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How to build an accelerator? Juas

Joint Universities Accelerator School

dea Transverse beam S
: Longitudinal beam
dynamics :
dynamics

You learned all the basics.

Transverse linear
You are experts in ... imperfections Transverse non-linear

effects
Synchrotron radiation

Now we take a “piece of paper” and apply it for an actual design!

— You will split up into teams of 3-4 persons and work on a case study.
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Timetable - lectures & workshop .UaS

Joint Universities Accelerator School

WEEK #4
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Timetable - Examination

WEEK #5

uas

Joint Universities Accelerator School

®
a S 6 Feb. 7 Feb. 8 Feb. 9 Feb. 10 Feb.
J U Monday Tuesday Wednesday Thursday Friday
s O 0 @
CHECK-OUT AT THE RESIDENCE
PRIVATE STUDIES Trip to ESRF
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Scope: Design a top-factory _jUaS
Particle collider for precision measurements of the top quark mass

« Measurements at the ¢ pair production threshold

» Produce at least 100000 ¢t pairs per year for sufficient statistics

* The circumference of the machine must not exceed 100 km

* Synchrotron radiation power is limited to 50 MW per beam

Based on these boundary conditions... propose a collider design!
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Tutor Team juas )

Joint Universities Accelerator School

* Bastian Haerer (lecturer)
* Adrian Oeftiger (workshop showrunner)

« Kévin André, Carsten Mai, Bernhard Holzer (tutors)

Topics | - Basic parameter set and general design aspects (Carsten, Adrian)
* Beam energy, cross section, luminosity

* No. of bunches, particles per bunch, 3*, emittance

* (GGeneral layout, magnet technology, basic cell layout, dipole filling factor

e Synchrotron radiation power, resistive wall impedance induced by power loss

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 6



Juas

Topic Il - Synchrotron radiation emission and RF sections (Kévin, Adrian) Joint Universities Accelerator Schoo
* Synchrotron radiation power, critical energy, beam current

« Momentum compaction factor, transition energy, RF voltage, synchronous phase

 Number of RF cavities, length of RF section, synchrotron tune

 Damping times, equilibrium emittance, energy spread, bunch length

Topic lll - Lattice design in MAD-X (Bastian, Bernhard)

* Design a basic cell according to beam requirements, implement a MAD-X model of the cell, close the ring
e (Calculate synchrotron radiation integrals with MAD-X and equilibrium beam parameters

* |Include dispersion suppressors and straight sections

* |nclude RF cavities and calculate equilibrium beam parameters with MAD-X

Like in real life: Expert-groups should talk to each other!

Bastian Haerer (KIT) JUAS’23 - Accelerator Design V4



Boundary conditions for examination Juas

Joint Universities Accelerator School

* QOral group examination in 20 min slots Monday 7 February

* 9 min presentation + 2-3 min questions by tutors 10:00 - 10:20]  Group 9
10:25-10:45| Group 6

10:50 - 11:10) Group 3
11:15-11:35| Group 8

* The rest of the time you are free to study for the 11:40 - 12:00| Group 5
exams.

| | 13:00 - 13:20| Group 2

* In the afternoon session the “best team per topic” 13:25 - 13:45| Group 7
gets the chance to present again for the whole 13:50 - 14:10| Group 4
audience. 14:15 - 14:35  Group 1
15:00 - 16:30, Summary

SeSsion

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 8



Content overview

Juas

sities Accelerator School

 We will review key aspects of previous lectures.
* We will discuss aspects of electron and hadron storage rings.

» Different lattice types and applications.

Context of the workshop: electron-positron collider for ¢t production

— Design of a high-energy storage ring as preparation for the workshop.

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 9



The starting point

« Somebody approaches you and describes an experiment they want to do.

— Particle physicist, user of synchrotron radiation, accelerator colleague, ...

 Based on that information you have to develop an accelerator concept

— Decide on type of accelerator (cyclotron, synchrotron, ...)

— Design lattice, study transverse and longitudinal beam dynamics, instabillities, ...

— Design hardware (magnets, RF cavities, beam instrumentation, ...)

— Solve engineering challenges (civil engineering, power concepts, surveying, ..

In this workshop we focus on the lattice design of a new accelerator.

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Juas

Joint Universities Accelerator School
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Lattice design for large rings Juas

Joint Universities Accelerator School

(Phil Bryant)

Large rings, such as the LHC, often have a|basic FODO cell
in the arcs.

The overall ring has an n-fold symmetry containing the

straight regions|in which the physics experiments are mounted.

Between the arc and the straight region there is the so-called

that brings the dispersion function to zero in the straight

region in a controlled way. There are several schemes for dispersion
Suppressors.

The straight regions contain the|injection and extraction and the RF

which, in an electron machine like LEP, can occupy hundreds of
metres.

A dispersion-free straight region is also needed for the

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Arc: regular (periodic) magnet structure:

bending magnets B define the energy of the ring
main focusing & tune control, chromaticity correction,
multipoles for higher-order corrections

Straight sections:| drift spaces for injection, dispersion suppressors,

low beta insertions, RF cavities, etc....
. and the high energy experiments if they cannot be avoided



The logical path to Accelerator Design Juas

Joint Universities Accelerator School

1.) determine particle type & energy

2.) beam rigidity —> calculate integrated dipole field

magnet technology

dipole length & number

size of the ring

arrangement of the dipoles in the ring

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 13



The logical path to Accelerator Design Juas

Joint Universities Accelerator School

3.) determine the focusing structure of the basic cell
— FODO, DBA — etc. etc.

calculate the optics parameters of the basic cell

beam dimension

vacuum chamber

magnet aperture & design
tune

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 14



The logical path to Accelerator Design Juas

Joint Universities Accelerator School

4.) Determine the radiation losses
Energy loss per turn
Power loss frequency
—> electrons radiate !!
—> protons do not !!

5.) Determine the parameters for the RF system
Frequency, overall voltage,
space needed In the lattice
for the cavities

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

6.) Open the lattice structure to install
straight sections for the RF system
optimise the phase advance per cell
connect the straight sections to the arc lattice with
dispersion suppressors
choose which type fits best
add eventually a matching section

Bastian Haerer (KIT) JUAS’23 - Accelerator Design



The logical path to Accelerator Design Juas

Joint Universities Accelerator School

7.) Open the lattice structure to install
a dispersion free straight section for the mini
beta insertion
define independent quadrupoles (four if Dx=0)

connect the straight sections to the arc

lattice with mini-beta quadrupoles and

matching quadrupoles

match to the desired * mini f3

mini 3

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 17



Bastian Haerer (KIT)

... and then you just turn the key
and run the machine.

JUAS’23 - Accelerator Design

Juas

Joint Universities Accelerator School
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

1.) determine particle type & energy

2.) beam rigidity —> calculate integrated dipole field

magnet technology

dipole length & number

size of the ring

arrangement of the dipoles in the ring

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 19



Choice of particle species Juas

Joint Universities Accelerator School

Hadrons
 Heavier, easier to reach high energies mp = 938 MeV/c? E=10GeV -y, =11
— discovery machines (“frontier of physics”) me = 0.511 MeV/c? = 7. = 19570

* Don't radiate (much) Event display of OPAL at LEP

* Collision of quarks — not all nucleon energy available in collision

— huge background

74

Electrons & positrons P, & ?

« Beam dynamics driven by emission of synchrotron radiation

* Elementary particles

« Well-defined CM energy — precision measurements

* Polarisation possible

Bastian Haerer (KIT) JUAS’23 - Accelerator Design https://cds.cern.ch/record/2554156 20



Cross section (ab)

Determine beam energy JUQS

Joint Universities Accelerator School
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Fixed target vs. beam-beam collisions 'uas

Joint Universities Accelerator School

Fixed target experiments

* high event rate

* limited energy reach

L lab X \/Ebeam

Beam-beam collisions

* low event rate (luminosity)

ATLAS event display:
H->et+e +pu+t+

* high energy reach

Elab — Ebeam 1 + Ebeam 2

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 22



Linear vs. circular collider Juas

Joint Universities Accelerator School

Linear collider

* no synchrotron radiation ;m — . Z(91.2GeV) : 4.6 x 10% cm s *  FCC-ee (Baseline,2IPs)
| | E - * ILC (Baseline) g
* only one experiment at a time qo CLIC (Baseline) |
_ _ « 2 CEPC (Baseline, 2 IPs)
o 10°E
* single use of particle bunches = W'W (161 GeV): 5.6 x 10 cmi2s”
=
N
8 & HZ (240 GeV) : 1.7 x 10* cm2s™ =
Circular colliders £ 10 :
= 5 n
» multiple experiments = tt (350 GeV) : 3.8 x 10% cm?s”
(365 GeV) : 3.1 x 10 cm?s™
* bunches can be collided multiple times TR
1E =
« SR radiation power increases P y4 f
10° 10° -
\'s [GeV]
Trade-off between SR power and luminosity FCC-ee Design Report: Baseline luminosities expected to be delivered for

different e+e- collider projects

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 23



Juas__

Joint Universities Accelerator School

Dipole fields define geometry

Condition for circular orbit

e Lorentz force F1 = evB

2 p cc " Al 79
Mo —=Bb Beam rigidit
* Centripetal force Feentr = DAL e ¥ gidity
0

The strength of the dipole magnets and the size of the machine define the
maximum momentum (or energy) of the particles that can be carried in the
machine.

| | - i
Field strength defined by coil current } B Hn _ keep the beam
gap height @

dimensions small !!!
Bastian Haerer (KIT) JUAS’23 - Accelerator Design 24



Bending angle and particle momentum Juas

Joint Universities Accelerator School

* The integrated dipole strength (along “s”) defines the momentum of the
particle beam.

ds dl  Bdl e Py

df = — ~ — —Bdl :>J'Bdl=27r—
€

p P Bp  p

Example: LHC 7 TeV proton storage ring

* Po=7TeVic JBdlleB=2n@
e
e N =1232 ,
_ P _
e |=14.3 m Nl e 521

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 25



Hadron colliders and the quest for highest dipole fields JUGS

Joint Universities Accelerator School

The two key players in SC magnet technology:

Nbs;Sn FCC type dipole coils
11T-16T

L e———— S

NbTi LHC standard dipoles
83T

... and we do NOT talk about
YBa->Cus;0, and friends

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 26



Upper critical fields of metallic (LTS) superconductors  |JUQS

... the top ten of the charts

60

50

40

30

Bc2 (T)

20

10

|

v | | |

Gdo_2 Pb Mo6 58

critical field in
NbTi and Nb;Sn

superconductor
1 with B¢, > 10T !

~ MgB,

L8 1L &8 & §B §B B §B B §B §B _§ | ---#- _— LB -_— -_— LB B B | LB B B B _§B B B B §B B _§ | N N I S e . -

16 20 24

NbTi is the only ductile

—

39K

0
12 14 16 18 20 22 24 26 28 30

Bastian Haerer (KIT)

Tc (K)

CAS, Erice, Italy, 25 April - 4 May, 2013
JUAS’23 - Accelerator Design

000
Joint Universities Accelerator School

Heat capacity of liquid helium:
transition to superfluidity

T.K
27



The logical path to Accelerator Design Juas

Joint Universities Accelerator School

1.) determine particle type & energy /

2.) beam rigidity —> calculate integrated dipole field

magnet technology

dipole length & number /

size of the ring
arrangement of the dipoles in the ring

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 28






The logical path to Accelerator Design Juas

Joint Universities Accelerator School

3.) determine the focusing structure of the basic cell
— FODO, DBA — etc. etc.

calculate the optics parameters of the basic cell

beam dimension

vacuum chamber

magnet aperture & design
tune

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 30



Quadrupole magnets for focusing Juas

Joint Universities Accelerator School

Equation of motion: x"+K x=0 “Hill's equation”

Define in hor. plane: K =1/p? -k

... Invert. plane: K =k

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

general solution ) ) = Ve \/ P(s) Cos{p ) Hb} \ 1 t ‘
of Hill s equation e [OL(S) COS{]) (S)+(|)}+ Sin{p (S)+(|)}] ' J l \ x>

S NS

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 31



Transfer matrix as function of optics functions JUQS

Joint Universities Accelerator School

After a few transformations (see Bernhard’s lecture) we can write the solutions as

x'(s) =

\/ﬁﬁo

which can be expressed ...

x(s) = \/g{cosws +0L,, simps}xo + {/ﬁSﬁO Siny | ex;,

{(oco - QL )cosmp -(I+ay0,)smyp }xo \/7 {Cosw -0, SINY) }xo

for convenience ...

i

\

g

(a0 — O

IN matrix form

(cosxp + 0L, ST )
0

yeosy . —(I+a 0, ) sy

\BsBo

% (cosxp ,—o sy )

aY, ﬁs [30 SimP S

/

* we can calculate the single particle trajectories between two locations in the ring,
If we know the a, [3, y functions at these positions.

 and nothing but the a 3 y at these positions. o

Bastian Haerer (KIT)

JUAS’23 - Accelerator Design

32



The optics functions a(s), B(s), v(s) ]

Joint Universities Accelerator School

— sometimes also called “Twiss” functions —

Bastian Haerer (KIT)

(Phil Bryant)

There are two ways of looking at the optics functions:

The first is to regard them as a [parametric way of|expressing the

equation of motion and its solution. This interpretation makes the
bridge from tracking single ions to the wider view of calculating

beam envelopes.

The second is to regard them as|purely geometric parameters
defining ellipses and hence beam envelopes. Dropping the strict
correspondence to individual particles can lead to some
Interesting extensions such as the inclusion of scattering.

JUAS’23 - Accelerator Design

Uas
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Phase space ellipse

general solution of ) x(s)=+e VB (s) cos () +¢)
Hill equation < Je
2 X(s)=- {1(s) cos () + ) +singp (s) +¢) }
\ VB (s)
from (1) we get and we know

0 (s) =_71B’(S)

1 +0a(s)”

p(s)

cos(y (5)+) - @xj%

Y (s) =

Insert into (2) and solve for &

e =7 (s) X" (s) +20L(5)x(5)X'(s) + B (5) X" ()

* & is a constant of the motion ... it is independent of ,,s“
* parametric representation of an ellipse in the x x* space
* shape and orientation of ellipse are given by a, f, y

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Phase space ellipse Il Juas

Joint Universities Accelerator School

(Phil Bryant) CD

In the case of ajring or matched cell, 1
periodicity imposes |equality on the input and , . .

output a and 3 values. coal il

This means that the [particle returns after each wena *OF [0 -
-:-q’:-‘.-f- 0 P > ama B
—:P:—‘-?- T
“2 — b+2nQ, :p:.:-o.oz i )
and so on.
—0.04 |[— e |
o1 g -

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

35
Bastian Haerer (KIT) JUAS’23 - Accelerator Design 35



Phase space ellipse - li

e = y()x7(s) + 2a(s)x(s)x'(s) + P(s)x *(s)

Bastian Haerer (KIT)

Juas

sities Accelerator School

 Parametrisation describes ellipse In
XX’'- space.

— Each single solution (x,x’) of Hill’s
equation is a point on this ellipse.

— This ellipse represents all solutions/

states the particle can be in at this
position s.

JUAS’23 - Accelerator Design 36



Beam size and divergence Juas

Joint Universities Accelerator School

particle trajectory:  *(5) = Ve | B(s)cos{ (s)+9 |

max. Amplitude: x(s) = /&P - X at that position ...?

. put 3(s) into € =7 () X°(s) +20.(8)x(s)x'(s) + B (5) x"*(5) and solve for x’

£ =y -ef +20+/eP - x + Px”

/

X =—04E/P

* A high p-function means a large beam size and a small beam divergence.
... etviceversa !l!! |

*  In the middle of a quadrupole p = maximum, |
o = 7ero - x'=0 ... and the ellipse is flat

o’

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 37



Evolution of phase space ellipse along the lattice |UQJS

Bastian Haerer (KIT)

focusing quadrupole

.
........
[ 5 wy
----
‘‘‘‘‘

Ny
[ .
......
uy Py )
L -
.....
Ny we

divergent beam focused beam

L > '

a > () a < ()
a=20

B = b B2 = b1

JUAS’23 - Accelerator Design

focal point

a=10_

(Y X
Joint Universities Accelerator School
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Single particle — particles ensemble JUaS

Joint Universities Accelerator School

* Optical functions are the same for all particles.

* Ellipses all have the same shape.

 Choose particle of specific amplitude as 4
“representative” for the whole beam. X’

>  The area of this particle’s phase space ellipse is
the beam emittance.

2axx’ + fx?

Statistical definition:

(22 o, @
GRMS — *\/Gx le o UXX,
O O

« Liouville’s theorem: Area A = 7 € is constant as long as x- and O
y-motion are uncoupled and energy is conserved.

* Area cannot be changed by focussing properties (e.g. quadrupoles).

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 39



(Phil Bryant)

The|emittance of a beam is related to the phase-space area that it occupies
and is therefore related to the motion invariants of the constituent particles.

A practical|definition of emittance requires a choice for the limiting ellipse
that defines the phase-space area of the beam.
Usually this is related to some number of standard deviations of the beam

distribution, for example|“the 1-sigma emittance is ... “.

20 {0\nt0ur . 2 O contour
N
S
S
B
=

x #£ 0

5 25 0 25 5 S5 25 0 25 5
X in mm X in mm
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juas

Liouville states that phase space is conserved. Joint Universities Accelerator Schoo

Primarily, this refers to 6-dimensional phase space
(x-x', y-y and s-dp/p).

When the componenthase spaces are uncoupled, \

the phase space is|conserved within the 2- dimensional
and/or 4-dimensional spaces.

The invariant of the motion in the uncoupled x-x or y-y spaces
Is another way of saying the phase space is conserved.

Dhase space Is not conserved|if ions change, e.qg. by stripping
or nuclear fragmentation, or if non-Hamiltonian forces appear

e.g. scattering or|:|

(Phil Bryant)
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Phase advance and tune _]UaS

sities Accelerator School

* Focussing of quadrupoles creates transverse oscillation around the design

orbit (“betatron oscillation™): 4 FOPO Colls—».

x(s) = Ve [ B(s) cosfp (s) +¢ } . @ X OXO XO X(D w=o0 =1

* The difference of the phase functions CPOATT i TR i R
s called the phase advance: 05 | | | -
I 0 ;— | | E

Ho=y(s) —yls) = L % ds '0:‘; | I E

: 600 700 800 900 1000 1100 1200
e The phase advance of one revolution s/ m

Is called the “tune” and gives the
number of transverse oscillations per turn:
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Chromaticity

* Focal length of a quadrupole depends

e dB
po dy

on the particle energy:

k1==

 As a conseguence, the tune also depends on the

particle energy:

0 dQ AQ
— p —_
“dp " Aplp,

* This so-called “chromaticity” is for a linear

lattice:

0= 4r

 Chromaticity can become large and needs to be corrected, otherwise

ds p(s)k,(s)

particles might hit resonances and get lost. | EP:

Bastian Haerer (KIT)

FCC-ee: <-2000
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Chromaticity correction Juas

Joint Universities Accelerator School

A

. | Sextupol L
* ... with sextupole magnets: Ap/p > 0 ; ’
i ~ :
€ e 1 .
_Bx — k2 tX Y and —B, = —k (X2 — yZ) Ap/p — i . N
Po Do y N 2 p/p=0 : : ~ .
e Gradient (= focussing strength) NPT
proportional to particle amplitude: '
aB aB quadrupole
~=lkx and — — [ x
dy ’ 0X ’

* June shift including sextupoles:

1
Q' = " (J;,B(S) &y (5) + D(s)k(s)| ds

\ Sextupoles for chromaticity correction

must be installed in dispersive regions!
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

3.) determine the focusing structure of the basic cell
— FODO, DBA — etc. etc.

calculate the optics parameters of the basic cell
beam dimension
vacuum chamber
magnet aperture & design /
tune

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 45



High-energy storage rings juas

Joint Universities Accelerator School

Hadron storage rings

Po
 Heavy particles require strong B fields 2m— = JB d/
e
* Push for highest B fields up to technical limit
* Energy limit given by maximum acceptable circumference
Electron storage rings 4
Y
 Synchrotron light dominated P}/ — X

I,

* Push for small B fields thus large bending radius

Common feature: For high beam energies — Push for highest possible dipole filling factor

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 46



FODO structure
I _ _ 1]
1
100 | * * |
) 10.12
=
~ 0.1
S
oY
0.08
| | | | | | | | | 41 0.006
0 D 10 15 20 20 30 39 40 45 o0

s / m

Arc cell that has been proposed for FCC-ee

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Juas |
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Lcell =350m
Lbend — 11 m

L
= — = (.84

cell
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Characteristics of the FODO structure Juas

Joint Universities Accelerator School

 |Low number of quadrupoles il I I i

_ B \ |
» Easy to calculate analytically 0L,

* Long drift spaces

-> |ots of free space or

6:137 By/m

-> high filling factor

s/ m

Applications:
* |n transfer lines that have to cover long distances with few hardware
* |n Linacs or FELs that require lots of space for RF cavities or undulators

e Storage ring colliders that require high dipole filling factor
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Analytical calculations Juas

Joint Universities Accelerator School

FODO in thin lens approximation

___;———’7/5‘\'“--—--4-52___ — /_\ . transfer matrix from the centre of the first to the centre
\E/ Ip Z !.& U of the second quadrupole: ,
Y — — D [
B | R [y =L/2 A B 7 D
' L halfcell — —ZTD 1 - l]:3
~ 2
f=2f focal length of a half quadrupole / /

 Goal of this calculation: maximum and minimum value of the betafunction
depending on cell length and phase advance

o Trapsport mgtrlx S1 -> Sz based on /B2 ¢o8 19 + v Sin o VP15 sin 1o
optics functions: M = 1 . o
(a1 —a2) cos MlQﬁ_l(Bl:_Oéla2) S1N [412 % COS U12 — (1 Sin 12

* For the half FODO cell applies in the centre of the quadrupole:
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Analytical calculation Il juas

Joint Universities Accelerator School

Mhalfcenl = <m11 m12> _ ( B l7]2 2 ) _ / \/700S (Hcen/2) BB Sin(:ucell/z)\

m21  Ma2 \_\/ﬁ Sin(feel1/2) \/g cos(Lhcell/2) )

H_J
transfer matrix transfer matrix
from single matrices based on optics functions

* Solution of the system of equations:

mlgmglzﬁsm(,u/Z)\/@sm(,u/Q) —sin?(u/2)

S sinu/2) = 2 = L <1 KL)
=l (-) =% Py Fooe
ma2 B 1+Ip/f 1+sin(p/2) M2 an om
min B 1-lp/f  1-sm2) A e T B

* Multiplication and division respectively of Egs. (1) and (2) in combination with
some addition theorems yield:

PUPETITY

p=L ‘

sSinj sing

Bastian Haerer (KIT) JUAS’23 - Accelerator Design

50



Betafunction in a FODO cell

Maximum and minimum values of the betafunction in an arc FODO cell designed for FCC-ee

* The minimum value ofﬁA IS obtained for a phase advance of y = 76°.

» [} decreases for increasing phase advance.

Bastian Haerer (KIT)
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-> What phase advance should we choose?
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Hadron rings: choice of phase advance per cell juas )

Joint Universities Accelerator School

Aperture requirement: 10-20 o

Protons: Remember adiabatic damping

— Choose phase advance that obtains low values of 3

Injection energy: 40 GeV (y = 43) Flat-top energy: 920 GeV (y = 980) LHC vacuum chamber and beam screen
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Phase advance for highest aperture Juas

Joint Universities Accelerator School

* For highest aperture we have to minimise the B-function in both
planes:

2
re=e€p,+ep,

e Proton beams are “round” Iin the sense of: € ~N € = r’le = P+ ﬁy

0 20 /
A~ d 2L COS
: . 2L— - : \ /
” SR A

' i A 1
o ¥ L 10
i >/=L| 1+ %9 30 6@ o9 120 150 150
7 a 180

v
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LHC FODO cell Juas

Joint Universities Accelerator School

200 . . . . . 2.2 - - 900
130 50 l{x —_ léy p—
160 A 5
140 He f ~ 180m, f~30m
= 120 1.6@ X
= 100 146 D, =2m
» 1.2
jﬁ L0 dipole filling factor: 80% (Lg.,q = 14.3m)
20 — ' ' ' ' 0.8

22500 22520 22540 22560 22580 22600

longitudinal location (m)
R — N

Andy Langner, PhD thesis

106.90 m

4
)
-€ >
quadrupole e g
O MBB g MBA | MBB
o] [ 2o
sextupole 88 8%, 3 88 g
g = =
5
=
o
=

Correctors: dipole, quadrupole, sextupole, octupole, decapole
for orbit correction, coupling correction, eddy currents, instabilities, ...
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Summary for hadron rings

 Emittance is defined by beam quality delivered by injectors.

» Hadron storage rings feature round beams: €x ~ €y

1

 Emittance shrinks during acceleration: € X 5,

* Aperture requirements call for smallest sum of beta functions:

— Maximum beta function defined via cell length

« Beam energy defined by integrated B field
— Highest dipole fields J Bdl — 2,70

€
— Maximum dipole filling factor

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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Juas |

Joint Universities Accelerator School

Electron storage rings

.... are different! Electrons radiate!!!

# particles per Luminosity

Energy # bunches

(GeV) bunch (1011) (1034/cm?2s)
_ _ - 45.6 16640 1.7 460
e Beam current and thus luminosity are limited by 500 2000 . -
maximum acceptable synchrotron radiation power | |
120.0 328 1.8 17

Example: FCC-ee: Pmax = 50 MW

182.5 48 2.3 3.1

~  Z(91.2GeV) : 4.6 x 10 cm?s *  FCC-ee (Baseline, 2 IPs)
ILC (Baseline) ol
CLIC (Baseline) 5
CEPC (Baseline, 2 IPs) —

): 5.6 x 10*° cm?s™ —

« Beam dynamics determined by emission of
synchrotron radiation.

—
o
N
'

* The synchrotron radiation power ist determined by

HZ (240 GeV) : 1.7 x 10* cm2s™ ~

Luminosity [10%* cm2s]

the lattice. 10
E tt(350GeV):3.8><1033:cm'zs"1_‘ st “
. . _ (365 GeV) =?-‘>_<,_‘,° ' cm?s
= Lattice design allows to tailor beam L et
parameters!!! e R T

102 10°
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Radiation effects in electron storage rings Juas

Joint Universities Accelerator School

radiation damping

| N quantum excitation
Pz N

A~ N
m'ﬂ] |

Pzx,1

P2 ® particle

d‘lgpersion orbit

Ds

Photon emission in current direction of movement * Transverse oscillation of electron around design

Loss of both transverse and longitudinal orbit

momentum  Photon emission creates energy loss
Energy gain in cavities in longitudinal direction only ¢ Electron starts oscillations around dispersion orbit

—» Decrease of transverse momentum —» Increase of transverse momentum
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Equilibrium beam parameters Juas

Joint Universities Accelerator School

o After a few damping times an equilibrium of radiation damping and quantum
excitation is established.

* Five characteristic integrals that depend on the lattice:
“Synchrotron radiation integrals*

D(s)
& Energy loss per turn: Up = s— L1
L 2T
IQ :%— dS
2
e . V" Ls
75 —— ds Equilibrium beam emittance: €y, = Cq T I“’
p°) 2
Lay = 7{ ( -+ 2k1> ds ,
Pu \ Pi e 5
X | C == o 8.8460 x 107 ——
L= § ogtuds Wit Hu(s) = AuD + 20Dyl + 7, D3 , (m,
Pl N “ “ 55 hc i
C, = e =3.832x 1073 m
Bastian Haerer (KIT) !
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Choice of phase advance per cell Juas

Joint Universities Accelerator School

e Quantum excitation only in deflection plane

* Equilibrium emittance in vertical plane determined by coupling (imperfections,
sextupoles, ...)

- ¢e,~0.1-1%e¢,

. . 30 '
* Electron beams in storage rings feature h ) Jf
“flat” beams R /
Bmax(u) 18 [N
— Only optimise [Bx I — 0%
d . d L(1 + sin(pu/2 6
—(p) = LSO - pu=76
du du si(u) 0
1 36.8 72.6 108.4 144.2 180
1 il 180
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Choice of phase advance per cell - Ii Juas

Joint Universities Accelerator School

Advanced level: Sextupole scheme

&
o Sextupoles are non-linear elements p

— disturb harmonic transverse oscillation D

 Geometric aberrations can be canceled, if sextupoles are

Installed at positions with
Al =m “-| transformation”

— Multiples of the phase advance should give 180° uw=90° =2xu=mn
1w=060" =3Xu=mn
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-]l transformation

(0) s1

52

Bastian Haerer (KIT)

juas
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1) Position x and angle x’ at behind the first sextupole:

T1 = Zg
Ty = ) 9 (26 — ¥o)

2) Position x and angle x’ in front of the second sextupole:

L9 — —X1 — — I
ko Ls
/ / / 2 2
Tog = —T | = —Tg > (x5 — vo)

3) Position x and angle x’ at behind the second sextupole:

T3 = X2 = — X
ko L Non-linear
/ - -
Ty = g contributions
2 .
vanished!

JUAS’23 - Accelerator Design
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Interleaved and non-interleaved sextupole schemes JUaS

Joint Universities Accelerator School

Interleaved sextupole scheme: + High number of sextupoles
SD1 SD2 SDI1I SD2 SD1 SD2 SD1 SD2 SDI1I SD2 SDI SD2 SDI1 SD2 — LOW@F (IOC&I) Strength
p, = 90°
SRARSRARARSRARSREEAEARARETEET - Phase advance of two related
SF1 SF2 SF1 SF2 SFI SF2 SF1 SF2 SF1 SF2 SFI SF2 SFl SeXtUpleS dISturbed by Interleaved
sextupoles
Non-interleaved sextupole scheme:
: 11 pair i 5 3 Palf 5 5 5 Palf 5 + Better cancellation of non-
N inearities

SDI1
= 90"
+ | H | *_+ | H *_+ | H &
T 4 0., = 90°
FODO cells ' SF1
' ond pair : i 4t pair

- Only work for many cells

- Stronger sextupoles required
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Emittance and dispersion function

/72 I5u
Ju IZ

1 1
To :74— ds T :jl{ H,, ds

Ho(s) = BuD? + 200,D, D!, + v, D>

ew = Cq

Value of D and D’ highly affect
emittance.

In a FODO lattice the emittance can
be tuned via cell length, bending
radius, and phase advance.

Bastian Haerer (KIT) JUAS’23 -

Juas .
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(1+3sinGurn) |05
2 + — SIn ) _a T
15 - DA _ L 2 //t o DCIZ |
0 4sin2(u/2)
=
s 1 V LZ(I—%Sin(//t/2)> -
- D =
Q p 4 8in%(u/?2)
0.5 -
0| R S o
10 20 30 40 50 o60 7O &8 90 100 110 120 130 14
u/°

Maximum and minimum values of the dispersion function
in an arc FODO cell designed for FCC-ee
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Emittance of a FODO lattice juas
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 Develops form factors to calculate emittance of electron

TM-1269

= o 0102.000 storage rings:
=g Fermilab J
B Cyq oL & '
M E h _Yq_ 2490 _ ﬁ 2,3
e ot Hestron Siarage fiag " ©=T T T &= ICF, F=5 (%gﬂ,,c
| L.C. Teng | 2 |
June 1984 : : :
" (6 bending angle of half cell , p bending radius)
A Formiation ' o * Treats FODO as a bad example, but gives handy formula:
For a synchrotron radiation facility to get high spectral
brilliance it is desirable to have a small emittance of the electron 1 5+3cosu L
beam in the stor'*ag-e'ring. It is well known that the _horiz_ontal ‘emittance FFODO — IM
(the predominan,f emittance) of an electron beam in a storage ring is 2 sin M 1 — cos 2/ lb
~given by L L . L
| . u=90":F=250 —, u="72°:F=451 —, u=060":F=7351—
" -y _ G p? _ by by by
ox = -/;,:-“ % p‘<§¢>¢d¢ T

 Example: FODO cell with 90° phase advance needs
A . dipoles with bending angle:
w ' dipole

- E requirement
—~— f —— 1 €
lt‘ . — | ﬁ 93 — XY X

ipole filling f
2.50 Cq;/ dipole filling factor

ol

defined by beam energy
Bastian Haerer (KIT)
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e+e- colliders vs. synchrotron light sources Juas

Joint Universities Accelerator School

Collider
ff NlNznbf N particles per bunch
. . - — b b fb h
« High dipole filling factor = FODO structure Ao o ¢ revolution frequency

 High energy — large circumference

— Naturally small emittance

Synchrotron light source
« Small footprint desired

 Low emittance beams for high brilliance

F(A) 1
B(1) = «——  with photon flux F(A)

(2n)?0,0,0,6, €€,

Jean-Luc Revol: ESRF - The European Synchrotron, JUAS 2020
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Brilliance

low brillilance

Bastian Haerer (KIT)

juas

Joint Universities Accelerator School

B(1) = F) X L

(2n)?0,0,0,6, €€,

with photon flux F(A)

high brilliance

- I _ ) Courtesy M. Schuh
High brilliant beams require small emittances!

FODO not adequate because D, # 0

JUAS’23 - Accelerator Design
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Double bend achromat lattice

Chasman-Green-Lattice

 Achromat means: Dispersion and its derivative
vanish at start and end of the cell

* Dispersion is created by the first dipole. The
quadrupole switches the sign of D’ and the

dispersion vanishes again in the second dipole.

* Long drift spaces without dispersion allow

-> installation of insertion devices
-> small integrated dispersion thus low values

of Jsand e,

» Characteristic lattice for 3rd generation
synchrotron light souces

Juas |

Joint Universities Accelerator School

30- 3.0
B [m] ! 3 B. D |m]
25 2.5
f B |
20 F2.0
15- D. 1.5

— A N A I Y -

10 - }1.0

0 5 o 110' s m] 15

| 88 GG 8 |
D Q3

QL Q2 B BD Q2 QI
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Negative momentum compaction factor JUQS

000
Joint Universities Accelerator School

KARA - Karlsruhe Research Accelerator

Optics for user operation

Optics with negative
momentum compaction
factor

1 ( D
a.=—qQds (5)

S LT pls)

Bastian Haerer (KIT)

S —— Bz ---- By —— Dispersion
= S
;)‘ 30 - ~ 2 =
g2 S
s §7 a. >0
- g
~
L‘C—é 0 — (T TNl I (N — I TN i § =2 %
4q—3 | | | Q
M 0 10 L. 20 N\ R
Longitudinal position in m
0>0 60=0 06<0
= —— Bz ---- By —— Dispersion
= S
; 30 = =~ 2 =
S 20 s
.4’3 - 0 o
= 10 =
= Q a, <0
o
< 0 - (N e — TN (Nl Il N T =2 .Z)
-lq—3 I I | Q
M 0 10 20

Longitudinal position in m
Courtesy P. Schreiber
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Double bend achromat lattice

Chasman-Green-Lattice

 Achromat means: Dispersion and its derivative
vanish at start and end of the cell

* Dispersion is created by the first dipole. The
quadrupole switches the sign of D’ and the

dispersion vanishes again in the second dipole.

* Long drift spaces without dispersion allow

-> installation of insertion devices
-> small integrated dispersion thus low values

of Jsand e,

» Characteristic lattice for 3rd generation
synchrotron light souces

Juas |

Joint Universities Accelerator School

30- - 3.0
B [m] ! 3 B. D |m]
25 2.5
f B |
20 F2.0
15- D. 1.5

— A N A I Y -

10 - }1.0

0 5 o 110' s m] 15

| 88 GG 8 |
D Q3

QL Q2 B BD Q2 QI
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Examples of achromat lattices

30 -
B (m) - G
20 -
10 - e
4 B(s) |-
0 : : 0
0 5 10 15 20 s(m) 15.0 -
10.0 -
ESRF (before upgrade)

double bend achromat (DBA)

€x = 3.8 nm rad
C =844 m

Bastian Haerer (KIT)

5.0

0.0

BESSY II
triple bend achromat (TBA)

€x = ~5 nm rad
C=240m

Juas |

Joint Universities Accelerator School

~ 1.0

o D(s)

~0.5

-0.3

JUAS’23 - Accelerator Design

0.0

71



Emittance depending on circumference Juas
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1.0E-06

1.0E-08

1.0E-09

1.0E-10 -

H Emittance/gamma”2 (nm)

1.0E-11 -

TUSR + DR

1 .0E'12 1 1
100 1000 10000

Circumference (m)

R. Bartolini: Diamond Upgrade, Advances Optics Workshop, CERN, 2015
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Emittance of achromat structures JUGS
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 Emittance of a DBA structure G, .
€DBA = o €ropo > Cqr 0
— beam energy A 15
— dipole bending angle eppalmrad] = 5.036 X 1072 E?[GeV?]0°[deg?]
;3[1:1;)5 é;)[m]
20—? E20 104
f5- L5 _10”
10.; 5—1_0 -8 10.6
E
Oc:) 5 ' 10 s [m] 15 0 g 10 -
—esmmm o mmeoe g0
o T =10
 Emittance reduces for larger number of 0"
" 10
bending magnets 00%98 7
— Multi bend achromat lattices e,

Bastian Haerer (KIT) JUAS’23 - Accelerator Design



Multi bend achromat lattice

* High number of short magnets 2

18 |-

e Special magnet technology 6|

14 L

— Combined function magnets
— Permanent-/Hybridmagnets

— Modular magnets
* Full-energy injection, “top-up”, no ramping

* Highly specialised lattice with less
flexibility

o Goal: Operation 24/7 with smallest
possible emittance

Bastian Haerer (KIT) JUAS’23 - Accelerator Design
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12 +

)

A (Mu. L

s [ml

7 Bend Achromat, ESRF-EBS
L. Farvacque 2015

Energy E 6 GeV
Circumference C 844 m

Emittance Ex 133 pm rad

+40.07

0.1

+10.09

+40.08

o o o
o o o
EAS @) (o))

dispersion [m]

O
o
W

+40.02

+40.01
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Magnet technology for MBA lattices JUQS

Modular magnets

000
Joint Universities Accelerator School

The modules feature different B field. The bending radius is reduced at
locations of high dispersion and large at locations of small dispersion.

dipole magnet DL (ESRF)

permanent magnets
5 modules with B field ranging from 0.17 Tto 0.67 T

L. Farvacque, “ESRF Accelerator Upgrade Project Status”, 2015

B-field (T)
dispersion (mm)

0 1 2 3
s (m)
E. Karantzoulis, “From 3rd to 4th generation light sources”, 2019

Bastian Haerer (KIT) JUAS’23 - Accelerator Design 75



Magnet technology for MBA lattices I Juas
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[ 4

Lo

»

&3

o

I #f,r;

A 4

ESRF-EBS
dipol-quadrupol
05T, 0.37 T/m

& .
- hnd L
‘ v
| 3 |
F ¥
‘
>
- . S —
(R
™% .
2
"

MAX-IV
single-yoke magnet design

P.F. Tavares, “Lessons learned from the MAX-IV

L. Farvacque, “ESRF Accelerator Upgrade Project Status”, 2015 3 GeV Ring Commissioning®, 2019
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Summary for electron rings juas
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* Equilibrium of quantum excitation and radiation damping leads to equilibrium beam parameters

* Equilibrium beam emittance increases with beam energy €x = %72%

» Electron beams are flat in the sense e, ~ 0.1 -1%e,

» |Lattice design allows to design equilibrium beam parameters

High energy storage rings Synchrotron light sources

» Reduce p by large circumference and  Smaller footprint and room for insertion
dipole filling factor devices require

e FODO structure  Achromat structures for ultra-low emittance
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The logical path to Accelerator Design Juas

Joint Universities Accelerator School

3.) determine the focusing structure of the basic cell
— FODO, DBA — etc. etc. /

calculate the optics parameters of the basic cell
beam dimension
vacuum chamber
magnet aperture & design /
tune
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Tomorrow:

 RF sections
* Dispersion suppressor
 Matching sections

* |nteraction regions and mini-beta insertions

* Adrian: Detalils to groups, exercises and examination

o Start of the workshop! :-)
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Recommended literature

* J. Bryant, K. Johnson:
The Principles of Circular Accelerators and Storage Rings

* Proceedings of CAS Advanced Accelerator Physics:
B. Holzer: Lattice Design in High-energy Particle Accelerators

- 18 August 2013 - 29 August 2013, Trondheim, Norway
- 15 September 2003 - 26 September 2003, Zeuthen, Germany

Big thanks to Bernhard Holzer and Phil Bryant who gave
this lecture before me and provided me with their slides!!!
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