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Introduction to Particle Accelerators

dPre-requisites: classical mechanics & electromagnetism + matrix algebra
at the undergraduate level.

dNo specific knowledge of accelerators assumed.

dObjectives
— Provide motivations for developing and building particle accelerators
— Describe the basic building blocks of a particle accelerator

— Describe the basic concepts and tools needed to understand how the
vacuum system affects accelerator performance.

Caveat: | will focus the discussion/examples on one type of accelerator, but
most of the discussion can be translated into other accelerator models.
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Outlook

e \Why Particle Accelerators ?
— Why Synchrotron Light Sources ?

e Storage Ring Light Sources: accelerator building blocks

® Basic Beam Dynamics in Storage Rings.

— Transverse dynamics: twiss parameters, betatron functions and tunes,
chromaticity.

— Longitudinal dynamics: RF acceleration, synchrotron tune
— Synchrotron light emission, radiation damping and emittance

e How vacuum affects accelerator performance.
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What is Synchrotron Light ?
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Centripetal A
Acceleration

Properties:
Wide band
High intensity/Brightness

Polarization

Time structure
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Why Synchrotron Light ?

A.Malachias et ak, 3D Composition of Epitaxial Nanocrystals by Anomalous X-Ray
Diffraction, PRL 99, 17 (2003)
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Building Blocks of a SR based Light Source
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Insertion Devices

Periodic arrays of magnets cause the
beam to “undulate”

www.lightsources.org
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Undulator
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Electron Sources
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Injector Systems

Linear Accelerator

MAX IV Full Energy Injector LINAC Brazil
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Storage Ring Subsystems
Accumulate and maintain particles circulating stably for many turns

e Magnet System : Guiding and Focussing
— DC
— Pulsed

e Radio-Frequency System: Replace lost energy
e Diagnostic and Control System: Measure properties, feedback if necessary

e Vacuum System: Prevent losses and quality degradation
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The magnet Lattice
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The Radio-Frequency System

100 MHz Copper Cavities Solid State UHF Amplifiers
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The Vacuum System

Welded

Picture Eshrag Al-dmour
bellows

Chamber
body

Cooling for
corrector area

Welded
bellows

NEG coating : distributed pumping
Distributed
i i Copper chamber:

) \ high thermal conductivity

.
{ o | _ allows distributed cooling
A Cooling for ) ) o
~ corrector area high electrical conductivity

reduces impedance
SS for fast correctors

June 2017 CERN Accelerator School — Vacuum for Accelerators MAXAN



Optical Diagnostics  D1agnostics and Controls
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® Basic Beam Dynamics in Storage Rings.

— Transverse dynamics: twiss parameters, betatron functions and tunes,

chromaticity.

— Longitudinal dynamics: RF acceleration, synchrotron tune
— Synchrotron light emission, radiation damping and emittance
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Storage Ring Beam Dynamics

B Goals:

B To determine necessary conditions for the beam to circulate stably for many turns, while
optimizing photon beam parameters — larger intensity and brilliance.

BWe want to study motion close to an ideal or reference orbit: Only small deviations w.r.t this
reference are considered.

mUnderstand the behaviour of a system composed of a large number (~ 10'° particles) of
non-linear coupled oscillators governed by both classical and quantum effects.

A

Coordinate system
(x,0,2)
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Symmetry conditions for the Field

B,(x,0,z) = B,(x,0,-z)
B,(x,0,z) =-B,(x,0,-z)
By(x,0,2) =0

1 3

B,(x,0,z) =B, -g X

B,(X,0,z) =-gz

B Only transverse
components (no edge
effects)

B Only vertical
component on the
symmetry plane

First order expansion for the
field close to the design orbit
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Equations of Motion

—

F=—eVxB
dv . Lorentz Force
ym o =—e,vXxB
r(t)=ru +zu.
v(t) =i +r@i, +zii.
dv

= - r> )i, + (210 +rO)i, + .

VxB=rOBii +(2B —rB.)i,—rOB.i.
= ré’(BO —gx)u, +(—zgz—r(B, —gx))u, + rOezii
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Paraxial Approximation

r=p+x
B Azimuthal velocity >> transverse velocity ¥ << 0
B Small deviations B
EIndependent variable t => s P=Dt Ap
Ap << p,
1 Ap K= €8
4 2 —
x"(s)+|1/ p(s)? = K (s) Je(s) = >
L P
P
z"(s)+ K(s)z(s)=0 p=-—2
. . eOBO
K(s) periodic
Oscillatory (stable) solutions s =0p
MAXTNV
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How to guarantee stability ?

Weak focussing

Azimuthally symmetric machine: y'(s)+Ky(s) = 0 Oscillatory requires K>0

1
K =——K>
* p2 0 > 0< K < Lz
o,

K =K>0

: S
Combined function \
magnets I 0 © g™

N
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Weak Focusing Limitations

B Magnet apertures scale with machine energy and become
Impractical

SOLUTION

Alternating Gradient
Courant/Snyder

Eliminate azimuthal symmetry and
alternate field gradients of opposite signs
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On-Energy - General Solution

A
X(S) — xO C(S) —+ x(')S(S) On-energy particles i =0
Po
C0)=1  S(0)=0
C'(O) -0 S'(O) —1 Particular solutions
x)] (C(s) S(s)| x
x')  \C'(s) S'(s)\x')  Matrix Solution
N N Combinipg glementg means
[ ’] _ M(S)( ,j multiplying matrices
X S X 0
MAX TV
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Transfer Matrices - Examples

x"(s)=0

C(s)=1
Field-Free Straight section

S(s)=s

ol

x(L) = xog + xoL
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Transfer Matrices - Examples

Focussing Quad x"(s) T KX(S) =0
C(s) = cos(\/fs)
S(s) = ——sin(+/Ks)

JK
/ cos(\/f L) L sin(\/f L)\
M = VK
\— VK sinWKL)  cos(vKL) )

Thin Lens M[ 1 ] 1

Approximation KL — 7
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Stability Analysis — Periodic Systems

period

. . , X X
Stability =» matrix elements remain — M N
bounded x' x'
N 0

Transfer Matrix for a full a b
M(s) = ( dj
C

June 2017 CERN Accelerator School — Vacuum for Accelerators @~ Lasora TORY



Alternating Gradient: Stability

F D F
L/2
1 0 i LY1 O i L 1 0
M=_ 1 2L 2L
21 ho 1)\ f 0 1)\ 2f
( 2 )
_8L2 L1+LJ
A - / 4f
L (l_ij 5
40 A4S 8%
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Stability Analysis

=cos(u)I +sin(u)J

cos(u)=1- Ve

TR (PR PE
sm(,u)—zf\/(l 4f][1+4f]

p=2f

Stable if n real
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[ =

M?* =cos(2u)I +sin(2u)J
M" =cos(nu)l +sin(nu)J

L2

1—
8 f*
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Off-Energy Particles

Non-homogenuous

term
D"(s)+ |1/ p(s)’ = K(s)|D(s) %A—p —

Po

D(s) can be obtained from the solution to the homogeneous egs.

D(s) = )

C(s) S(s) D(s)
= (C’(s) S'(s) D’(S))
0 0 1

Matrix Solution <ff_p> = M(s) <Ap>

Po Ez
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Example: Sector Dipole Magnet

gumm—

S

C(s) = cos|—
k() =0_ (

S

p(s) = po S(s) = posin (—)

Po

—

C(s) S(s) D(s) 1 s
M = (C’(S) S,(S) D,(S) 0

0 0 1
N

po) - D(s) = py {1 — COS (i)}

SZ

2P0
S

Po
1

Po

/

Small bending angle
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General pseudo-harmonic solution
{ x"(s)+[1/ p(s)* = K(s)}x(s) = %A_P

0

z"(s)+ K(s5)z(s)=0

Pseudo-harmonic solution ~ X () = \/ @CO s(¢(s)—¢,) A_p

T

Betatron Dispersion
Betatron Phase Advance (S ) J Function Function
B e
B 7 B ¢(L) Periodic
Betatron Tune Q — —
2 21

1 1
Equation for Betatron —IB(S),B”(S) — —,8,2 (S) + IBZ(S)K(S) =1
Function ? 4

MAXTV
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Twiss Parameters
B(s)
a(s) = — 1,8’(5) FiguIiE.Willson, CAS 2003
2 -

-1+ a?(s) R ™~
A 16 38 :

-aye/p

Ve/P

Courant Snyder Invariant L o

g = y()x2(s) + 2a(s)x(s)x'(s) + B(s)x"%(s)

These are properties of the ring, defined by how the focussing is distributed along the
accelerator and give us a conveniente way to describe any trajectory (in linear

approximation)
MAX TV
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Twiss Parameters and Beam sizes

Equilibrium beam parameters: Emittance, Energy Spread Ex; Ey; 0-6

0x(5) = V€xB(5) + a521(5)?

0,1 (5) = v/ €xyx(s) + 051" (5)?

o, (s) = Jeyﬁy(s>

7(8) = Jeyry(s)
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Twiss Parameters and Perturbations

O Localized dipole error (8) — perturbation of the closed orbit (periodic solution)

\/,3(5),3090(305(4)(5) — Q)

Axc.o.(s) - ZSin(T[Q)

O Localized quadrupole error (AK) — perturbation of the tune and beta function

% = Po cos(2mQ)AK

I 2 sin(2mQ)
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Perturbations

Some fregs. (tunes) must be avoided to prevent resonances.

MQx+nQy=p

m,n,p integer

o y -
n . L // ’
r . . s s
- , ’
/S 3 ¢
' -
/ )

Resonance Diagram for

L

o

Qx

41.9 42.0 42.1 42.2 42.3 42.4 42.5 the MAX IV 3 GeV Ring

MAXTV
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Twiss Parameters MAX IV 3 GeV Ring

y [m]

QDend - )F F F )F - QDend
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s [m]

MAXTV
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Non-linear perturbations
B_(x)=Sx"

Chromaticity: quad
strength varies with
energy.

aberration with sextupoles

Photo LNLS

A 4

A sextupole produces
a position dependent

@ O ’—\ ’\ focussing
Sextupoles are non-

Q = @ liear elements and
N introduce perturbations
MAXTV
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Non-Linear Perturbations and Dynamic Aperture

June 2017

y [mm]

| 1 L |
|deal machine, 6=0.0% =
Machine with errors, 6=0:0%  x
Vacuum Chamber ................
Physical Apertiure -------
Required Aperture

MAX IV DDR, 2010
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Longitudinal Dynamics: Phase Stability

Synchrotron Oscillations

Particles with different energies have different
revolution periods

Vrf

U0 -f--—-----

MAX IV 100 MHz RF Cavity

For small amplitudes: simple harmonic motion
Larger amplitudes: non-linearities (like a pendulum)

oo 2
T+w.7=0

June 2017 CERN Accelerator School — Vacuum for Accelerators



Brief Recap — Beam Dynamics

14 1 A
¥"(5)+ 1/ p(s)? = K () e(s) = — 2
Transverse Plane: P Py

Z"(s)+ K(s)z(s)=0

Longitudinal Plane: 7+ w7 =0

&®The beam is a collection of many 3D — oscillators.

&®If parameters are properly chosen (magnet lattice, RF system), stable
oscillations are realized in all planes.

@®Non-linearities cause distortions that may reduce the available stable area
In phase space: reduction of the dynamic aperture.

Linear Oscillations — Twiss Parameters
8Q,L(s), a(s),y(s)
@®Are a property of the lattice (the whole accelerator).

&®Provide a convenient way to summarize all about the linear behaviour of the
accelerator: trajectories, sizes, sensitivity to errors AMAX N
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e How vacuum affects accelerator performance.
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How Vacuum Systems affect SR Performance

Quantity Quality

Coherent o
limits max. current

WELGEIES bunch dimensions

lifetime

tune shifts emittance
growth

transverse stability

lon Trapping

Incoheren ifeti
coherent lifetime : need to

Scattering top-up more often

Elastic/Inelastic

June 2017 CERN Accelerator School — Vacuum for Accelerators MAXAN



E I a Stic Scatte ri ng Illustration from http://hyperphysics.phy-astr.gsu.edu

Rutherford Scattering cross-section

dUel N <Z€2>2 1
do  \2 4
pe sin (g)

Particles are lost if scattered by angles larger than:

# electrons Ga§
\ density
22 Aperture limitation N
( /,3) “" around the whole ring 1 1dN _ doe
min T TN gy n d{)
Omax = By Tel N dt Omax
T Beta function where
the collision occured
Watch out for:
Assuming Nitrogen * low energy
o 10.25E[GeV]?e4[mmmrad]  small apertures
Tei[Ar] = (BY(m)P[ntorr] * high pressure at high beta locations
 Highz
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Inelastic Scattering (bremsstrahlung)

Ey
* Particle lose energy through radiation emission in collision with :N\‘
nuclei and electrons. R N
* If energy loss is larger than acceptance, particle is lost ﬂ/.F/J
dogs adZ?r? (14 £ £\ 2 183\ 1 £ ®
A -8y (&) () + 2 (-2 \
de € 3 E E 73 9 E )
. . ¢ oF,
Particles are lost if they lose energy larger than the acceptance: €acc &/
2

llustration https://de.wikipedia.org

1 1dN j” daBSdQ_ 42224(1 (E) 5)1 183 +1<1 (E) 1)
s Nt ', a3 T T ) T e

Watch out for high Z

Weak dependence on energy and
energy acceptance
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lon Trapping

* circulating electrons collide with residual gas molecules
producing positive ions that can be captured (trapped) by
the beam

 Reduces beam lifetime : increased local pressure.
Tune —shifts, Tune spreads

Emittance Growth

Coherent Collective instabilities (multi-bunch)

This had some nearly catastrophic effects on some early low energy injection machines
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Lifetime contributions at the MAX IV 3 GeV Ring

Tau, =36h or  I*Tauy, = 2.5 Ah Slide courtesy Ake Andersson
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A,=2.2 mm.mrad (less than physical: A ~ 4 mm.mrad,
but larger than future ID-chambers: A, ~ 1 mm.mrad)

=> Tau,,=60h or [*Tau,,=4.2 Ah
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Vertical scraper distance from beam center, dscr [mm]

Vertcal Scraper Measurements
by Jens Sundberg

= Tau,,=90h or [*Taug, =6.2 Ah
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Transverse collective instabilities driven by ions

Increased stability by adding a gap

, Transverse beam blow up due to ion trapping
to the bunch train

1 lon Cleraring ON lon Cleraring OFF

— 10 times 11 fill
——  Uniform fill

10

Amplitude/arb.
o

LNLS 1.37 GeV electron storage rig

| —— R.H.A Farias et at at: Optical Beam Diagnostics for
compsapindmess the LNLS Synchrotron Light Source,EPAC98, p.2238.

2016/07/06: MAX IV 3 GeV Ring
Early commissioning
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Thank you for your attention
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B References
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B H. Wiedemann, Particle Accelerator Physics | and
Il, Springer Verlag.

BM.Sands, The Physics of Electron Storage Rings

B D.A.Edwards and M.J.Syphers, An Introduction to
the Physics of High Energy Accelerators, Wiley

B CAS — CERN Accelerator Schools (Basic and
Advanced)
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Back up slides
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Why Synchrotron Light

THE ELECTROMAGNETIC SPECTRUM

Wavelength 100 107 10 1 10" 1w? 1w 1wt 1w* 1wt 1w’ 1w0* 1w0* 10’ 1w 10

(In meters) T T T T T T T T T T T T T
longer o - y \ shorter
Size of a /e 4 This Pariod ® | (4 &
wavelength ﬁ;.:: Basibat Cel SN Protein  Water Molecule

Howuse
Gron e 3 - —
name of wave RADIO SWAVES INFRARED ULTRAVIOLET “HARD'™ X RAYS

<
A
=
MICROWAVES - YSOFT™ X RAYS GAMMA RAYS
Sources Q ‘ é _f : ‘k
FMRadio  Microwave Rada .
" Oven ' Light Bulls The ALS Rohey paosctive
Pecgpde Machines
Frequency
(waves per 1 1 1 l 1 | |
SQ(OM) ]06 'Of ]08 ]09 ‘oll) lon ol) oll 0‘4 0‘5 lolb lo|7 lola 10‘9 lo)l)
-—
Energy of lower higher
1 1 1 1 1 1 1 1 1 1 1

one photon
(electronwolts) 107 10% 107 0% 10° 10t 10 07 107 1 100 10? 0d 10t 0P 108

Image: Lawrence Berkely Lab
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Lattice Design for Low Emittance Rings

General Problem Statement — Scaling Laws

H
_C Vz <E> )2 2
0=Ca7 < T > H(s) = B(s)n""(s) + 2a(s)B(s) + y(s)n“(s)
02
§ 2N (1 + 202Dk (s)
Jx=1-D D= ¢ ds
p2(s)
7/ <H>dzp ; -
=C, 7o Isomagnetic
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Defining the Basic Parameters of a SR
based Light Source

Photon energy range +
Insertion device Technology +
Top-up Injection

p

2
B,[Tesla] = 3.694 exp[— 5.068/1é +1 .52(5} ]

Diameter ‘

Emittance (brightness) requirements

=C F
7124157,

CERN Accelerator School
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Electrostatic SR

Stores 25 keV ions.
S.Moller, EPAC98

neutrals

\

DEH QEV QEH

exp RF  scraper

DEV scraper cup viewer BPM

== N I g

Z | T Emmme—— W8

injected beam ' J[

1m
Figure 1: Layout of the ELISA storage ring. The abbreviations are explained i

Figure 3: Picture of the ELISA sorage ring.

MAXTV
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Beam Guiding

Why magnetic fields ?

Lorentz Force  F=—¢ (E+VxB)

at 3.0 GeV,
B=10T
E =500 MV/m Il

June 2017 CERN Accelerator School — Vacuum for Accelerators
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Transverse Beam Dynamics

B Zeroth order: guide fields (dipoles)

B First order : Focusing — linear oscillations
(quadrupoles). Alternating Gradient.

B Second order: Chromatic Aberrations and
corrections (sextupoles)

B Effects of perturbations, non-linearities
Dynamic Aperture.
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Damping/Excitation of
Longitudinal Oscillations

& Photon emission depends on particle energy (larger energy, more
emission). This adds a dissipative term to the eqgs. of motion.

& However, emission happens in the form of discrete events (photons). At
each emission, there is a sudden change in particle energy (but no sudden
change in particle position.

& Both effects together lead to an equilibrium state that defines the bunch
dimensions in longitudinal phase space

Energy spread Bunch length

Depends on lattice apaxv
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Damping/Excitation of
Transverse Oscillations Oscillations

& Discrete photon emission changes momentum along the direction of
propagation If this happens in a dispersive region of the magnet lattice, a
transverse (betatron) oscillation will be excited.

& Momentum is regained at the RF cavity only along the longitudinal direction.
This causes a reduction of the particle angles (damping).

& Both effects together lead to an equilibrium state that define the transverse
beam dimension and angular spread, i.e., the emittance.
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The Challenge of High Brightness Source Source
Design: a beam dynamics perspective
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