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What we will do ...

. introduce some “funny” keywords that you always wanted to
understand and never really asked for.

trajectory / closed orbit / tune / / chromaticity & dispersion
/ structure of matter / beam emittance / adiabatic shrinking

beam size / , focusing matrix // lattice cell

mini-beta insertion / “beta-star” / dynamic aperture

... and why do the particles not follow gravity and just drop
down to the bottom of the vacuum chamber (... or do they do so ?)



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




Gretchen Frage (J.W. Goethe, Faust)

Gretchen Frage (J.W. Goethe, Faust)

Do they actually drop ?

Fallen die Dinger eigentlich runter ?

Yes, they do !!

Antwort: JA !

lyye =30m
v=10%c=~3*10"m/s
At =1us

Free Fall in Vacuum:

| N
s =—gt
28

= 110 5 (1us)?
2 s

=5*%10"m=5pm



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")

| | | | |
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

Lorentz force F=gq *X"‘ Vx B)
typical velocity in high energy machines: v=c=3*%10° 4
Example:
v
B=1T — F=g+3%10°2x12
S m Technical limit for electrical fields:
MV
m E<l—
" m
equivalent FE

electrical field:



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

it is possible.

The ideal circular orbit

condition for circular orbit:

Lorentz force

centrifugal force

y
S
circular coordinate system
\
F, =evB
2 4
F _ ym,v ; =B p
centr
o

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

4 _ P

e B*e

The bending radius ... and so the size of the machine is determined by
the dipole field and the particle momentum

convenient units: Example LHC:
B =83T
B=[r]-| 5] p- gt _
m c GeV > 0 =2.83km
p =7000
c y




The Magnetic Guide Field

=
o
[

Magn. Induktion B(T)
o
J1
[

0 U ] L L

field map of a storage ring dipole magnet
B=1.8T

The dipole magnets of a storage ring (or synchrotron) create a circle (... better polygon)
of circumference 2np and define the maximum momentum of the particle beam.

Example LHC: ——  2ap=17.6 km
= 66%

About 1/3 of the ring size is still needed for straight sections, rf cavities, diagnostics,
injection, extraction, high energy physics detectors etc etc



The Problem:

Georg Simon Ohm

LHC Design Magnet current: I=11850 A

and the machine is 27 km long !!!

Ohm’s law: U =R*], P=R*[I

Problem:
reduce ohmic losses to the absolute minimum

Born 17 March 1788
Erlangen, Germany

The Solution:

super conductivity




Super Conductivity ...
. and why we run at 1.9 K

- 13m
discovery of sc. by H. Kammerling Onnes, A
Leiden 1911 5 160
~ L4 sa:tlntcd \
0,452 : [ - .
§ - ¥ pressurised (L bjr) ‘\
= [
0,125 ,/ =

0,05

1200 [ {

T

0.075 !)gf SI’ f ‘Q
| 5 \*

Tygoo 420 320 40 "
Bt
0
13 |+ 1.5 16 17 18 19 2 21 22 23

TIK)
thermal conductivity of fl. Helium
in supra fluid state



LHC: The -1232- Main Dipole Magnets

LHC DIPOLE : STANDARD CROSS-SECTION

Quadrupole
bus-bars

Heat
exchanger

uperconducting

Beam pipe -
(1015 H2/m?)
Collars
Vacuum Beam
vessel (106 . .
mbar) screen required field quality:
AB/B=10+#
Iron Dipole
yoke bus-bars
~15m
Thermal
shield © 8.3T, 11.87 kKA

T=19K, ~27.5 ton

6 um Ni-Ti filament




3.) Focusing Properties - Transverse Beam Optics

... keeping the flocs together:
In addition to the pure bending of the beam
we have to keep 10" particles close together

S~

focusing force

1 1 ® f L4 L L4
IOV U B there is a restoring force, proportional
pendulum .

to the elongation x:
d*x
m* —=-C *x
. L dt
general solution: free harmonic oszillation x(t) = A* cos(wt + @)

this is how grandma‘s Kuckuck ‘s clock is working!!!




Quadrupole Magnets:

Storage Rings: linear increasing Lorentz force to keep trajectories in vicinity of
the ideal orbit
linear increasing magnetic field B,=gx B =gy

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

LHC main quadrupole magnet g =25..220 T/m

Table 7.13: Parameter list for main quadrupole magnets (MQ) at 7.0 TeV

Integrated Gradient 690 T
Nominal Temperature 1.9 K
Nominal Gradient 223 T/m
Peak Field in Conductor 6.85 T
Temperature Margin 2.19 K
Working Point on Load Line 80.3 %
Nominal Current 11870 A
Magnetic Length 3.10 M
Beam Separation distance (cold) 194.0 mm




Focusing forces and particle trajectories:

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

Dipole Magnet Quadrupole Magnet
B B 1 fog

plq Bp p plq




The Equation of Motion:

B _ 1, kx s Dyl iy
p/e Yo, 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(i2+k)=0
0

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

*® Equation for the vertical motion:
1 . .
— =0 no dipoles ... in general ...
o

k <= -k quadrupole field changes sign

y'=ky=0




5.) 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(y/|K]s) +x) _\/‘%‘ sin([[K]s) } ................................... Ay 4

X'(8) = —x, | K] - sin((J| K]s) + x} - cos((J| K]s) o

For convenience expressed in matrix formalism:

foc =

. i I N R RN
( lfo“ ( lo - ] sind ) Es(m)



s=sl

hor. defocusing quadrupole: | i ; _____________ v

x"-Kx=0  —4 ’ .... { .....
.................................. bl

Ansatz: Remember from school

1
cosh /| K|/ sinh /| K|/
JEI - —sinn

x(s) = a, -cosh(ws) + a, - smh(ws) M oo =
JJ|K|sinh /|K ]! cosh /|K|!
drift space: e
K - 0 .............................
x(s)=x,*s Iy 1 1
<A (o 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

M. =M M Mo M.  *M gt "9/« e
total OF D (0] Bend D*..... (:,/ ’ D %‘\ dlpole magnet
Ay ‘
w-gB- = e—— defocusing lens

= M(s,,s,)*

s2 X sl

X

7 court. K. Wille

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

P s 1
x(s) Teilchenbahnen und Enveloppe

typical values

in a strong

foc. machine:
xX~mm,x <mrad




Ok ... ok ... it’s a bit complicated and cosh and sinh and all that is a pain.
BUT ... compare ...

Weak Focusing / Strong Focusing

weak focusing term = 1/p?

x"+x (L2 +><=0
o

Problem: the higher the energy,
the larger the machine

The last weak focusing
high energy machine ...
BEVATRON

> large apertures needed
—> very expensive magnets




LHC Operation: Beam Commissioning

First turn steering "'by sector:"
0One beam at the time

aBeam through 1 sector (1/8 ring),
correct trajectory, open collimator and move on.

Most Visited ~ HEP~ CERN- ATLAS~ CAF~ DDM~> FDR~ Operation~ SW~- DP~ Tools~ TMVA~ Gfitter~ g-2v EPJ~

POINT 5
CmMs

POINT 4 POINT 6

Dump

POINT 7
Betatron
Cleaning

Beam 1 POINT 1 Beam 2
Atlas 10 Sep 2008 15:02

—| YASP DV LHCRING / INJ-TEST-NB / beam 2 2 O e b oo Saten
Bviews | @) [m] 5]e) G2 © E more | L—!

'FT - P450.12 GeV/c - Fill # 830 INJPROT - 1009/ 08 15-01-58

xRN

10 g g H
ea -0:.336 / RMS = 2.868 / Dp = -0.37
el | s s
£ i : 0 Il
s Il I I |
T : : :
-5 e s 5
L ATLAS AucH RF-B2 [cms] DUMP-B2 inj-52
e I 1 1 I 1
0 100 200 300 400 500
Monitor H

FT - P450.12 GeVjc - Fill # 830 INJPROT - 10/09/08 15-01-58 -

10 g :
-0.272 / RMS = 2.502 / Dp = -0.37

v
...<=5 oo

g
£ I [
. I Il |
o p
i s s |
10 ATLAS ALICE RF-B2 CMS DUMP-B2 IN]-B2,
o I T T T 1 T
0 100 200 300 400 500

Monitor V




“Once more unto the breach, dear friends, once more”
(W. Shakespeare, Henry 5)

“Do they actually drop ?”

Answer: No




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

RViewsv R (m| == [T B More |45

- [ ] FT - P450.12 GeY/c - Fill # 827 INJDUMP - 10/09/08 10-41-34 8o
6.) Orbit & Tune: am e s
= 54
L “1 “l” HJI..|]I i “
S il il
. . IN)-B1 [resesis) CM] LHCD)
Tune: number of oscillations per turn — = = 7 %
FT - P450.12 GeY/c - Fill # 827 INJDUMP - 10/09/08 10-41-34 et 5
10 Mean = -0.323 /RM§ = 3.581 /Dp= -0.71

64.31
59.32

A

ChS |LHCy]
T T

T
100

T
200

T
300 400 500
Monitor V

Relevant for beam stability:
non integer part

LHC revolution frequency: 11.3 kHz 0.31*11.3=3.5kHz?

25 026 027 028 0290 03 031 032 0J@p5 026 0327

... and the tunes in x and y are
different.

i.e. we can apply different
focusing forces in the two planes

i.e. we can create different
beam sizes in the two planes




Dlpo/e Magnets ..
. bend the parflcle trajectories onto a ,polygon” ( ... welll kind of ring),
.. define the geometry of the machine
. define the maximum momentum ( .. or energy) that the particle beam
will have
. have a small contribution to the focusing of the beam

Quadrupole Magnets ...
. focus every single particle trajectory towards the centre of the
vacuum chamber
. define the beam size
. .produce” the tune
. increase the luminosity

Trajectory ...
. under the influence of the focusing fields the particles follow a
certain path along the machine. They are oscillating transversely,
while moving around the ‘ring”.




Closed Orbit ...
. There is one (!) trajectory that closes upon itself. It is given by the
foc. fields and it is what we ,see” when we observe the BPM readings

of the stored beam.

. The single particle will perform transverse oscillations and so the
single particle trajectories will oscillate (= betatron oscillations)
around this closed orbit.

The Tune ...

. is the number of these transverse oscillations per turn and
corresponds to the ,Eigenfrequency” or sound of the particle

oscilations.
There is a tune for the horizontal, the vertical and the longitudinal

oscillation.
And we could even hear it ... if there were no vacuum.




