Introduction to particle accelerators

Philippe Lebrun
CERN, Geneva, Switzerland

Third African School of Fundamental Physics and its Applications
Cheikh Anta Diop University, Dakar, Senegal
3-23 August 2014


http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg

Contents

Basic tools and units

Acceleration methods and types of machines
— Electrostatic
— Time-varying fields
— Synchrotron radiation
— Colliders
— Superconductivity


http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg

y Acknowledgements & references

e The presentation follows that of Phil Bryant at the CERN Accelerator School

e | have also used material from Frank Tecker’'s introductory course on RF
and longitudinal dynamics at the CERN Accelerator School

e CERN Accelerator School http://cas.web.cern.ch/cas/

e A few books

— A.W. Chao, K.H. Mess, M. Tigner & F. Zimmermann, Handbook of accelerator
physics & engineering, World Scientific, 2013 (Not a textbook!)

— E.J.N. Wilson, An introduction to particle accelerators, Oxford Univ. Press, 2001

— D.A. Edwards & M.J. Syphers, An introduction to the physics of high-energy
accelerators, Wiley, 1993

— P.J. Bryant & K. Johnsen, The principles of circular accelerators and storage
rings, Cambridge Univ. Press, 1993

— R.W. Hamm & M.E. Hamm, Industrial accelerators and their applications, World
Scientific, 2012



http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg
http://cas.web.cern.ch/cas/

Contents

Basic tools and units
Acceleration rmethods and tyoes of rachines
— Elactrostatic
[rne-varying fields
- Synechrotron radiatiorn
- Colliders

—  Superconductivity

(L
i—


http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg

Accelerated particles

Particle accelerators are machines handling charged particles by
means of electromagnetic fields

Most particle accelerators handle stable particles

— Leptons: electrons, positrons

— Hadrons: protons, antiprotons

— Stable ions

Exceptions: accelerators for unstable particles
— Radioactive ion beam accelerators
— (Future) muon accelerators/colliders
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y Notations

e In the following, since we will deal a lot with electrical £and magnetic B
fields, we decide to use U for the total energy of a particle
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y Mass-energy units

e 1 eV = energy gained by particle carrying electron charge when
accelerated across potential difference of 1V (1 eV = 1.6 E-19 J)

U = mc?

e Since mass and energy are equivalent, rest masses of particles may
also be expressed in eV and their multiples

______ |Flecton _______lProton

Rest mass [kg] 9.11 E-31 1.67 E-27
Rest mass [MeV] 0.511 938
Electrical charge [CDb] 1.6 E-19 1.6 E-19
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y Do we need Relativity?

~/_~

e The motion of a particle is no longer amenable to classical
mechanics when the ratio y of its total mass-energy to its rest mass-
energy gets larger than 1

— Electrons > 0.5 MeV
— Protons > 1 GeV

e This also corresponds to the case when the velocity of the particle
becomes a significant fraction of the velocity of light, i.e. g
approaches 1
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Basic formulae of Special Relativity

Basic formulae p=2= |1- L

c Y2

U m 1
y —_ —_ —_

Ug mo J1-p2
U=mc? = ymyc?

U U

p=mv = C—Z,BC= ,3?— Bymgc

Introducing kinetic energy K

U=K+mgc? = ymyc?
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From classical to relativistic dynamics
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y Do we need Quantum Mechanics? [1/2]

e The de Broglie wavelength A associated with a particle of
momentum p is

h ~15
/1=5 h=~ 41410 eV.s

e For relativistic particles, U = pc
hc
hence A= I hc = 1.24 eV.um

e The de Broglie wavelengths of accelerated particles are very small
compared to the size of accelerator structures

e For most purposes, the particles can therefore be seen as “hard
points” and their motion treated with classical (relativistic) point
mechanics
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Do we need Quantum Mechanics? [2/2]

Quantum behaviour needs however to be considered when looking
at specific effects

Synchrotron radiation: radiation from the beam is not emitted
continuously, but randomly in quanta of discrete energy (photons), thus
disturbing the trajectory of the circulating particles; the cumulative
effect of many such disturbances introduces a quantum “noise” leading
to growth of the beam size

Coherent emission from the beams: free-electron laser (FEL), beam
monitors using coherent optical transition radiation (OTR)

Intra-beam scattering: multiple Coulomb scattering of particles within
the beam leads to growth of the beam size; complete model of IBS
needs application of quantum scattering theory
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irst consequence

H.A. Lorentz

Magnetic force is enhanced w r to electric force by velocity of particle
Typical velocity of particle at high energy v= c~ 3.108m/s

Consider a high electric field of 1 MV/m (note that electrical breakdown in air is
around 3 MV/m)

Consider a moderate magnetic field of 1 T (i.e. half the flux density at saturation in
iron) | x B| ~3.108 V/m = 300 MV/m
The magnetic force is 300 times stronger than the electric force

— Magnets are more efficient than electrostatic devices to act on accelerated particles
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H.A. Lorentz

e Second consequence
— Electrical force is collinear with particle velocity
— Magnetic force is orthogonal to particle velocity

AU =F. VAt = (e E. 7+ e(¥ X B).¥) At
\ )

|
=0
= One cannot accelerate, i.e. increase energy of particle by action of magnetic field
— Magnets are used to bend and focus the particle trajectories
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Circular orbit in a magnetic field

Lorentz force

L dB . L o

F = E=8(E+UXB)

- mv?  ymyv?
In plane normal to B F =evB = —
P P

Hence p = Bp Bp[T.m] ~

L
Example: the LHC magnetic rigidity

— Nominal bending field 8.3 T
— Bending radius 2804 m

— Nominal momentum = 0.3 x 8.3 x 2804 = 7000 GeV/c

H.A. Lorentz

plGeV/c]

0.3
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y Contents
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e Acceleration methods and types of machines
— Electrostatic
— Time-varying fields
— Synchrotron radiation
— Colliders
— Superconductivity
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y Methods of acceleration

e \We have seen that acceleration needs electric field
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y Methods of acceleration

e \We have seen that acceleration needs electric field
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y Electrostatic accelerators: Cockroft & Walton

i~

lon source

IV+V sinwt

V4V sin wt

J.D. Cockroft E.T.S. Walton

e Voltage multiplication by AC to DC
conversion along the ladder

e Theoretical maximum voltage
Ve = 2 N V¢
N number of stages

e 1In 1932, C&W (Nobel prize 1951)
first split the lithium atom with
protons from their up-to-600 keV
accelerator
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y Electrostatic accelerators: Van de Graaf

collecting
comb

conveyor [%

belt

R.J. Van de Graaf

= 7 MV Van de Graaf at MIT
: (1933)

e Electric charges are transported mechanically on an insulating belt
e Stable, continuous beams
e Practical limit 10-15 MV
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y Tandem Van de Graaf

e The DC electric field derives from a potential, therefore the voltage can
only be used once for acceleration of a given particle

e The tandem Van de Graaf allows to use the voltage twice, by reverting
the charge of the accelerated particle in the center (stripping)

Target Pressure High- voftage Nesative
tank terminal jon Source
+
+
‘+ /
: /
T I T T I F F = === -
Ann{ysins Anm’ysin&

magnet and
collimator

magn et and
collimator

Str;ppinig Ch\arginj belt
foil or gas e T N
2 X 15 MV tandem Van de Graaf at BNL
To raise electrical breakdown limits, the machine is
contained in a Sk tank under pressure
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Methods of acceleration

We have seen that acceleration needs electric field

.
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y Widerge’s “ray transformer”

R. Widerge

e The beam acts as secondary winding of a transformer
e Conceptual design by R. Widerge, PhD student in 1923
e Unsuccessful attempt to build model machine in 1927
e Reinvented as “betatron” by D. Kerst in 1940
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y Betatron

i~
side view
vacuum
pipe | beam
il
beam

top
view

Donald Kerst with the first betatron, built at
University of Illinois in 1940

e Compact, robust accelerator insensitive to relativistic effects, well adapted
for electrons up to ~300 MeV

e Used in industry and medicine
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Methods of acceleration

We have seen that acceleration needs electric field
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)/ Ising’s RF linear accelerator

Prinzip einer Methode zur Herstellung von
Kanalstralilen holier Voltzahl,

Yon
GUSTAF ISING.

Mit 2 Fignren im Texte.

Mitgeteilt am 12, Marz 1924 durch C. W. OsgEx und M. Sizenagx.
K

!
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e Electrostatic accelerators are limited in voltage by
— electrical breakdown = to go higher, use time-varying fields (RF)
— flux conservation of electrical field, entailing single-pass acceleration in DC

e In 1924, Ising proposes time-varying fields across drift tubes: the particles
can then reach energies above that given by highest voltage in the system

e [In 1928, Widerge builds first demonstration linac using Ising’s principle
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Alvarez linac
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L. Alvarez

! Trr %
e Synchronism condition =—pvp— =
’ 2 " 2far

e Acceleration occurs in the gaps between the drift tubes

e First practical linac (200 MHz, 32 MeV) built by L. Alvarez at Berkeley in 1946
e As particle velocity increases, the drift tubes get longer = lost length

e This can be contained by increasing f,. = increased power loss

e To limit power loss, enclose the system into a resonant cavity


http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg

y RF cavities
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e To limit power loss, the electromagnetic fields are enclosed in a cavity with
resonant frequency matching that of the RF generator: “pillbox” cavity

e The electromagnetic power is now constrained to the resonant volume
e However, Joule losses occur in the cavity wall

— Use low-resistance materials (copper) or superconductors
— Water cooling

e Local design features

— Rounded shape to optimize field distribution and reduce losses
— Avoid sharp edges to limit electron emission
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e “Folded-in” linac: the electrodes are the “dees” immersed in magnetic field
e Orbits are spirals as particles gain energy at each gap crossing

e Constant magnetic field means constant frequency at y = 1, no exact
synchronism for relativistic particles
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y High-energy cyclotrons

TRIUMF 520 MeV proton cyclotron Poles of the 600 MeV ion superconducting cyclotron
(Vancouver, Canada) (Catania, Italy)

e Cyclotrons face two types of limitation at higher energy
— Loss of isochronism in the relativistic regime
— Large size of the magnet
e Possible solutions to overcome these limitations
— Synchro-cyclotrons
— Shaping of the magnet poles (sectored magnet) = isochronism and focussing
— Superconducting magnets = higher field = higher energy at given radius
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Y Synchrotron

RF cavity <—

"

S =]

RF M. Oliphant E. McMillan V. Veksler
generator

In 1943, M. Oliphant proposed the concept of synchrotron, developed by E.
McMillan and V. Veksler who solved the issue of “phase stability” (see later)
Constant orbit during acceleration: to keep particles on closed orbit, B must
Increase in time

Revolution frequency must increase during acceleration (non-relativistic)
2mp 1
_— T = -

v f

RF frequency is a multiple of revolution frequency frr = hf
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y Notion of phase stability

~/_~

RF field

eVif - - Af---------- - - '

e |In certain range, acceleration by RF field results in early arrival of particle at
next turn: for stability, this particle should undergo less acceleration

e Operating point P2 is unstable
— Late particle N2 sees lower acceleration and gets even later
— Early particle M2 sees higher acceleration and gets even earlier

e Operating point P1 is stable
= Lectures on Beam dynamics
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Notion of transverse focussing

- Particle 2
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e Consider a particle of momentum p in a circular accelerator, with a

deviation x = p — py with respect to the equilibrium orbit, of radius p
e The quantity Bp is an invariant Bp = Bypg = P

e
e Focussing can be obtained by increasing the field seen by the particle, i.e.
introducing a field gradient dB /dx
e The field gradient can be obtained by shaping the pole pieces of the
magnets, as well as by the natural divergence of field lines at their edges

= Lectures on Beam dynamics
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Increasing the strength of the field gradient can be achieved by using
guadrupole magnets

However, the constant field in the current-free region of the magnet
aperture satisfies ¥V X B = 0, implying d0B,/0x = 0B, /0z : focussing in
one plane, defocussing in the other

In 1952, E. Courant and H. Snyder propose alternating-gradient strong

focussing: a string of alternately focussing and defocussing quadrupoles of
equal or similar gradient is globally focussing

All modern synchrotrons are strong-focussed
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y Combined-function magnets

 The gap, and hence the magnetic field, vary
across the horizontal aperture

|
|
|
X
j,t’\_ - e This superimposes a gradient (quadrupole
I
|
|

X term) onto the bending (dipole) field

Combined-function yoke blocks Magnets installed in the PS tunnel:
for the CERN PS magnets note the arrangement to produce
alternating-gradient focussing
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y Synchrotron radiation

Synchrotron radiation from the
GE 70 MeV synchrotron (1947)
e Accelerated charges emit electromagnetic radiation

e In particular, a charge subject to centripetal acceleration due to motion
across a magnetic field emits “synchrotron” radiation

e For a fast moving charge in the laboratory frame, the radiation is emitted
tangent to the trajectory, over a narrow cone of half-aperture 1/y

e First observed at the 70 MeV synchrotron of the GE Research Labs in 1947
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Synchrotron radiation [2/2]

cCy, U*
Instantaneous power P=—=
2w p
. 4T T
with C,, = —-—5— for electrons
3 (mc*)
U4-
Energy loss per turn (constant B) Wiwrn = Cy?
From a bending magnet, emission in a continuous spectrum, the median of
T M (11 o B ” 3 3
which is the “critical photon energy Ec = Ehc%
1.000 = 1333 x1/3
S(w/oy) 3 '
0‘100_2
Normalized frequency spectrum -
0.010 5
0.001
0.0001  0.001 0.01 0.1 1 X=o/og

= Lectures on Synchrotron light
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Head-on collision U= Uy+ Ug
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Particle colliders [1/2]

AdA at Frascati ISR at CERN TeVatron at Fermilab

e 1943, R. Widerge patents the concept of colliding beams in storage rings

e 1961, the first electron-positron storage ring AdA is built in Frascati

e 1971, CERN starts operating the ISR, first proton-proton collider

e 1982, the CERN SPS is converted into a proton-antiproton collidre

e 1987, the TeVatron at Fermilab is converted into a proton-antiproton collider

e 1987, the SSC, a 40 TeV proton-proton collider, is approved for construction in the USA.
The project was subsequently cancelled in 1993.
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y Particle colliders [2/2]

’ l‘?‘;;.«- N "'u-':- 5«1 L,
LEP at CERN HERA at DESY LHC at CERN

e 1989, CERN starts operating the 26.7 km, high-energy electron-positron collider

e 1989, SLAC starts operating the SLC, first linear collider converted from the linac

e 1991, HERA at DESY becomes the first proton-electron collider

e 1999, RHIC at BNL becomes the first heavy-ion collider

e 2008, CERN starts operation of the LHC, 14 TeV proton-proton collider

e 2012, design studies are published for electron-positron linear colliders, ILC and CLIC

e 2014, CERN launches design study for Future Circular Colliders (100 km
circumference)
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y Luminosity

The performance of a collider is characterized not only by the collision
energy, but also by the luminosity, which is a measure of the event rate

For colliding beams, the luminosity is defined as the ratio of the event rate
N for a given interaction to the cross-section £ of that interaction
N :
L= < expressed in cm=2.st
For head-on collisions of bunches of N particles at frequency f,,;

[ = szcol _ Nznfrev

4T OOy 4T OOy

with: fcot = Nfrey » n number of bunches

g, and g, measure of beam size at collision
For round beams, introducing emittance € and beta function f* at collision
Nznfrev
4mef*
For higher luminosity
* increase bunch population

* increase collision frequency = number of bunches
* reduce f* = “low-beta” insertions
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«Livingston diagram» shows

e sustained exponential
development for more than
70 years

e progress achieved through
repeated jumps from
saturating to emerging
technologies

e all high-energy machines
since the 1970s are colliders

The history of accelerators
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y Superconductivity

e Superconductivity, entailing nil (DC) or low (AC) electrical resistance, has
become a key technology for high-energy particle accelerators

— Allowing to design high-field, high current density magnets operating above the
saturation of iron,

— Allowing to build high-field, low-loss RF cavities (low wall resistance)
— Reducing overall electrical consumption of the machines

J, [A/mm?] e The superconducting state only occurs in a

' limited domain of (low) temperature, magnetic
field and current density, limited by the
«critical surface» of the material

100,000 &

e Superconducting magnets produce high field
with high current density

A\ | '\‘ e .-_. y’
10,000 K] |\ A7 S
Ell ST/ s

e The working point must remain below the
«critical surface» of the superconductor

| f \\ >
1,000\ [ K \

100¢

e Operating at lower temperature increases
the working range in the magnet design plane

(Je:B)
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Engineering Critical Current Density (A/mm?, 4.2 K)

Superconductivity to produce high magnetic fields
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e Superconducting magnets

e In a superconducting magnet, the field is given by the current distribution
in the windings (Biot & Savart’s law).

« When present, the iron only acts as a flux return yoke
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e Normal conducting (copper)

— Power dissipation per unit length

— Total power dissipation
e Superconducting

— Total power (refrigeration)
-> jndependent of magnetic field

y Magnet power consumption

P/L ~ pCujB
P~ pcyjBp ~ pcy jBD

P~L~p

Normal Superconducting
conducting (LHO)
Magnetic field 18T 83T

(limited by iron
saturation)

(limited by critical
surface of Nb-Ti)

Field geometry

Defined by pole
pieces

Defined by windings

from grid

Current density in |10 A/mm? 400 A/mm?
windings

Electromagnetic 20 KN/m 3400 kN/m
forcess

Electrical power 10 kW/m 2 kW/m
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_)/ Superconductivity to reduce power consumption
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y Superconductivity: RF cavities

9-cell, 1.3 GHz Nb prototype cavity for the ILC
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y RF cavity power consumption

N/

e Power dissipation in RF cavity
— Power per unit length P/L ~R,E?/w
— Q factor of resonator Q ~1/R;
-> to reduce power dissipation, need high Q at high field
-> superconductivity allows very high Q values

-> the power Is however dissipated at low temperature: the electrical consumption
must take into account the efficiency of cryogenic refrigeration

SC cavities Nb at 1.5 GHz Typical Q values for cavities at 500 MHz, 1 MV/m
10" —
e Cavity Normal Superconducting
) « ACSS conducting
| [ (Copper)
Q) 10°} " '“%:E,, o Acs Q 4. 10* 4. 10°
.ﬁ. E&
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La recherche est le démiurge qui remodele sans cesse la face du monde.
Elle pourvoit en techniques nouvelles le champ de la pratique quotidienne.
Elle augmente I'emprise de I'homme sur la nature et fait de lui un agent
actif de transformation du monde.

Cheikh Anta Diop

Perspectives de la Recherche Scientifique en Afrique (1974)
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