MO

T

=

3

.

3 True field shape

\

h14R_ -
b15R_MQXCD_

*EhETEEE LT EE

oHuu
6400
L4600
2200
2100
1Eﬂﬂ

hﬂH

SN
& t
;

0200
LIl =100
ind 0.0100
inj := 0.0000

PULRFINETE

MQXCD

b1R _MQXCD_col := 0.0000

-NoD

WMAYOTT ~m ] n nonn

Field or multipole component

A

B

Hard edge model

|

| Bmax

Central value

7
P77 7777077777777

b1l4M MQXCD col :=
b15M MQXCD co =
- _ -

s

b1dU M
b15U MQXCD

Lens

——

1 -

u.oouog ;

Steel length

hlSR_MﬂHDD_CDL .=

, y
[

=



Clearly there is another problem ...
. if it were easy everybody could do it

Again: the phase space ellipse

for each turn write down - at a given

=

El

+
+

Z

H]

+
g
Fotw + 40

E]

+
+

position ,s" in the ring - the
single partilce amplitude x
and the angle x°... and plot it.

0.04

0.02

-0.04

+++

o+

-0.1 0 0.1
xj'l.l ,x'n,ll ’x'll,3 ’xn,l

A beam of 4 particles
— each having a slightly different emittance:



Installation of a weak ( /Il ) sextupole magnet

The good news: sextupole fields in accelerators
cannot be treated analytically anymore.

- no equatiuons; instead: Computer simulation
. particle tracking "

0.02 ]

0.01 - .

+
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+
+F

+
+

T
.= .’ - -
T t+tw +r0 -

+
+

0.01 ]

-0.02 .

| | | | |
-0.2 -0.1 0 0.1 0.2

Xn,1:%n,2:%n 3.%n 4
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Effect of a strong ( /Il ) Sextupole ...

0.02

0.01

-0.02

= Catastrophy !
| | | | |
-0.2 -0.1 0 0.1 0.2

Xn,1-%n,2:%n 3:%n 4

wdynamic aperture



Golden Rule XXL: COURAGE

and with a lot of effort from Bachelor / Master / Diploma / PhD
and Summer-Students the machine is running !!!

12-Dec—-2009 15h 12-Dec—-2009 15h 12-Dec—-2009 17h 12-Dec—-2009 19h 12-Dec-21

thank’x for your help and have a lot of fun
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LHC Main Parameters =

Momentum at collision
Dipole field for 7 TeV
Luminosity

Protons per bunch
Number of bunches/beam
Nominal bunch spacing
Normalized emittance
rms beam size (71eV, arc)

beam pipe diameter

— collimators
8 distinct sectors | _
- Or % T
collimators Jor =! :
cryogenics and |~
powering

7 TeV/c Octant 1 \\\Q %;)
injection beam _ injection beam 2

8.33T g8 '%; ey
1004 cm 2 571 S L
1.15 x 101
2808 2.9km transfer 2.7km transfer

line line
25 ns
3.75 um
300 um
56 mm



[ di(D)

Magnet Currents
60

Nummer| Gruppe |MName aktiv Sollw?.g]e File1 Solle; 50
1 | HPDIPOL BPA1 True 4138993 seae 40
2 | HPMAINW 0Z51WL  Tue 235462 26 30
3 | HPMAINW OQRS2WR  Tue  258.724 377,
4 | HPMAINW 0QC53WL  Tme  237.933 7. 20
5 | HPMAINW QB28WL  Te 625429 843 4o
B | HPMAINW QRS4WR  Te  291.486 405,
7 | HPMAINW OR24WR  Te 139139 185, 07 | | | |
8 | HPMAINW QRSOWL  Te 305348 419, 0 500 1000 1500 2000
9 | HPMaINW QC22WR  True 75.816 302,046 226.230 35300 1
10 | HPMAINW QRS7WL  Te  260.769 354,833 94.064 12329
11 | HPMAINW QRSEWR  Tue 190123 263.722 73599 11484
12 | HPMAINW QC20WR  True 91.056 13587 104,643 16328
13 | HPMAINW QPSSWR  True 5517 19 10
14 | HPMAINW QPSIWL  True 10,401 1.
15 | HPMAINW QPEOWR  True 73.600 98. ° | saturation (%)
16 | HPMAINW QPBTWL  True 69,504 90! o —— . . .
17 | HPMAINW QPE2WR  True 40163 581 , 0 200 400 600 800 1200 1400 1600
18 | HPMAINW QPB3WL  True 47,439 B3
19 | HPMAINW QPB4WR  True 47780 71. 10

remember: AB/B < 10 #

1800

1

-15

-20

-25

-30

-35




LHC Operation: Magnet Preparation Cycle & Ramp

8 independent sectors, hysteresis effects, saturation & remanence
in nc and sc magnets, synchronisation of the power converters, magnet model
to describe the transfer functions of every element

| Physics | | Beam dump | 14000 1 -9

Physlcs

[Startramp |

Preinjection
plateau

B (T)

MB current

magnet hysteresis

T T T i ~ h )
-3000 -2000 ~1000 0 Rampe = 20 min

Time (s) Squeeze = 20 min




LHC dipoles (1232 of them)

Superconducting Coils

Spool Piece
Bus Bars

Quadrupole
Bus Bars

Protection
Diode

Beam Pipe

Auxiliary
Bus Bar Tube

Instrumentation
Feed Throughs

Heat Exchanger Pipe 7TeV
¢ 8.33T
« 118504
s TMJ

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

Radiation Screen

Thermal Shield

The
15-m long
LHC cryodipole




LHC: Basic Layout of the Machine 2. 6,8, 10,12 pol

skew & trim quad, chroma 6pol

multipole corrector magnets landau 8 pole

106.90 m

bn in collision
IM_MQXCD col := 0.0000; blU MQXCD col
b2M_MQXCD col = 0.0000; b2U MQXCD col
b3M_MQXCD_col == 0.0000: b3U MOXCD col
vav_woxcrMB: main dipole .,
b5SM MQXCD%QL mﬂm q&ﬁ@%’éﬂ%‘d‘éa
b6M MQXCDMQT %. Aok mm QMW!@W!Q 1.7700
vM MoxcDMQS » Skew drimquadvupale oo

0.0000
0.0000
0.4600

0.6400
0.4600

376 twinaperture assemblies eam pos, on monl OF

supplied by Tesla Eng. b14M_MQXCD col := 0.0000; bI4U MQXCD col := 0.0400 ; b14R MQXCD col :
b15M_MQXCD _col := 0.0000; bI5U MQXCD col := 0.0000 ; bI5SR_MQXCD col :

LHC TDR

; bIR_MQXCD _col
; b2R_MQXCD _col
; b3R._ MQXCD col :
; b4R._ MQXCD col :
; b5SR._MQXCD col :
; b6R. MQXCD col :
; BTR._ MQXCD col :
vsM_MQxcoMO: Lattice-octupale (Landaw damping) o -
boM_MQXCDMS € BooNormal &<Skew sextupole Moxcp col -
b1oM_MQXCIOrbit ¢orvector d‘pm@Sw] = 0.2000 ; bIOR_MQXCD col :

"M_MQXCAFCS\SPoo b PredBSextipdle : ! 1R MQXCD_col -
orbit correcttorh _MQXCly gty &Qogapd;& ESR }A)h)& 079 : b12R_MQXCD_col :

b13M MQXC%pM 0.£900; bI3U MOXCD col:= ()70q_ d&R M%S B col:

i

i

i

i

0.0000 ;
0.0000 ;
0.8900 ;
0.6400 ;
0.4600 ;
1.2800 ;
0.2100 ;
0.1600 ;
0.0800 ;
0.0600 ;
0.0300 ;
0.0200 ;
0.0100 ;
0.0100 ;
0.0000 ;



LHC Operation: Pre-Accelerators and Injection

BOOSTER (1.4 GeV) & PS (26 GeV) & SPS (450 GeV) & LHC

BOOSTER (4 rings)

1st batch 2"d batch
o
PS
Two injections from
BOOSTER to PS
h=1 h=7 (6 buckets filled +
13/01/2010 1 empty)

court. R. Alemany



LHC Injection: Preparing the Bunch Trains

SPS

h=84

h=21

PS

BHOSHIOR

f Up to four injections from PS of 72 bunches

72 bunches

84 buckets
12x25 ns GAP to cover the rise 26 GeV
time of the PS ejection kicker

18 bunches

21 buckets

1.4 GeV

6 bunches
7/ buckets

Two injections from

BOOSTER to PS 1.4 GeV

Bumids sidii]  Bumyds ajdnipenp



Beam Injection

Bunch Splitting
in the PS

0T+

07+
swr ¢7=}

CERN: Linac 2 injection into PSB

1 trace / 356 revolutions [~ 800 us)

N, = 1.5%107 protons per bunch, E,; =50 MeV
B=0.31
y=105

200 ns/div,



Injection mechanism: the transfer lines

Altitude SPS BA4

(m) site
i Route de Mategnin 2
—— Point 8
450 — K\ \ Ferney-Voltaire
N -
PabEC

LSS4 MORAINE

8PS
Juncy 0 Tl 8-LSS4

350 — Existing tunnel

|

by
u"ﬂe/ T g

1 Point 8
—_— _|]
F LHC

ROmASSE Junction TI 8-LHC \ U

M

13/01/2010

court. R. Alemany



Injection schemes:

Standard Proton Beam ... single turn Injection
Electron Beam .............. "off axis' Injection
Ion Beam .............cauuaue... "multi turn' injection

Single Turn Injection
Example: LHC, HERA-P

Circulating
beam

e i

Closed orbit bumpers

‘boxcar’ stacking

T intensity

IR

T kicker field

injected
beam

Kicker magnet



Transferlines & Injection: Errors & Tolerances

* quadrupole strengths --> "beta beat" AR /
--> orbit distortion in transferline & storage ring

* alignment of magnets
* septum & kicker pulses --> orbit distortion & emittance dilution in storage ring

105.CE.
Measured shape - 104 Cg
Example: Error in position Aa: \ [ 1030
Ideal trapezoidal shape
\ L 1020
Ad’ % /
a £. : L 101.0
e =g, %+ Pl S .
new 0 ( 2 ) _ i _ , N - é - 100.0
ﬁ RREES T L L 29.0
{ x
Aa=0.5¢ ]
;;‘ L ¢7.0
x BTV | 960
/ 95.0
30 28 26 24 0 18 16 14 1 10 ]
MKE delay [us]

— g, =1.125%¢,
Kicker "plateau' at the end of the PS - SPS transferline

measured via injection - oscillations



2
H

X

LHC Injection: Again ... high accuracy requlir:'e/d

Filamentation

Injection errors (position or angle) dilute
the beam emittance

Non-linear effects (e.g. magnetic field
multipoles ) introduce distort the harmonic

oscillation and lead to ampl
dependent effects into parti

Over many tt
oscillationis1
increase. "




LHC Injection: remember the phase space

e e =7(s)*x*(5) +2a(5)x(s)x'(s) + B(5)x'(s)’
a \/%

Injected Beam has to be matched
-a,| 7/3 to the optics of the storage ring

Extracflon Injection

Py

SREEEE

== B I

if —
I} f‘ | i ||'“ | " fflll n “(‘ll ."I ...ll ﬁ II| ..l ’.' .;\l .“l lrll n

A
(AN .‘"' ) Iy \ A AR RTINS IR IR AR IR A Y y LA ].l'l'l". IRTAT]
LA v‘"-wt"f"v'-.,."fv"»-’v’v’vUv’M

pz =0

v v
1220 =02 10 =% 200 e 200 %0 4000

soml

sSPs Transfer Line

Regular FODO lattice

Initial matching section Final matching sectio{n



LHC First Turn Steering

M

total —

x x
o), ()
X 52 X sl

X(s)

in theory
nice harmonic oscillation

M M M MBend MD*

focusing lens
i ﬁk&\,‘ W dipole magnet
"‘Fﬂm 8 J
-

R defocusing lens

QD - i
=
@ o7
a4
B ...
a0 ..
.

7 court. K. Wille

in reality:

>—Orbit

Ltk \h“ il .‘I.h .‘I .\l

Il\l I || I‘ I lllnl I ll

/ Il“lllllllnuuuw i

’’’’’

effect of many localised 5 ——ws
orbit distortions —

-> correct

- ll‘u ‘"‘NIH ‘i“ h||h|] "I ||||‘I|\|l|l [“‘l r| t Wll‘ll]“]h”




Beam Status (=)

800
(DZD(E < ) () () hitp://hcc.web.cem.ch/hcc/beam/by_beam.php vz v JR(Glz( Google Q
Most Visited = HEP~ CERN

p:
~ ATLAS~ CAF~ DDM~ FDR~ Operation~ SW~ DP~ Tools~ TMVA~ Gfitter~ g-2v EPJ~ %

POINT 5
Cms

POINT 6
Dump

LHC Operation: Beam Commissioning

First turn steering "'by sector:"

POINT 7
0One beam at the time eaon
aBeam through 1 sector (1/8 ring),
correct trajectory, open collimator and move on.

Beam 1 P?\IJ\IT 1 Beam 2
| YASP DV LHCRING / INJ-TEST-NB / beam 2 i e T8 sty romosam
Rviews | R (m|&lee| T3] E more |48
FT - P450.12 GeV/c - Fill # 830 INIPROT - 107 007 08 15— 00— 58 i B
P Tneap -0.336 / RNS = 2.868 /[Dp = -0.37 ; ;
e ; z
= v ] ’ 0 i
$ Il 1] ; g I l
T i 2 i E
i ? ?
. [ATLAS| [AucH [RF-B2] S| DUMP-B2 iN)-B2
0 100 200 300 400 500
Monitor H
£ ] I ¥ I
8 I 1] g
- f .
0 ATIlAS ALICE W CMS DUM'I’-B2 m
0 100 200 300 400 500

Monitor V




LHC Operation: the First Turn

Acquisition Type:

One extraction v

Screen:
Filter:
Video Gain:

Lamp Switch:

First Lamp:

Second Lamp:

Motor Enable:

Acquisition Number:

Camera Switch:

Hardware Reading:

I

=3

ut

I

AdA

300 nv
vy

AdA

160 nv
vy

enable

I
L]

Y [mm]

File Tools
@ D © < [ ®Sep 10 10:26:13 SPS - LHCFAST2  CNGSS - 03 ‘ =8
Selecti LHC.BTVSLCSL2.81
DExIc: LHC.BTVSLASR8.B2 @ @ (@ of 1 acquisitions) Cycle: LHCFAST2 SC Nb: 700 Date: 2008/09/10 10:25:28.197506
LHCBTVSLCSL2BL = o
LHC.BTVSLCSR8.B2 ge projection
LHC.BTVSS.612.81 20
LHC.BTVSS.6R8.82
LHC.BTVST.A412.81 30004
LHCBTVST.A4RSE2 |
Status 2200
A
Device: LHC BTYS1.C5L2.81 &
€ 2000+
Status: ek 2
Mode: OFF g 1500
Control: REMOTE
Sett 1000
Basic | Advanced | Expert

— T
-25-20-15-10-5 0 5 10 15 20
X [mm]

Amplitude [a.u.]

rVertical projection

2600

N
a
=)
=)
1

£

N N N
- ~ )
=) =3 =)
=) =3 =)

L L 1

-5 0

15 20

T T T T T T T
-15-10 -5 0 S 10 15 20

X [mm] Y [mm]
Acquisition Type: One extraction Camera Switch: RAD ON Screen: Al Yideo Gain: x 1 First Lamp: 299
Acquisition Number: 1 Mire: OFF Filter: Out Second Lamp: 159
| P Acquire | | P> Start Monitoring ‘ ‘ Stop ‘ l = Save I ["] Continuous Saving
10:25:32 - Done.

Beam 1 on OTR screen
Ist and 2nd turn

Correct x, x°,

»y’
to obtain the Closed Orbit



LHC Commissioning: RF

Mask | Math | | vities | vein (IR

LHC Longitudinal Bunch Profile Beam2

a proton bunch: focused longitudinal by
the RF field

[BDPO7254 Acq MR Time 4CH with CH3 Inverted.vi Front Panel *

oject
@WD EzlEa)

CH3 INVERTED!!!

ol crel anl gu  POROM
o) ore ) (o) - o) i

_Belwiscrornss Save|
$ios

Filename of actual datal

First Trigger]

[/ DPO7254 Acq MR Time 4CH with CH3 Inverted.vi
Ele Edit Y Operate Tools Window Help

»[S][@[u]

CH3 Mountain Range|

( a=® 200mvidiv 500 §y:2.5G

(o R \=:41=pJll] F'DPO7254 Acg MR Timea 41CH with CH3 In
Fil: EUL i Prujel_l Opzrale  Tuus Wil i

Choose Channels to acquire: - IE] 13pt Application Fcnt l E

ol a2l cmsl ol

=
o) ore ) (on) ofe

& = Bunch length ~ 1. 5 ns P ~45 cm

Filename of actual datal

First Triger|

00 200 40n 600 800 1000 1200 14.0n 16

Traces|

Hukiply Data with|
Scale Factor (d6)

5
!IQ

Bunch Length at Position
et | oo | 4

Trace
‘Separation) §

.30

@ Scope released
savetorie
Display Data: Switch to C¢
D Extract &
D ‘Show Bunch Length & Amplit
D ‘Show Bunch Length & Ampiit.

D Show Spectrum
D Display Contour Plot.

STOP.

Bunch Length CH3
500.00m

L |

RF on, phase adjusted,
beam captured

RF on,
phase optimisation




Orbit & Tune:

Tune: number of oscillations per turn

64.31
59.32

Relevant for beam stability:

non integer part

= YASP DV LHCRING / INJ-TEST-NB / beam 1 =

Rviews | R m 2| C3] ©E More | A4S

FT - P450.12 GeV/c - Fill # 827 INJ)DUMP - 10/09/08 10-41-34

10

an = 10.590 / R§S = 4.376 / Dp = -0.

| L

v
L

H Pos [mm]
v =3

. i
——

| | ”‘le
INI‘—BI . @ .
200

0 100

-10

FT - P450.12 GeV/c - Fill # 827 INJDUMP - 10/09/08 10-41-34

1Y)

10

= -0.323 /RM§ = 3.581 /Dp= -0.71

V Pos [mm]
o ©n
t

'
v
1

LHCh|

'
-
S

Monitor V

T T
300 400 500

[ Info | FFT | PLL | DataSets | FB/Trim | Orbit |

Srann [aa | <] 1 [ 11 [

C-FPGA By

LHC - B1 - Fill#894.0

2009-12-03 14:03:57
RAW&FFT: 8192 turns@1.0Hz
no excitation

Ql = .275494 Qx = .275608
Q2 = .299774 Qy = .299660
|IC-] = .003319 E= 450.0 GeV
Q'x = 7.888740
Q'y = 6.939837
Spawn TuneViewer Display
C S:

avg. of 4 datasets

© 0 v

LHC - B1 - fill #894 - avg. of 4 datasets - HC.BQBBQ.5X4.B1 - 2009-12-03 14:03:57

LHC revolution frequency: 11.3 kH,

acao# ol misc [zx|e0 [~

-50

|

=)

o
1

horizonal amplitude [dB]

rapn [wsa = v [11][m8]

LHC - B1 - fill #894 - avg. of 4 datasets - HC.BQBBQ.5X4.B1 - 2009-12-03 14:03:57

T T
0.25 0.3

frequency [frev]

acor o] wise

-50

-60

vertical amplitude [dB]
1 1
® ~
=] -]
1 1

T T T T T T T
0.27 0.28 0.29 0.3 0.31 0.32 0.33
frequency [frev]

s

0.31*11.3=3.5kHz




LHC Operation: Aperture Scans

Apply closed orbit bumps until losses
indicate the aperture limit
. what about the beam size ?

herap : hpl920e-: 11 May 200 17:11:58

8
. AN
B AN
. A
B N
- 7 .
2 o AN
1 e N
y .
m_——oe= _340  -330  -320 -310 -300 -290 -280 ! -260!
Position /m
3 bump to create T T
local orbit distortion
ey "”U[nnu11111111111111111111111111111111111111111111n|||Il
20 ’ .ﬁn ‘ )
— A | ,A .“’ | ,'\'
—_ " zl".\' X " !
e . /"‘ " ‘H‘\w \‘. “ *«f
Q o - "' ',
— z"‘f "-
2 ‘ A ~~‘
:IO:-IO A \
%2 Hor Aper Scan LHC Sector 7-8
Lisan ”[][lllllllllllllllllllllllllllll|Ill||l|||ll|llll|lllVlll]ﬂ

3.0

3.5 4.0 4.5 5.0 5.5 6.0
Longitudinal Position [km]



LHC Operation: the First Beam

Measurement of f§ :

[))O s+l
2 sin 2710 .!1‘/3(51 JAK Cos(2

AB(s,) = — 270 )ds

wsl _IIUSO

AB/ B =50 %
LHCB2, 90 turns (12/09/08 12:38:16)

400
350 |
300
250
200 [+
150 " P
100 iy

By[m]

0 5000 10000 15000 20000 25000 30000



LHC Operation: the First Beam

Dispersion Measurement

measurement corrected for incoming 'disp. —
- nominal model —— 1 Ax =D, (s)—

_1 | "!:,;!I_ | @Views | B:\ I]I]E‘:E“‘\ BE‘ ﬂ More \Q&

iy 21/11/09 20-10-48 - FILL # 877 [21/11/09 20:13:46]

2 I'.::if'"" I{Mean = 1.124 /NS = 0.816
ol e MMWMWWWM

Disp H [m]

[
WN;—-OI—'N
P

T T T T T
0 10 20 30 40 50

5( Mu [2pi]

T
60

21/11/09 20-10-48 - FILL # 877 [21/11/09 20:13:46]

&6

0.3 1
0.2 1
0.11

0-
-0.11
-0.2 T T T T T

0.4-Mean = -0.005 / RMS = 0.035|

Disp V [m]

Mu [2pi]




Luminosity optimization

N.N N Ni = number of protons/bunch
L= VoS rer F-W Nb = number of bunches
277:\/(712x + (722x \/Olzy + 022y frev = revolution frequency

oix = beam size along x for beam i
oiy = beam size along y for beam i

F is a pure crossing angle (®) contribution:

1
F = FLnc = 0.836 ... cannot be avoided

2
\/1+20stan2q2)

2 2
Glx + G2x

25 ns

W is a pure beam offset contribution.
... can be avoided by careful tuning
__(dr-d))’
W =e 2(‘7;%1"‘03%2)




LHC Operation:
Machine Protection & Safety

Energy Stored in the Beam of different Storage Rings

Momentum (GeV~'¢c)

1000.00
| LHC top S——=rrx
energy T
- LHC injection 1\
§ 100.00 (12 SPS batches)
£ \\ Factor
9 =R r\\ ~200
° 10.00 .
e = = HERA
e < SPS fixed
'-E ~ target >-. )
o 1.00 | | | ] \\
g. ' SPS batch to . = TEVATRON
- LHC :
>
) RHIC
Lﬁ 0.10 proton
=] SNS B == SPS
T/ LEP2 ;F—m___ ppbar
0.01 - |
1 10 100 1000 10 000




LHC Operation:
Machine Protection & Safety

Energy stored in magnet system 10 @J
Energy stored in one main dipole circuit 1.1 @Gl
Energy stored in one beam 362 M

Enough to melt 500 kg of copper /

21012 81012 6-1012 450 GeV p Strahl




LHC Aperture and Collimation

Tertiary SC

Primary Secondary Shower
i collimators ~ Triplet

i collimator collimators absorbers

l-_*_ — e - ——

Temary beam halo
. + had/on/c shcwers

' r7 Secondary beam halo |
SR R e '_O_”_’(ff"_"f"_”faff_____________5 _______ +50§)’ ______________ +140

' ' 5 +00
+8.50

Circulating beam +/0

§‘—Arc(s)—'§ — P —

Cold aperture <« Warm cleaning insertion

TCDI TCP TCSG TCLA TCTH/
TCLI/TDI TCTV
TCS.TCDQ

Settings @7TeV and *=0.55 m
> fieseel oG on Ghectan Grer Beam size (0) =300 um (@arc)
Beam size (0) = 17 um (@IR1, IR)5)

4




[Jshow Labels

LHC Operation:

Machine Protection & Safety

... Komponenten des Machine Protection Systems :

— o
Collimators at
7 TeV, squeezed
optics
[1mm]

Total Losses: 0.0123 [Gray / s] 16.12.2009 15:34:13

1E-2

Sector 3-4 Sector 4-5 Sector 5-6 Sector 6-7 Sector 7-8 Sector 8-1

Sector 1-2

Sector 2-3

p cleaning

1E-47

omentum cleaning

Monitors

[ Display Optics Elements [[] Use DCUM

Start H @ stop H | save ‘DCnnli nnnnn sa\/ing|

beam loss monitors
ors
permit server
orbit control
power supply control
collimators

online on beam check of all (?)

hardware components

a fast dump
the gaussian beam profile

Intezrated losses
1
0.1
0.01 ¢
rDamage(level TCH
0.001 ¢ =
t Damage|level TC ‘ me = turpe
-UUUH-T=_=L— ELJ_iLgsgai;:iﬁ%S =S
i I |
1e.05 ' '
0 10 20 30 40 50 60



LHC Operation: Machine Protection & Safety

A Before fathure D: After 115 tams

0.00015

oot ., o What will happen in
- Lo case of Hardware Failure

e
......

5e-035

-5e-03

L orcscanTE |

‘TcPDeLIBI ¢ -0.0001

TCTV.AL2BI o

€42 0 2 + 3 0.00015
x ()

Phase space deformation in case of failure of RQ4.LR7
(A. Gomez)

Short Summary of the studies:
quench in sc. arc dipoles: 7t ,,,,=20-30 ms
BLM system reacts in time, QPS is not fast enough

quench in sc. arc quadrupoles: Tt ,,,,=200 ms
BILM & QPS react in time

failure of nc. quadrupoles: v ;,, =6 ms

T dumage = 0-4 MS — FMCM installed
failure of nc. dipole:



Energy stored in the magnets: 10 GJ
Quench Protection System

Schematics of the QPS in the main dipoles of a sector

Quench Detectors =

Cold diode Vi-v2 0

5O~ L NI 0 =g
s 5@ L1 (SC Magnet) L2 (SC Magnet) 154 (SC Magngt)
2 5
a O ‘— ]
Switch

Quench Heaters %

R (Energy
Extraction)

court. R. Alemany



Energy stored in the magnets:
quench

If not fast and safe ...

Quench in a magnet

|
5 ’/"//7/ /‘



LHC Operation:
Dump System

Septum magnet
deflecting the
extracted beam H-V kicker

N for painting Beam dump
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LHC Operation: Machine Protection & Safety

Beam Current
Monitors

Current Safe LHC
Energy > oParameter%

DCCT Dipole !
Current 1 ,

Injection B Energy SPS Extraction

0
Beam Energy Kickers o Interlocks

DCCT Dipole g  Tracking
Current 2

SafeBeam

Fl .
29 TL collimators

RF turn clock (O
Beam DumpingO : BLMs aperture

BLMs arc

Beam Dump Collimators / Absorbers

Access Safety Trigger
e BPMs for Beam Dump
System r

NC Magnet Interlocks
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Beam
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I

I

|
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Integrated Lumijnosity (pb™

LHC Operation where are we ?

Luminosity Efficiency:
time spent in collisions / overall time

@ Access - No beam : 6.24% Machine setup : 24.89%
@ Beam in: 12.59% B Ramp + squeeze : 6.85%
@0 stable beams: 49.42%

2012 Luminosity Production ALICE: 2012 Luminosity Production

- ‘: ALICE: 1.148 pb
- 5 - Latest fill included: 2739
6000 | > -
- |1 LHCb: 0.654 2 1 -
C Latest fill included: 2739 o Proton-Proton \E: 8 TeV
- e 3
5000 £ Proton-Proton:\'s = 8 TeV - g 0.8 -
- All Experiments: L = 13.862 fb! - -
4000 K L
= -
- g 0.6
- @ B
3000 c E C
- 0.4
2000 F i
3 0.2
1000 - -
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LHC Operation

where are we ?

Performance over the last 24 Hrs

Momentum at collision
Dipole field

Protons per bunch
Number of bunches/beam
Nominal bunch spacing
Normalized emittance
Absolute Emittance

Beta Function

rms beam size (IP)

Luminosity

LHC Design
7 TeV /c
833 T
1.15 x 10"
2808

25 ns

3.75 um
5% 1010
0.5 m

16 um

1.0 x 10%¢

LHC 2012
3.5 TeV
4.16 T
1.5 x 10"
1380

50 ns

2.2 um
6.7 x 10-1°
0.6 m

18 uym
6.7 x 10%3

Updated: 09:25:04
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