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The “minimum take-away”

Accelerators — past-today-future

Beam dynamics

- what formalism to take?
- phase-space, phase-space diagrams
- focusing

Technologies

- magnets
- BI
-RF

“iagﬁﬁﬁg yacuum

%= collider "2trg

More advanced

- Non-linearities
- Collective effects



Where do breakthrough technologies come from?

Many innovations emerge from interplay between curiosity driven research and societal need
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John Womersley, former CEO of STFC (UK) said:

“Particle physics is unreasonable. It makes
unreasonable demands on technology. And when
those technologies, those inventions, those
innovations happen, they spread out into the
economy, and they generate a huge impact.”




Accelerators Installed Worldwide

50000
== Medical Accelerators
45000  —u—industrial Accelerator Total
40000 ~=Discovery Science Accelerators | J
====|on Implantation
35000  =e=E-Beam Material Processing

- |ectron Beam Irradiation

30000

Nondestructive Inspection

25000 Neutron Generators A
Radioisotope Production “

20000 = «g=lon Beam Analysis '

~u—All accelerators
15000 -

10000

Total accelerators installed

5000

.
1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018
Year

Doyle, McDaniel, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B
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Methods of Acceleration in circular accelerators

Electrostatic field limited by insulation, magnetic field doesn't accelerate at all.
Circular machine: DC acceleration impossible since ¢ E - dS = 0

Insulator ~

Vacuum
chamber

(ceramic)

attracted

mp no Acceleration

The electric field is derived from a scalar potential ¢ and a vector potential A
The fime variation of the magnetic field H generates an electric field E

The solution: => time varying electric fields S B .
- Induction fEdS=—Jja—dA
- RF frequency fields t

Introductory CAS, Santa Susanna, Sept/Oct 2024 7
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Relativistic momentump = mv = ymyv = ymyBc

From page before (squared):

2 _ 2.4 _ 2 .4 _ 2042 (1ZBZHBE L 24 202\ 2 4
E% = m*“c v2my2ct = ( Bz)m ( g Ymy“c* = (1 +y*B*)my-c
E

E* = (mgc?)? + (pc)? mmmmm) - = J(moc)? + p?

Or by introducing new units [E]= eV ; [p] =eV/c ; [m] = | E? = m? + p?
eV/c?

1

09r
0.8r

Due to the small rest Sl
mass electrons reach |
already almost the |
speed of light with ol
relatively low kinetic o3

energy, but protons .
0.1+

——electron (E=0.511 MeV)
—proton (E =938 MeV)

§o1 01 1 0 100 1000  10.000
Kinetic Energy [MeV]
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Low Level RF
&

synchronization

RF Power

Injector

Particle
source

pre-buncher,

v

sources

LINAC OVERVIEW

Buncher, RFQ,...

str

Accelerating

uctures

[
!
-
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The overall LINAC has to be
designed to obtain the desired
beam parameters in term of:

-output energy/energy spread
-beam current (charge)

-long. and transverse beam
dimensions/divergence
emittance)
Beam delivery
system t(g'l]SGFS,

( MggnetT Vacuum pumps Diagnostics
qua. rup9 © and gauges systems
solenoids, dipoles)
Magnet Vacuum Dlag'nc.)s.tlc Coollrig aiid
power pumps power acquisition :
: : cryogenics
supplies supplies system

$

1

1

$

Control system

Having, in general,
constraints in term of:

-space
-cost

-power consumption
-available power sources



Acceleration by Induction: The Betatron

It is based on the principle of a transformer:

- primary side: large electromagnet - secondary side: electron beam.

The ramping magnetic field is used to guide particles on a circular trajectory
as well as for acceleration.

Limited by saturation in iron (~300 MeV e-) side view
Used in industry and medicine, as they are V“pci‘;‘;m beam
compact accelerators for electrons il
Extraction |ron YOke COll
<
Bz (core)
| Top beam
B, (orbit)
| view
time
Donald Kerst with the first betatron, invented B; X
at the University of Illinois in 1940

Introductory CAS, Santa Susanna, Sept/Oct 2024



Circular accelerators: Cyclotron

Ion source %
/

g

({

/ /w
i

Used for protons, ions B = constant

W = constant
RF generator, Oy

Synchronism condition

5 = Wpe

-

211 p =V Tge

qB

Cyclotron frequency (@) = —

(o) ] ]]

m, ¥
)
y 1.  yincreases with the energy
Exctraction = no exact synchronism
electrode 2. if v<<c = Y £ 1

Ions trajectory

Introductory CAS, Santa Susanna, Sept/Oct 2024 12


https://phyanim.sciences.univ-nantes.fr/Meca/Charges/cyclotron.php

Cyclotron / Synchrocyclotron

— =
L o =) -
= ] =}
. ey ' |
[ 8 ‘ 3 [y "
) /'.( 3
¥ B
Y s o 0
TG e W g R 2 NGl {
TRIUMF 520 MeV cyclotron Vancouver - Canada RN 600 Me 0 otro

Synchrocyclotron: Same as cyclotron, except a modulation of g

B = constant
Y Opp = constant Wyr decreases with time
Th dition: W (t) — (t) _ q B Allows to go beyond the
e condition: s\t) — WRp\Y) — ]/(t) non-relativistic energies
0

Introductory CAS, Santa Susanna, Sept/Oct 2024 13



Circular accelerators: The Synchrotron

(™) RF generator 1. Constant orbit during acceleration

® RF cavity

2. To keep particles on the closed orbit,
B should increase with time

3.  ® and oy increase with energy

RF frequency can be
multiple of revolution frequency

injection extraction

wRF — h(i)

bending
radius

e

TS =h TRF h integer,

harmonic number:

Synchronism condition wp 27 R —hT number of RF cycles
V ~'RF per revolution

S

h is the maximum number of bunches in the synchrotron.
Normally less bunches due to gaps for kickers, collision constraints,...

Introductory CAS, Santa Susanna, Sept/Oct 2024 14



AG Synchrotron

FODO lattice Identical

combined function
“.—ﬂ-,' AG magnets

Ny
N . ring with 8 identical
- FODO cells:

(Focusing — Drift (=0O) —
» Defocusing — Drift (=0O)

™ © o ring with 12 identical
&, - e o % : .
~ o b g combined function
'I. '_ L FD magnets

Important: due to periodicity, we can choose any position s, to define a periodic
cell (s,—s) and its transfer matrix M(s,s,) = M(s-s,) = M(L)

CAS Intro: Transverse Linear Beam Dynamics W. Hillert 90




Synchrotron radiation overview

» Accelerated charged particles emit electromagnetic

radiation following Maxwell equations s

reon "

» In the case of radially accelerated charges, the Yoo
associated radiation is called synchrotron radiation.

»  This phenomenon occurs in bending magnets and was first observed in
synchrotron facilities, where the beam energy and magnet dipole strengths are
ramped up synchronously 2 hence the name “synchrotron radiation”

» The radiated power is proportional to n7* (m: charged particle mass)
— in practice only relevant for electron machines!

» For electron machines, synchrotron radiation (SR) is boon and bane:
> SR is the main obstacle for circular machines to reach higher energies

- But SR (today) is also the main application of circular electron machines and
thus the primary motivation to build them!

— most of recent design work has gone into optimizing SR for experimental
and industrial use




Undulator radiation

» Undulators are periodic structures of dipole magnets with alternating
polarity. An undulator is defined by the number of bending magnets N
and the period A, (with typical values of few cms).

» The radiation emitted in undulators has higher power and better quality
than the radiation emitted in an individual bending magnet.

» A main advantage: the deflection alternates so that the global electron
trajectory is straight (in contrast to the curved trajectory in bending
magnets) = increase of the radiation flux at the experimental station




Brilliance comparison

How Bright Is the Advanced Light Source?

102 —
1019 > ST D)
ALS Undulator

1018 S

10" —

10" — :

10'8 '

10 |— ALS Bend Magnet K

1013 —

1012 S

1011 b

1010 -

e

Photon brilliance achieved at

X Ray Tube the Advanced Light Source
10— (Berkeley) in comparison with
108 b= - other sources.

Brilliance
Brightness (photons / sec / mm?2 / mrad2/0.1% BW)

— 60-W Light Bulb

108 f— Similar for other synchrotron
Candle

light sources.
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The CERN Accelerator School

lliders

Linear: SLC(SLAC)

Fixed-target vs head-on beam collisions
A B
m

m
Relativistic invariant Em)et = BEY*=(Ep)e®
In the laboratory frame 4m?c* = (Ey + Eg)®—(p4 + pp)*c?
Let E* be the total energy available in the collision
In the center-of-mass frame ~ p* = P, * + pp *= 0
4m2c* = E*?
? = (B4 + Ep)?—(Pa + Pp)*c?

Final Fonu smg

" %\L/)

Fixed-target

Head-on collision

pp = 0; Ep = mc?

E*? = E? — ps2c? + m2c* + 2Eyme?
E*? = 2m2c* + 2E,mc? ~ 2E,;mc?
E* ~ \J2Eymc?

E*=

E + Ep

H.Schmickler, Introductory CA
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LHC <Vs=14TeV L=10**cm™s™
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Options towards higher energies

Hadron (p) circular collider
"~ Increase bending field

SC bend magnet work (FCC-hh

Lepton (e-e+) circular collider r hrease sppled R 10
pton (e-e#) peE YpU < Feces)
,-'"’7 k i {

- by
Increase mass of acc. particle (muon) -~ \ \ /
Increase radius = size (FCC-ge)

Lepton (e-e+) linear collider
P (’ ) p JL(}fhh“‘ Compact , Cost

m[ Effective and
/ (b) New regime Bfuttrasighgradients (plasma,
Increase length (ILC, CLIC) dielechiviaeteratogio 1 L1ty
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High Gradient Options

Metallic accelerating structures =>
100 MV/m < E_..< 1 GV/m

Dielectrict structures, laser or particle driven =>
E... <10 GV/m

%" 3

Plasma accelerator,
E... <100 GV/m

r particle driven =>

Related Issues: Power Sources and Efficiency, Stability, Reliability,
Staging, Synchronization, Rep. Rate and short (fs) bunches with small
(um) spot to match high gradients
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Beam Quality Requirements

»
:

Future accelerators will require also high quality
beams

==> High Luminosity & High Brightness,
== High Energy & Low Energy Spread

-N of particles per pulse
== Il0®

—High TED. rate I =
bunch trains

—Small spot size => low
emittance

transverse momentum. and
angle => low emittance




Phase Space

We are used to describe a particle by its 3D position (x,y,z in carth. Coordinates)
(blue arrows below)

In order to get the dynamics of the system, we need to know the momentum
(px, py, pz); read arrows below

In accelerators we describe a particle state as a 6D phase space point.
Below the projection into a 2 D phase space plot.

The points correspond to the x-position (q,) and the x component of the p-vector (p,).

. \ Phase Space
L p|
f,,.-f‘f { e e o— ° o
I il R 0 ® ° dx

This shows one of the three possible
phase space projections

H.Schmickler, Introductory CAS 2024
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-
m Warning: We often use the term phase space for the 6N dimensional space defined by

X, X' (space, angle), but this the “trace space” of the particles.
At constant energy phase space and trace space have similar physical interpretation

The CERN Accelerator School

Trace space Phase space

Px

dr _dr di_p

o X
X =

ds  dr ds P

&

Px = Mg CYrel BX

An important argument to use the trace space is that in praxis we can measure

angles of particle trajectories, but it is very difficult to measure the momentum of
a particle.



@
m Most important beam parameters A

The CERN Accelerator School

4) beam size ...the most complex part!
Description of beams in trace space:= space — angle coordinate system

x x
Ideal beam laminar beam non-laminar beam
Describe real beam by its surface in trace space:= e X‘r

geometrical emittance

I In a conservative system (energy conservation) Gt
the beam emittance is preserved !! A=tne B

H. Schmickler, June 2024, ME-CAS 27



Liouville’s Theorem (1/2)

1. All particle rotate in phase space with the same angular velocity (in the linear case)
2. All particle advance on their ellipse of constant action
3. All constant action ellipses transform the same way by advancing in

ow_n
S

Physically, a symplectic transfer
Area, A = |e1 x e3 map conserves phase space

- \\ - volumes when the map is applied.
& %
= This is Liouville's theorem, and is a
/ property of charged particles
g moving in electromagnetic fields, in

Area, A’=lei xeb| the absence of radiation.

- Since volumes in phase space are preserved, (1)-(3) means That the whole beam

phase space density distribution transforms the same way as the individual constant
action ellipses of individual particles.

H.Schmickler, CERN 28



Liouville’s Theorem (2/2)

We now define the emittance of a beam as the average action of all particles!

- Since the action ] of a particle is constant and the phase space area A covered
by the action ellipse is A = 2] , we can represent the whole beam in phase
space by an ellipse with a surface = 2w (J) *

- all equations for the propagation of the phase space ellipse apply equally
for the whole beam

Il In case we talk about a single particle, the ellipse we draw is “empty” and any particle
moves from one point to another on the ellipse;
When we consider a beam, the ellipse is full of particles all circulating on their own ellipse!!!

« There are several different definitions of the emittance ¢, also different

normalization factors. This depends on the accelerator type, but the above
definition describes best the physics.
Another often used definition is called RMS emittance
e = const * {(x?)(p?) — (xp)?> or &= const* (x*){x"?) — (xx')?
attention: the first definition describes well the physics, the second describes
what we eventually can measure

H.Schmickler, CERN
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What do we normally measure from the phase-space ellipse?

(x)d

Attention! The standard 2 D image of a
synchrotron light based beam image is
NOT a phase space measurement

7000

6000—

5000

4000

3000

2000

10001—

« At a given location in the
accelerator we can measure
the position of the particles,
normally it is difficult to
measure the angle...so we
measure the projection of the
phase space ellipse onto the
space dimension:

—~>called a profile monitor

Example: /
'SPS.BWS.41677.H_ROT' /

|
16000



4
cm Different Mathematical descriptions...a real pain? A

The CERN Accelerator School

We use differential equations, matrices,maps, tensors, Hamiltonians
- Is there a right or wrong?
- Is it personal likings?
- Depending on the problem to solve (or the phenomenon to describe)
one mathematical tool is more adequate than the other.
- One should be aware of many of them in order to be able to choose the
most adequate one.

In the following slides we will look at the very simple example of the classical spring-
oscillator and describe it with a differential equation, with a matrix formalism and by
using the Hamiltonian equations of motion.

H.Schmickler, Introductory CAS 2024 31



cm Harmonic oscillator (1/3)

The CERN Accelerator School

Solved by using a Differential equation

Starting from: ke
Newton’s Kraftansatz (F=m *a) and
Hook’s law (F = - k * x)

= iy ot i m

FF=m-a4a=-k- or T = —I

As at school we “guess” the solution:
x(t) = Ap - coswt

And we find that with the angular frequency W = —
We have found a description of the motion of -
our system.

H.Schmickler, Introductory CAS 2024 32



cm Harmonic oscillator (2/3)

The CERN Accelerator School

Solved by using a matrix formalism

The general solution to the previous differential equation is a linear
combination of a cosinus- and a sinus-term.
So after an additional differentiation we get:

x(t) = A;-coswt + Ag-sinwt

:;r(t) = —wA, sinwt + wA; - coswt

Furthermore we have to introduce initial conditions x(0) =z and 2(0) = 7, and the classical momentum
p = m-ia; (pop = m-xy) which then yields:

z(t) = Ac-coswt + A, -sinwt

p(t) = —mwA, sinwt + py - coswt

By comparing coefficients we get A, = xg and A; = pg/mw, which finally produces:

Po .

x(t) = xp-coswt + — -sinwt
muw

p(t) = —mwxg-sinwt + pg - coswt

So we can stepwise
develop our solution

(.-—;-(t_)) N ( coswt L sinwt ) _ (-‘ffn) from a starting point

p(1) —mw sin wt coswt Po Xy P
0’ Mo

H.Schmickler, Introductory CAS 2024 33
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m Harmonic oscillator (3/3)

1 2 pZ
H=T+V = -kx“+—=E
2 2m "
Hamiltonian formalism )
Hamiltonian formalism to obtain the equations of motion:
ox . OH p .
— =X = —=—0rp=mx =mv
ot op m £q)
1) . 0H - J—
oP _ p=——= -kx . — ' 2 e
6t 0x § B st iy Y 11 S ,,,,,
T —— e
This brings us back to the differential equation of solution 1: I s 199
F = ma = m¥ =- kx SRR E {0 pkamis)
With the well known “guessed” sinusoidal solution for x(t). Py -
et -1

x (m)

Instead of guessing a solution for x(t) we look at the trajectory of the system in phase space.
In this simple case the Hamiltonian itself is the equation of an ellipse.

H.Schmickler, Introductory CAS 2024 34



Action functional S

Ly
Define action S:= f p dq
t

1

No immediate physical interpretation of S

Much more important:

“Stationary” action principle:=
Nature chooses path from t, to t,
such that the action integral is a
minimum and stationary

- we have a new invariant, which
we can use to study the dynamics

of the system

H.Schmickler, Introductory CAS 2024
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O
cm Outlook on Hamiltonian treatments A

The CERN Accelerator School

0 p(kgm/s)

-1

Increasing t

-03 02 -0.1 0 0.1 2 0.3

x (m)

- Inthe example, the free parameter along the trajectory is time ( we are used to express the space-
coordinate and momentum as a function of time)

- This is fine for a linear one-dimensional pendulum, but it is not an adequate description for transverse
particle motion in an accelerator.
- we will choose “s”, the path length along the particle trajectory as free parameter

- Any linear motion of the particle between two points in phase space can be written as a matrix

transformation: (;C,)(s)= (Ccl Z) (;C,)(SO)

. . . . A 1
- In matrix annotation we define an action “J” as product J:= - (;‘,)(S) (;‘,)(so).
- Jisa motion invariant and describes also an ellipse in phase space. The area of the ellipse is 2/

This somewhat mathematically more complex approach allows us more complex systems.

The focus on motion invariants will give us access to important beam observables (ex: emittance)

H.Schmickler, Introductory CAS 2024 36



(A Why CAS focuses on “Hamiltonian” treatment? 4

The CERN Accelerator School

*  Why not just Newton’s law and Lorentz force?
Newton requires rectangular coordinates and time ; for curved trajectories
one needs to introduce “reaction forces”.

» Several people use Hill’s equation as starting point, but
- always needs an “Ansatz” for a (periodic) solution:

[2-’ 1 [2 .
- : + = — Jeg Sy § * = 0 : : + ki(s)y = 0O
ds- PLs)~ d 5=

No real accelerator is built fully periodically
- Hill’s equation follows directly out of a simplified Hamiltonian description

- no direct way to extend the treatment to non-linearities

* Hamiltonian equations of motion are two systems of first order <->
Lagrangian treatment yields one equation of second order.
* Hamiltonian equations use the canonical variables p and q,

Lagrangian description uses g and 6q/at and t
p, g are independent, the others not.

H.Schmickler, Introductory CAS 2024 37



Cm The practical approach A

The CERN Accelerator School

* From each point in an accelerator we can come to the next point by applying a
map (or in the linear case a matrix).

(Z)(s)=M (5)(s0) Linear case: (J)(s)= (? Z) (Z)(s0)

* The map M must be symplectic €< energy conservation

* The maps can be calculated from the Hamiltonian of the corresponding
accelerator component.

* We “know” the Hamiltonian for some specific accelerator components
(drift, dipole, quadrupole...)

* This way we generate a piecewise description of the accelerator instead of trying
to find a general continuous mathematical solution.

This is ideal for implementation in a computer code.

* It needs some complex mathematical framework to be able to derive the

formalism on how to get symplectic maps from the Hamiltonian.
This is dealt with in more detail in the advanced CAS course.

H.Schmickler, Introductory CAS 2024 38
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'dee, Map for quadru

B Consider the 1D quadrupole Hamiltonian
1 2 2
H = 5(kix® + p°)
B For a quadrupole of length [, the map is written as
6%:(k1x2+p2):
B Jts application to the transverse variables is

O 2\n 2\n
—%:(k1x2—|—p2): _ (_le ) | L(_le )
‘ : n;( (Zn)! TR R

—L:(k12®+p?):,, _ - (—l<:1 lez
=2 (VR
B This finally provides the usual quadrupole matrix

1
e~ 5 (Bt +p%) g cos(v/ ki1L)x + NG sin(v/k1L)p
L 1
e~z e+, =l sin(v/k1L)x + cos(/k1L)p 39

Hamiltonian formalism, CERN Accelerator School, September 2024
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Let’s focus!

H.Schmickler, Introductory CAS 2024 40



Longitudinal Focusing (phase stability): linac

Let's consider a succession of accelerating gaps, operating in the 2m mode,
for which the synchronism condition is fulfilled for a phase ®s.

I is the energy gain in one gap for the particle to reach the
eVS =elsin FS next gap with the same RF phase: P; ,P,, .... are fixed points.

energy 4
gain /Ml ;b early «---—--- >late
P,
For a 2w mode, A S S Py B/
the electric field Ny f Nz\

is the same in all | i
gaps at any given '
time.

If an energy increase is transferred into a velocity increase =»
M, & N, will move towards P, => stable
M, & N, will go away from P, => unstable

(Highly relativistic particles have no significant velocity change)

Introductory CAS, Santa Susanna, Sept/Oct 2024 41



Longitudinal Focusing (phase stability): synchrotron

From the definition of n it is clear that an increase in momentum gives
- below transition (n < 0) a higher revolution frequency
(increase in velocity dominates) while

- above transition (n > 0) a lower revolution frequency (v ~ ¢ and longer path)
where the momentum compaction (generally > O) dominates.

Energy A
Gain

eV

S

Introductory CAS, Santa Susanna, Sept/Oct 2024 42




m Strong transverse focusing (FODO) @‘

The CERN Accelerator School F 0 D Y F sample trajectory

[

=

w /(enve‘ope
! L
cel

In order to calculate numbers one usually defines a FODO cell from the
middle of the first F-quadrupole up to the middle of the last F-quadrupole.
Hence the resulting transfer matrix looks:

M= My (2fo) - Mp(L) - Mo(—fo) - Mp(L) - My(2f,)

[ 1—2L—Jf§ %(L—I—%fo) 0 0 0 O \
el Bf) L—gg 0 0 0 0
0 0 1—2f2 —L(L 2fa) 0 O
0 4](‘70(L-|-2j-“o) 1—2LJ30 0 O
0 0 /’ 0 1 2L
0o 1 )

\ Negative = overall focusing O

THL.OUIITTIIUNITI, “LININ ‘9




The CERN Accelerator School AI

Evolution of the Phase Space Ellipse in a FODO Cell

1 1 1

' 2 D0 0!
1 [2 3 | [4 | [s L e [7
s (S| RS - | (et ST

3 4 ‘ 5

Oy || [ e N Q)‘ -

H.Schmickler, CERN 44



o
cm “Bending” a transfer line to make a synchrotron A

The CERN Accelerator School

The previous example can easily be extended to several consecutive FODO cells. This
describes very well a regular transport line or a linac (in which we have switched off
the cavities).

If we add dipoles into the drift-spaces, the situation for the transverse particle motion
does not change (neglecting the weak focusing part).

So actually with the previous description we also describe a very simple regular
synchrotron.

The phase space ellipse we can compute provided we know the total transfer map
(matrix) M,

I==(3)(s0) (F)(so+0) =3 () (so) Mtot (3)(so )

The phase space plots will look qualitatively the same as in the previous case.

Definition: trajectory (single passage) or closed orbit (multiple passages):

Fix point of the transfer matrix...in our cases so far the “0” centre of all ellipses.

H.Schmickler, CERN 45



cm Putting in a beam

The CERN Accelerator School

We focus on “bunched” beams, i.e. many (10 1) particles bunched
together longitudinally (much more on this in the RF classes).

From the generation of the beams the particles have transversally a
spread in their original position and momentum.

- & Science & Technology REEM ISIS &, o <o
. gt - L%
1S1=310A W@ Facilities Council
4-rms includes 94.2%
L Pepperpot Emittance Extraction
7
-2 w  Emittance profiles
S P e 14 pA §
o 4 i
E - ‘.
> 4 e 3 uA i
1 pA 100,
1-rms beam diameter = 22.4 mm g :
4-rms emittance 1.02 pi-mm-mrad s 5
0 uA i
30 -20 -10 0 10 20 30 3 o
y (mm) 1.
. Pepperpot image spots: hole T
Source: ISODAR (Isotope at rest experiment) positions (blue) and beam spots (red) i

~ 3/110/07 Simon Jolly, Imperial College 9
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4
cm A beam (bunch): Motion of individual particles (1/4) A

The CERN Accelerator School

o

Generate 10000 particle as a Gaussian distribution in x and p,

For illustration mark 3 particle in colours red, magenta and yellow
The average (centre of charge) is indicated as cyan cross

Make some turns (100 turns with 3 degrees phase advance par turn)

H.Schmickler, CERN 47



cm A beam (bunch): Motion of individual particles (2/4) A

The CERN Accelerator School

. . . 6
4 4 N 4
! 2 2 e -
_— — — e ————
A — o — — o —— — —
- " - o M — === — 20 —x— s %0 700
2 @ " b o 2 20 0 0 80 100 N 0 o 0 o 100 2
. “
4 “
- -
s -

turn O turn 10 turn 53 turn 100

E.

5 il i R | 100

ar

Trajectory in x over 100 turns

Individual particles perform betatron oscillations (incoherently!), the whole beam
is “quiet”. No coherent betatron motion.

H.Schmickler, CERN 48



4
cm A beam (bunch): Motion of individual particles (3/4) A

The CERN Accelerator School

* The whole bunch receives (at injection) a transverse kick (additional
momentum q) of 2 units
* Tracing over 100 turns as before

H.Schmickler, CERN 49



go.e

The CERN Accelerator School

A beam (bunch): Motion of individual particles (4/4) A

Turn O

i 4 PR3 =3 R3 d

Turn 10 Turn 53 Turn 100
. g~ -H-\"\-\. e al - -----\-\'\-..l
"~ ___“'“'--_:H“-\ ’fﬁ:"'_—"“-._ S
| e ::H ! e ! e
a0 T e 80 100

The incoherent motion of the particles remains the same, but this time the center
of charge also moves (cyan curve). The beam beforms a betatron oscillation.

H.Schmickler, CERN 50



OO Technologies @

* Magnets

* RF

e BI

* Kickers-Septa-Dumps

* Vacuum

* Power converters

e Control system

o Offline analysis/Al/modeling

51



In most cases we find isolated multipole magnets in
an accelerator...not any arbitrary shapes of magnetic

fields, but classified field types by making reference
to a multipole expansion of magnetic fields:

In the usual notation:

n—1

. , X+7
B_\: £y lB' = Brefz (bn oy lan) R A

n=l1 rq/ 3

bn are “normal multipole coefficients” (LEFT)
and an are “skew multipole coefficients” (RIGHT)
‘ref’ means some reference value

n=1, dipole field
n=2, quadrupole field
n=3, sextupole field

True in the rest of the world,
in the US n=0 dipole....!!!

Images: A. Wolski, https://cds.cern.ch/record/1333874
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o
(A’) Quadrupole Errors (1/2)
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Note that F —kx and F, = ky making horizontal
dynamics totally decoupled from vertical.
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o
(A’) Quadrupole Errors 2/2 il

Error type effect on beam correction(s)
strength Change in focusing, Change excitation current,
“beta-beating” Repair/Replace magnet
Lateral shift Extra dipole kick Excitation of a corrector
dipole magnet
tilt Coupling of the beam Excitation of a additional
motion in the two planes “skewed quadrupoles (45°)
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An offset quadrupole is seen as a centered
quadrupole plus a dipole.




CAS Santa Susanna, 24-Sept-2024, warm magnets, GdR

CERN
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Magnet types, technological view

goe

The CERN Accelerator School

We can also classify magnets based on their technology

electromagnet

permanent magnet

iron dominated

coil dominated

normal conducting
(resistive)

superconducting

static

cycled / ramped
slow pulsed

fast pulsed




What is Radio Frequency (for accelerators)?

vSourc “en. . wiki/Radio_spgctrum
o TU band Frequency and
Band name Abbreviation
number Wavelength
‘ | 3-30MHz
High frequency HF 7
100-10 m
Very high frequency VHF 8 e
LA s 10-1m
: 300-3,000 MHz
Ultra high frequency UHF 9
1-0.1m
: 3-30 GHz
Super high frequency SHF 10
100-10 mm ’
i il 1P
Extremely high f EHF 11 e i— "
ETIEY PR S Eey 10-1 mm Travelling wave cavity, freq = 200 MHz

Total length: 12 & 16 m. (CERN SPS)

Accelerating Cavity, freq = 8(

Ferrite Loaded b A5 e e MHz
CaWty' — ' — AQFpllzcltRuNesPé)CERN

- freq =3 -8 MHz CLIC structure, freq = 12 GHz
(CERN PS Booster)

57
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A simplified RF System

Low-level High power

i

High power RF
waveguide or coaxial
distribution system

High power
RF input coupler

RF field probe )
signal RF cavity resonator

(“pillbox cavity”)

\ metallic beam pipe

Illustration from M. Wendt

Recall: Lorenz force will only accelerate if the E-field is
synchronized with the beam (synchronicity condition).

PS single cell cavity (“pillbox”)

Christine.Vollinger@cern.ch, RF Systems | & |l 58



O
cm Beam Instrumentation and Diagnostics @

The CERN Accelerator School

Main Instrument types
- intercepting the EM field of particles:

beam position monitor: beam position and eam oscillations
beam current transformer:  bunch intensities, bunch length

- Using EM radiation (mostly light) emitted by the beam

Synchrotron light telescope: 2D beam profile
Streaking: bunch length

- Using the interaction of beam particle with the environment

wire scanner: 1 D profile
wire chambers: 2 D profile
beam loss monitors: beam loss

- Derived accelerator quantities: Tune, beta-function, emittance...

H.Schmickler, Intro 2024



Comparison: Stripline and Button BPM (simplified)

Stripline Button
Idea traveling wave electro-static
Requirement | Careful Zg,;, = 50 Q)
matching
Signal quality | Less deformation of Deformation by
bunch signal finite size and
capacitance
Bandwidth Broadband, Highpass,
but minima but f.,; < 1 GHz
Signal Large Small
strength Large longitudinal and | Size <J3cm,
transverse coverage to prevent signal
possible deformation
Mechanics Complex Simple
Installation Inside quadrupole Compact insertion
possible
—>improving accuracy
Directivity YES No

Peter Forck, CAS 2024, Santa Susanna

—>electronics

=
00

FLASH BPM inside quadrupole

From . S. Vilkins, D. Nolle (DESY)

69 Beam measurema®ega® Instrumentation & Diagnostics, Part 1




Jo e

Result from a Synchrotron Light Monitor

Example: Synchrotron radiation facilitv APS accumulator ring and blue wavelength:

500 1000 1500 2000
LI L e

6,=0.165 mm

( SRM

COUNTS (ARB. UNITS) B.X. Yang (ANL) et al. PAC’97

~—~ 800 1

Y (mm)

G,=0.797 mm

synchrotron ‘

600
400 +

200

COUNTS (ARB. UNITS

injection extraction\L

o3

Advantage: Direct measurement of 2-dim distribution, good optics for visible light

Realization: Optics outside of vacuum pipe
Disadvantage: Resolution limited by the diffraction due to finite apertures in the optics.

Peter Forck, CAS 2024, Santa Susanna 61 Beam Instrumentation & Diagnostics, Part 2



Joe

Fast, Flying Wire Scanner

In a synchrotron one wire is scanned though the beam as fast as possible.

Fast pendulum scanner for synchrotrons; sometimes it is called ’flying wire’:

Stepped Vacuum Magnetic Stopper
Barrel Motor
X Axis: Optical position sensor . \ \l/ ) / Resolver
} 0 E i\v\,‘ \ \ " M

Carbon Wire

pCVD Diamand Signal |Digital F.E.)

+  Data Peints
Gauss. Fit:
Sigma 3117.2 um
SSE 0.08528

etector

Amplituda (a.u.)

synchrotron |

From https://twiki.cern.ch/twiki/
bin/viewauth/BWSUpgrade/

injection extraction\L T Y

Peter Forck, CAS 2024, Santa Susanna 62 Beam Instrumentation & Diagnostics, Part 2


https://twiki.cern.ch/twiki/

cm STFT Measurement examples |

The CERN Accelerator School

* Atrace of a transverse tune
signal over several seconds
during the energy ramp of the
CERN SPS proton accelerator.

e

CAS 2024 H.Schmickler

L



0 More advanced Z

superior, leading, senior,
what are other surpassing, elder, higher,
words for older, larger than, superior to,
more advanced? exceptional

Non-linearities... =2
Yesterday was just the beginning!! W Thesaurus.plus

Collective effects... also here there is more to come!!

- Direct space charge tune shift
- Interaction of beam charges with the environment (impedances)

CAS 2024 H.Schmickler 64



A first taste of Non-linear Beam Dynamics, CERN Accelerator School, September/October 2024

Example of a simple storage ring

1y = 0.252 X 27

o)
2P L
5 0
=

Our be

ide to
Ive

etation possible W1thout 201112 thi
== heavy mathematics =
X (mm)

rough

o0

The CERN Accelerator School
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A first taste of Non-linear Beam Dynamics, CERN Accelerator School, September/October 2024

Normal form for sextupole do '@

The CERN Accelerator School

the = 0.28 X 27

10 80

5

0

5
-10 0 - X . :

-10 -5 0 5 10 0 02 04 06 0.8 1
z (mm) Gx [27

Normalforms: one step further in understand phase space plots.

Describing action and phase dependence of the non-linearity o



Dynamic aperture (DA) D

The CERN Accelerator School

The most direct way to evaluate the nonlinear dynamics performance
of a ring is the computation of Dynamic Aperture (short: DA), which
Is the boundary of the stable region in co-ordinate space

B Need a symplectic tracking code to follow particle trajectories (a lot
of initial conditions) for a number of turns until particles start getting
lost - this boundary defines the Dynamic aperture

B Dynamic aperture plots show the maximum initial values of stable
trajectories in x-y coordinate space

Please retain
B0 T

the existence and definiglon of a dynamic aperture

An'n = Q +
N B o -

T
14
50 |
an |

30

¥ (mm)
¥ (mm)
o

20

.

o A 1 | | H i 3
-30 -20 -10 0 10 20 a0 -20

X imm) X imm)

DA simulations for CLIC damping rings 67

A first taste of Non-linear Beam Dynamics, CERN Accelerator School, September/October 2024



A first taste of Non-linear Beam Dynamics, CERN Accelerator School, September/October 2024

Dynamic aperture - LHC D

The CERN Accelerator School

B LHC design was based on a large campaign of systematic DA
simulations (including margin for stability)

a The goal is to allow significant margin in the design — the measured
dynamic aperture is often smaller than the predicted dynamic aperture

DA inferred from measured loss data —

Simulations: IC1=2x1073 w=
IC1=4x10" =

O A few years after LHC started
operating, a measurement of the
DA was performed (kicking the
beam to large amplitudes)

O Very good agreement between
tracking simulations and
measurements in the machine

10 12 14 E.Mclean, PhD thesis, 2014
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Mitigation of direct space charge tune shift cm
\ roCA 1
AQCB y— =
’ n
* Decrease the peak line density by @ Sy

* maximizing the bunch length

* flattening the bunch profile with a specially configured (double harmonic) RF system

* using bunch distributions with small peak density (e.g. parabolic instead of Gaussian)
* reducing the central density of the particle distribution (e.g. “hollow bunches”)

* Increase the beam energy by
e accelerating the beam as quickly as possible
* increasing the injection energy (usually requires an upgrade of the pre-injector)

Energy [MeV] 4.6 T
ey B0 160 400 814 1260 1387 AN ;
25 T T \\/ NG “‘.\ \\/ -
45 —f F—K—
’ \ R - f \ =
\ oy « J \
—_20 1 4.4 AN I \\
8. I - f/"/ ) y II !
> Qi:,-f,‘, NglgomN ] ]
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N4W 27.September 2024 Kevin Li - Collective effects Il - Santa Susanna 69




cm Space Charge: Scaling with energy

The CERN Accelerator School

Example Coulomb field: (a charge moving with constant speed)

y=1 Y>> 1

Recall from
relativity

}‘* In rest frame purely electrostatic forces
v

} In moving frame E transformed and B appears

Electrical field : repulsive force between two charges of equal polarity
Magnetic field: attractive force between two paraIIeI currents

after some work: afl 1 m
F, = 5
27r60ﬁc 2#5060 V2 a

- space charge diminishes with 1/y2 scalmg

— each particle source immediately followed by a linac or RFQ for acceleration

H.Schmickler, CERN 70



o0

The CERN Accelerator School

Space
charge
always
defocusing

necktie

“footprint”
of particles

with space

charge tune
shift.

The effect
dramatically
reduces at
higher
energies

40

M.OUHTTILKIET, CERIN 71



Wake potential for a distribution of particles Q0

The CERN Accelerator School

@ Source, g,

. Witness,
P

We define the wake function as the integrated force on the witness particle
(associated to a change in energy):

* For an extended particle distribution this becomes (superposition of all source terms)
ABy(z) = - Z% G w(Ti, Ty 2 — 2i) — | Wi(21, 20 )Jw (1, 2,2 — 21) dz1d2
i

A 4

Forces become dependent on the particle
distribution function

28. September 2024 Kevin Li - Collective effects Ill - Santa Susanna 72
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