-

Zer, ==

s
- Q

<
(@)
—
T

f

N e)
...}

— =
2

P

el
O
<
<
2
L\
(a 4]

Jeltfe




Teilchen Energien & Beschleuniger

1N
CMS

Linac 2:

Booster:
PS:

SPS:

50 MeV
1.4 GeV
26 GeV
450 GeV

— PrOlONS
antiprolons
— 1008

nautrnos to Gran Sasso (1)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy Ion Ring

CNGS: Cern Neutrinos to Gran Sasso

E =mc?

Ruhemassen:
Proton: 938 MeV
Electron: 511 keV
Myon: 105 MeV

Gran Sasso (1)
730 km

Rudolf LYY, PS ]
Revised wadl adspid
In collaboracon wi
D, Mangluski, PS

klassischer / relativistischer
Bereich

_E |
/ mc? 1—(%)2
Linac 2:
y =988/938

p=vic=03




Example: Kernphysik & Isotope : |SOLDE

i‘ind the produced isotopes from a given target(— 1)
Nuclear Chart for ISOLDE 68,82m,70,71,72,74,80,69,85,73,78,81,82 A ¢

Find the produced isotope from an element independent on target
Element A number Halflife SC or PSB¥* Yield at ISOLDE Target material

Group1 2 3 4 5 6 7 8 9 10 11121314 15 16 1718 (ions/uC)
1A2A 3B 4B 5B 6B 7B 8B 1B 2B 3A 4A 5A 6A TASA As 69 152m2 PSB 8 0E+05 710,
Period Ion source: As 70 526m3 PSB 6.0E+06 Z10y
1 2
1 4 + Surface - He As 71 6528h 15 PSB 70E+07 Zr0,
, 24 not E‘:S‘m‘ cool s 6 7 8 910 As T2 260h1  PSB 30E+08 710,
H ser
%?—f B % N OERN As T3 8030d6 PSB 1 0E+09 710,
3} NaMe )
g 1920 2122232425 26 2
K€ S TiV CcrMn Fe Co
g 3138 39 40 41 42 43 44 45
Rb Sr Y Zr NbMo Tc Ru Rh Proton Beam
¢ 556, 1112737475 76 77
CsBa Lu Hf Ta W Re Os I
7 87 88 - 103 104 105 106 107 108 109
Fr Ra Lr Rf Db Sg Bh Hs Mt

3
'
=
o
b=
[=a)
=
(=
=
[=a)
(3
[=a)
=

Tb Dy Ho Er Tm
97 98 99 100101 1
Cm Bk Cf Es FmMd !

¥ Lanthanides * 31 38 39 60 &L &2

g3 [
&

94
NN int W -
Actinides ** o T, p; U Np Pu
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Standard Model: Worum gehts eigentlich ??

el Dic Erklaerung des Aufbaus der “hadronischen Materie” &
g M Universum.
IO Salopp: woraus besteht das, was wir da oben sehen ?7??




Standard Model: Worum gehts eigentlich ??

um den Versuch Ordnung & Systematik zu erkennen

:

PERIOD

Leptonen

e-Neutrino p-Neutrino  t-Neutrino

C

C

Weak Weak Weak
EM  Weak EM  Weak EM  Weak
Quarks

EM  Weak S’rro.ng

¢

EM  Weak S’rro.ng

EM  Weak STro.ng

¢

EM  Weak STro.ng

EM  Weak S’rro.ng

¢

EM  Weak STro.ng

Bosonen
Photon Z°

Weak
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1.) A Bit of History

N ntZ’e’ 1

%

T (87, K’ sin'(0/2)

N(6)

N(O)
Rutherford Scattering, 1911
Using radioactive particle sources: 1010 i i e =t i ==
a-particles of some MeV energy O 20 40 60 80 100 120 140 160 180

0



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

AN

N

) - ' || “ ‘Fi

Particle source: Hydrogen discharge

tube
on 400 kV level

Accelerator: evacuated glas tube

Target: Li-Foil on earth potential
Technically: rectifier circuit, built of capacitors

and diodes (Greinacher)

Problem:
DC Voltage can only be used once



2.) Electrostatic Machines:
(Tandem -) van de Graaff Accelerator (1930 ...)

Charge

) ) ) +{ ccllectar lon . Top —
creating high voltages by mechanical ) source  |° ‘:;4"3""*
transport of charges [] .

*1 t Evocouated
- M acceleration
. ol cpgnnel
-—.‘ i
\
1Lf1 e
S
Spraycomb ~
* i 1 . Earth 0‘-‘
Terminal Potential: U= 12 ...28 MV

using high pressure gas to suppress discharge ( SF,) T gl?i“motm
Analysing magnet \ +
L
| S

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

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

f’ MP-BESCHLEUNIGER




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

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

to the particle beam

schematic Layout:

Quelle + - +

Iﬁrﬁ?&jﬁ—*—}e-»

| ®

HF-Sender

Energy gained after n acceleration gaps

E =n*g*U,*smy,

* acceleration of the proton in the first gap

n number of gaps between the drift tubes
g charge of the particle

U, Peak voltage of the RF System

W, synchronous phase of the particle

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



Wideroe-Structure: the drift tubes

L‘.'
shielding of the particles during the negative '

half wave of the RF

—_—

Time span of the negative half wave: T, /2

—_—> =
l.=v.*—Trf Vi  2E; /m
l l 2

. . . 1 1 l*q* UO*sinw
Kinetic Energy of the Particles E.=—mv? [ = * :
2 Vi 2m

Length of the Drift Tube:

1

valid for non relativistic particles ...

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

Energy: = 20 MeV per Nucleon 3 =0.04 ... 0.6, Particles: Protons/lons



Accelerating structure of a Proton Linac (DESY Linac Ill)

Etota/ = 988M6V

m,c’ = 938 M eV

p=310MeV /c
E.,=50MeV

Beam energies

Energy Gain per ,Gap“: W=qU,sinwg.t
1.) reminder of some relativistic formula
rest energy E, = mOCZ
totalenergy E=y*E, =y* m062 momentum E? = c’p’ + m0264

kineticenergy E;p = E 4oy = M,C°



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

lonenquelle

ldea: Bend a Linac on a Spiral
Application of a constant magnetic field
keep B = const, RF = const

3 Lorentzforce RERAN

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

circular orbit

* 4,2 . . .
m+y increasing radius for
*xK *x — *x —
q*v*B = R — B*R=plq increasing momentum
=>» Spiral Trajectory
revolution frequency
the cyclotron (rf-) frequency
W = i*B h | (rf-) f
Z Z is independent of the momentum

m



Cyclotron:

| wis constant for a given q & B

' B*R =p/q
large momentum = huge magnet

111w~ 1/m # const works properly only for
non relativistic particles

> : B o - ~y
qillli'- 4:"IF?'4
v l‘" R ¥
o v/( ' 1t

PSI Zurich
Application:

Work horses for medium energy protons

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

radio isotope production, proton / ion therapy



1.) Introduction and Basic Ideas

, ... inthe end and after all it should be a kind of circular machine”
— need transverse deflecting force

Lorentz force F = q *&4‘ V X E)
typical velocity in high energy machines: y=~c=~3%10° m/
Example:
B=1T — F=g#3:10°"x1
> technical limit for el. field:)
M
F =g#300 27 -
m E<l—
— m

equivalent £

electrical field:



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
P
S
circular coordinate system
condition for circular orbit:
\
Lorentz force FL =evB
2 P
. m,v ELai
centrifugal force F,. = i e i
oy

B p= "beam rigidity"




The Magnetic Guide Field

1.0

0.5

Magn. Induktion B(T)

0

field map of a storage ring dipole

magnet
0=253km —— 2np=17.6km B=1.8T
= 66%
rule of thumb: 1 0.3 B[T] ,normalised bending strength”

Iy o p[GeV/c]



2.) Focusing Properties - Kurzer Ausflug in die
klassische Mechanik

classical mechanics: there is a restoring force, proportional
pendulum to the elongation x:
o d’x s
—_— —_—— m 5 =—C" X
dt
general solution: free harmonic oszillation x(t) = A*cos(wt + @)

Storage Ring: we need a Lorentz force that rises as a function
of the distance to ........ ?
................... 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 Lorentz force

linear increasing magnetic field y

normalised quadrupole field:

—_ k = L
ple
S o &(T/m)
simple rule: = 0.
p(GeV /c) LHC main quadrupole magnet
g=25..220 T/m
what about the vertical plane: VxB :% %%= 0 _ JdB, _ dB. g
... Maxwell dx dy



Focusing forces and particle trajectories:

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

Dipole Magnet Quadrupole Magnet

B B 1
B fom &




3.) The Equation of Motion:

B(x)=1 + kx + — x2+l x>+ ...
p/e e, 2! 3!

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

= particle amplitude

X
x" = angle of particle trajectory (wrt ideal path line)

* 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 .
x +K x=0
... vert. Plane: K=-k

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)



hor. defocusing quadrupole:

x'-K x=0

Ansatz: Remember from school

x(s) = a, -cosh(ws) + a, *sinh(w s)

drift space:

x(s)=x,*s

1
cosh /|K |/ sinh /| K|/
JKE s &
1/|K| sinh , /|K|I cosh,/|K|I

Mdef0c=

wust
e
annt®
_______
L
ans®
s

L
e
ann®
ann®
L
aunt
aus®
L

I 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
M, =M *My* M, * Mg, *M ST
total = 22 0F VD oD MBend D% 8 B\ T dipole magnet
_,w— defocusing lens
_ « i
X 52 X s1 court. K. Wille

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

A

Teilchenbahnen und Enveloppe

typical values
in a strong

foc. machine:
X=mm, X" <mrad

v



Beam Status (=)

800
(DZD @ ) () () () http://hcc.web.cern.ch/hcc/oeam/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

LHC Operation: Beam Commissioning

POINT 6
Dump

The transverse focusing fields create a harmonic
POINT 7

Betatron
Cleaning

oscillation of the particles with a well defined
“Eigenfrequency” which is called tune

POINT 1
Atlas

Beam 2

First turn steering "by sector:”

10 Sep 2008 15:02

TI2 TI8

~| YASP DV LHCRING / INJ-TEST-NB / beam 2 Updated by Roberto Saban
[ views | | m|=lee| C3| | More |48
FT - P450.12 GeV/c - Fill # 830 INIPROT - 107 007 08 15— 00— 58 i B
10 : : : : : :
eap | -0.336 / RMS = 2.868 /[Dp = -0.37 : ; 5 ;
el | g
o ) | : !
2 1L 1| 1 |
T : : : 5
5 : : :
10 ATLAS ALI(I_EI RF-B2 CMS DUMP-B2 IN]-B2
b I 1 1 1 1
0 100 200 300 400 500
Monitor H
T - P450.12 Gev/c— Fill# 830 INIPROT - 10/09/08 15-01-58 i
10 ] ' ] '
-0.272 / RMS = 2,502 / Dp = -0.37 g ;
L 5 | |
E : :
= i T Il
S |4 i1 H (|
o : 5
il | 1 | |
10 ATLAS! ALICE RF-B2 CMS| DUMP-B2 IN)-B2
ol 1 T T T T T
0 100 200 300 400 500

Monitor V




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

...or a third one or ... 1019 turns

DrERE AT L dm 1

Teilchenbahnen und Enveloppe




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.
Amplitude of a particle trajectory: Maximum size of a particle amplitude

x(s5) = Ve *+[B(s) * cos@(s) + @) i(s) = Ve B(s)



The Beta Function

B determines the beam size

... the envelope of all particle
trajectories at a given position
“s” in the storage ring under the
influence of all (!) focusing

fields.

It reflects the periodicity of the
magnet structure.

Teilchenbahnen und Enveloppe

"
l
1
D
E 5
~
>

O
iﬁ”; 0¢"
i
S
R

P
o




The Beta Function: Lattice Design & Beam Optics

The beta function determines the maximum amplitude a single particle trajectory can
reach at a given position in the ring.

It is determined by the focusing properties of the lattice and follows the periodicity of the
machine.

optics at 7000 GeV
5000 LHC Err_or Anqusis _ MAD—X _3.00. 0_3 03/']2/08_]0.32_.07

B~ B

4500. - ; g I
4000. - é ; |
3500.
3000.
2500.
2000.
71500.
1000.
500.

0.0

Momentum offset = 0.00 Y%
s (m) [FI0O%*( 3)]




Beam Emittance and Phase Space Ellipse

g =y(8)*x*(5) + 2a(s)x(s)x'(s) + B(s)x'(s)”

A
-a,|%] o |
(Y Liouville: in reasonable storage rings
area in phase space is constant.

A = nt*e=const

Jer
/

Teilch L wnd E

€ 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 accelerator
element according to matrix formalism
and plot x, x”at a given position ,s" in
the phase space diagram

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

0.04 - -]

0.02 — -]

*Pn,1
+ + + .
XPn, 2 + 4+
+++ o T+ + ++ —
xPn,:{ ++
+ + + +
X*Pn 4
++ +0.02 - —
-0.04 -
| | |
-0.1 0 0.1

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



Emittance of the Particle Ensemble:

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

N Teils hejwo aaaaaaaa d Erveloppe /
o 1 x?
s s - ,, GauB p(x) = ‘gﬁ
. . . . X . X
Particle Distribution: /
; O,
Bt \ particle at distance 1 o from centre
L - <> 68.3 % of all beam particles

single particle trajectories, N = 10 1! per bunch

LHC: B =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,= 17 *o

0.15 02



5.) Luminosity

p2-Bunch

R=L*X

react

10 M particles

pl-Bunch

10 M particles

Example: Luminosity run at LHC

B, =0.55m f, =11.245 kHz
£, =5%107"° rad m n, = 2808
1 1,1,
Ox,y =17 um L — 5 *
4re” fon, O0,0,
1,=584mA

L=1.0%10 %mzs



The LHC Mini-Beta-Insertions

Inner Separation/ Matching
ATLAS _ Triplet Recompination Qua
| A 1| -
,QlQ2Q3D1 Tertiary £ py o4 Q5
Pl & i collimato * G20 Al
— = 1.9K |. Warm ] ~
' < <
- 5000. LI;(C {Zr-ror'A-nal)':sis MADX }.0‘0.03 .(|)3/-I 2/'0;‘3 1 0.'-35.60
£ B B
a 45004 :
5 a0
= 3500, -
3000. -
2500. -
2000. -
1500. -
1000.
500.
Ohsso 3z w0 13705

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

mini B optics




Mini— Insertions: Betafunctions

A mini-B insertion is always a kind of -
special symmetric drift space.

—>greetings from Liouville W |

the smaller the beam size
the larger the bam divergence /./




in general

. unfortunately ...
high energy detectors that are

installed in that drift spaces

. clearly there is ano




III. The Acceleration

Where is the acceleration?
Install an RF accelerating structure in the ring:

B. Salvant
N. Biancacci



The Acceleration & "Phase Focusing”
Ap/pz0 below transition

ideal particle ® w

article with Ap/p>0 ® faster -
P pp=u st ,§ ______ ==

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

Stable synchr. particle

Focussing effect in the
longitudinal direction
keeping the particles
close together

Dyt = P ... forming a “bunch”

oscillation frequency: f, = f.. ~ some Hz

27 E

N

\/_ ha, , qU,cos @,



The Acceleration above transition

ideal particle ® m

particle with Ap/p>0 ®  heavier =~ e—e3e —=

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 y v w  S45

o

A

Bunch length (40)
Energy spread (20)

Synchr. rad. loss/turn

w -
'''''''

Synchr. rad. power

RF frequency

Harmonic number

RF voltage/beam

Energy gain/turn

Re i) >0

A L N S bear
Nb on Cu cavities @4.5 K (=LEP2) Synchrotron
Beam pipe diam.=300mm frequency

ns
1073
keV

kw

M
Hz

MV
keV

1.06
0.22

3.6
400

35640
16
485
23.0




. und wozu das alles ??
High Light of the HEP-Year natuerlich das HIGGS

ATLAS event display: Higgs => two electrons & two muons



The High light of the year

production rate of events is determined by the cross section Z,__

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

12 1
R=L*% .6 =107"b-25——-—=s50mel000H
107"b
1
1
:
R , . 2
g Q Vs=7Tev ¢ typiche Teilchen o ° arias Preliminary \G=8Tev akkumulierte
=10 =z G — [ IHILHC Delivered ] o
E: : roesse g 20 [ g remenees 9 — Kollisions Rate
N £ [Lar=251p 5
% ! :::140 Zreact_zlpb é 15:_ Total Recorded: 21.3 fb _:
o 23 ) g 100 -
oo E £ r ]
= E E ot :
S : s I ]
i ! N -
102 | - i
FL l ‘ L i ! L]
100 | 200300 400 800, \aeuf00 % 1/6 118 1110 1112
1 Day in 2012
lb 10—24 2 _ 1 .k 1 R 1 © ok 1 2 . . . “ .
= cm- = lmio™1lmio™ 1lmio™ ——mm Die Teilchen sind “sehr klein
10000
The luminosity is a storage ring quality parameter and depends on beam size ( B !! ) and stored current
sk
7 - 1 . L% i
e fob o *o,



N
(8}

25

= 2010, 7 TeV, 44.2 pb '
’ = 2011, 7 TeV, 6.1 fb '
=— 2012, 8 TeV, 23.3 1 '

And still...
The LHC Performance in Run 1

N
o

120

[
8]
T

=]
o

v

Total Integrated Luminosity (b ')

=)

Design 2012
Momentum at collision 7 TeV /c 4 TeV/c
Luminosity 1034 cm 2 st 7.7*¥103 cm 2 s71
Protons per bunch 1.15x 1011  1.50 x 10!
Number of bunches/beam 2808 1380
Nominal bunch spacing 25 ns 50ns
Normalized emittance 3.75 um 2.5um
beta * 55 cm 60 cm
rms beam size (arc) 300 um 350 um
rms beam size IP 17 um 20 pm " vertices



European Strategy Recommendation
article physics:

—

LHC: 7000 GeV
FCC: 50000 GeV




Alignment Location

ANYIIICHL FIome

£00m

200m

40km S0km €0xkm

Distance along ring clockwise from CERN (km)

~Surface

~Molasse
Calcaire

= "Alignment

= Shaft




