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What is a particle accelerator?

A particle accelerator is a machine that uses electromagnetic fields to accelerate

charged particles (electrons, positrons, protons, ions) to very high speeds and energies.
Anode

The cathode ray tube of any (old) TV or
computer monitor is really a particle Control Grid
accelerator. \

Deflecting coils

Accelerators can be either giant or tiny, but LozzzEE T

all have similarities and generally the same . o

subsystems. A giant accelerator, such as [/ | Fluorescent screen
CERN LHC circular accelerator and a

cathode ray tube TV, have all the main Heafter ! - \

corr_lponents of a modern accelerator or thodc Electron
collider. beam

Focusing coil

These main components include a source of charged particles, an acceleration area, a drift region
with focusing and steering, and a target and a detector (represented in the case of a TV by the
phosphorous screen).
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A first particle accelerator: Rutherford gold foil experiment

Rutherford wanted to prove the validity of the Thomson model of the atom, in which electrons
(discovered by Thomson in 1897) are distributed inside a positive charge as in a ‘plum pudding’ (a
Christmas pudding, from which the name: plum pudding model).

THOMSON MODEL RUTHERF%P MODEL
Rutherford, 1911 /® e N\ : \‘r -
The experiment consisted [l e FA

of bombarding a thin foil
of gold with a particles
(nuclei of helium, 2p + 2n)
and demonstrated that
atoms are essentially
empty structures.

o particles

(5 MeV)
gold foil

[*

alpha particle source |

“What we require is an apparatus to give us a potential of 10 million volts which can be safely ac-
commodated in a reasonably sized room and operated at a few kilowatts of power. We require too an
evacuated tube capable of withstanding this voltage... I see no reason why such requirements cannot
be made practical” (Rutherford, 1930) [1, p. 444].

OBSERVED RESULT
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Kinds of particle accelerators: electrostatic linear accelerators

The simplest idea for particle acceleration is to use an electrostatic electric field
Principle: A static electric field between two electrodes accelerates electrons/ions initially at rest via

uniformly accelerated motion.

Van De Graaff and Pelletron Pelletron Charging System
collecting (1929, Princeton, New Jersey) e oot an o
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Kinds of particle accelerators: electrostatic linear accelerators

Alternatives: voltage multiplier (rectifier) - Cockcroft & Walton’s accelerator

C1 D2 C The Cockcroft-Walton generator that served the 7 GeV NIMROD synchrotron at Rutherford laboratory.
A ! 5 N L limits
| L1
/l D1 % c2 il
(’“\J) V1 0~ T
\T | |
I ) *

When the AC voltage is negative, the
diode D1 allows current to B, filling
up the capacitor C1 to a voltage V1,
which remains constant if the
capacitor is ideal.

When the same AC voltage reverses polarity,

current cannot flow back through D1. The A e e however, Tandem Van de Graaff
voltage across the capacitor C1 remains is a clever trick to use the voltage
constant and equal to V1 (rectifier). Since the VAV sin ur twice ...or

Time-varying
electric fields

point A has a voltage oscillating as V1*sin(wt),

then the point B, which must have a voltage V1 :;}HE—I
higher than A has a total voltage equal to
V1+V1*sin(wt).
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Time-varying electric field:

F V= €E VT esv XB) V' Accelerators must use electric fields to transfer energy to

charged particles because the force exerted by a magnetic
=0 field is always perpendicular to the motion.

Use of electric field: E=-V¢ - 0A/0f ———> VxE = -0B/0t

' ‘Betatron’ or ‘Resonant’ or ‘bunched’
‘unbunched’ acceleration acceleration

sLinear accelerator (linac).
*Synchrotron.

*Cyclotron

Acceleration by DC voltages:
 Cockcroft & Walton
 Van de Graaff, Tandem ...
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The Wider6e structure (1928) was the first to be proposed to accelerate particles by
applying a sinusoidal field. The hollow tubes, C1, C2, C3, C4 etc. are alternately
connected to the two ends of a sinusoidal voltage generator. When ions enter an
accelerating gap (space between two tubes) with velocity c, if they have been injected "at
the right time", they will find a voltage and therefore a field E that accelerates them. After
crossing the gap the particles will enter the hollow tubes which will shield them from the
electric field. If now the distance between the centers of two consecutive gaps is equal to
Br 1 2, then the particle, once it has reemerged from the hollow tube, will again find a
voltage that accelerates it. On the other hand, the particles of ionized gas, not being in
synchrony with the accelerating field, will undergo accelerations and decelerations, so on
average they will not gain energy and it will be more difficult for them to create discharges.
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voltage V

Pagina 7




The Cyclotron

At the time this solution was considered not very "practical”, since only amplifiers capable of delivering power at frequencies up to
about 10 MHz were available. The American Physicist D. H. Lawrence realized that if the particles were accelerated in a circular
path, the structure would certainly be more compact. For the trajectory to remain circular, the centrifugal force F and the Lorenz
force Fg had to be equal. The angular velocity w = v / R is the number of radians per second that the patrticle travels.

Magnetic field bends path
of charged particle

Accelerating gaps («dees»)

Alternating electric field
accelerates charged
particle at each gap crossing

First working
Cyclotron Prototype
(E.O.Lawrence e
M.S.Livingston,
1931, Berkeley, CA)

"
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The cyclotron is
limited by relativistic
effects, which cause
the particles to slow
down and lose
synchronism with the
RF field.

18/02/2025
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R

C

centrifugal force (directed towards the external)

Vv gB
F.=F=>—=0w=—
C B R m

Lorentz force (directed towards the internal)

The angular velocity does not depend on the
radius, but only on the field B and on the
charge/mass ratio. The electric field between
points A and B at a frequency equal to gB/(21Tm)
provides the necessary acceleration. This type of
machine is called the Cyclotron.
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Alvarez DTL

After the end of World War Il, some technologies used for radar were de-classified. As a result, new types of high-frequency
amplifiers (from 100 MHz to a few GHz) have become available.

Furthermore, in 1946 Luis Alvarez overcame the drawbacks of Wideroe Linac by including the Wideroe structure inside a large
metal tube that formed an efficient cavity where the fields were confined and prevented from irradiation. This structure, called
DTL (Drift Tube Linac), is widely used as an accelerator for protons and ions.

drift tubes radio-frequency

pOWer Source
] Vv V\J T ‘\_j,'
B aeil

© 2007 Encyclopaedia Britannica, Inc. a:?%
Similarly to Wideroe's machine, the DTL alternates shielded tubes and accelerating gaps and exploits synchronlsm but, in
Wideroe's machine, the accelerating tubes are directly connected to the RF amplifier, so the machine can behave like an
antenna and radiate.

In Alvarez's machine, the RF power injected into the cavity by means of an antenna establishes an electromagnetic field

configuration that remains efficiently confined as a standing wave the operating frequency. At different frequencies, the cavity
tends to reflect the RF power back.

proton
source
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Another possibility to accelerate particles is using a travelling wave (TW) structure in which the RF wave is co-propagating
with the beam with a phase velocity equal to the beam velocity.

Typically, these structures are used for electrons because the phase velocity can be constant all over the structure and equal
to the speed of light.

These structures also have relatively high shunt impedance values (tens of MQ2/m) and operate at frequencies in the GHz
range (typical value in the S-band is 2.856 GHz). The choice of frequency is a compromise between the compactness of the
structure, optimization of Shunt Impedance (which increases with frequency?) and beam positioning tolerances (which are
tighter the smaller the aperture, i.e. the higher the frequency).

We also note that, due to ohmic dissipations, the accelerating field decreases exponentially along the structure. To overcome
this inconvenience, one can think of varying the opening of the disks in order to reduce the attenuation coefficient along z: It
IS possible to have the same acceleration gradient along all the cells (constant gradient structures).
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C T ] Sy nc h rOtrO n weak focusing synchrotron
yclotron limitations: (0<n<1)

1) Starting from ~ 400MeV the production of cyclotrons becomes
Inconvenient and expensive

2) High energies => relativistic effects => ® no longer constant (since m
increases with v according to Relativity). The particles get out of phase
with the accelerating fields, and eventually there is no more acceleration.
Such limitations were overcome by E. McMillan and independently by V.
Veksler who discovered the principle of phase stability in 1944 and
invented the synchrotron: a bunch of particles, with an energy spread, can
be kept bunched throughout the acceleration cycle by simply injecting
them at a suitable phase of the RF cycle.

A synchrotron is a particular type of cyclic particle accelerator originating
from the cyclotron in which the guiding magnetic field is time-dependent
and synchronized to the particle beam of increasing energy.

The mechanism used for focusing in the transverse plane was called
weak, or constant-gradient focusing: the guide field decreases slightly with
increasing radius and its gradient is constant all around the circumference
of the machine.

In 1952 Christofilos, and Courant, Livingston and Snyder independently
invented strong focusing, also known as alternating-gradient (AG)
focusing.

This new principle revolutionized synchrotron design, allowing smaller
magnets and higher energies.

bending
magnet

focusing
magnet

klystron
generator
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A new concept in particle acceleration:

Synchrot
ync rotron Target
\>
-
e,enp ...
I - \
p, n, etc

LINAC

Disadvantages: the atoms are mainly
empty, what does not interact is lost,
target is composed by complex atoms.

In colliders, the particles which don’t interact can be
reused at the following turns.

Double energy at the center of the mass collision.

It is possible to use elementary particles (as well as
complex ones, as ions).
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colliding beams

Detector

Storage ring

In 1960 AdA (Anello di Accumulazione)
was built at LNF Frascati, within a 1.5 m
diameter electro-magnet where the
radiofrequency field would accelerate the
electron-positron beams up to 250 MeV.
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The biggest machine: LHC (CERN), 2008

LHC is responsible for accelerating
protons from 450 GeV up to 7000

GeV to collide in the four
experimental points

450 GeV protons injected into LHCAD

from the SPS

PS injects into the SPS (Super

Proton Synchrotron)
LINACS injects into the PS
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The LHC (Large Hadron Collider) consists of a 27-kilometer ring of SC magnets with a
number of SC accelerating structures to boost the energy of the particles along the way.
Inside the accelerator, two high-energy particle beams travel at close to the speed of light
before they are made to collide. The beams travel in opposite directions in separate beam
pipes — two tubes kept at ultrahigh vacuum. They are guided around the accelerator ring
by a strong magnetic field maintained by superconducting electromagnets.
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How do we use particle accelerators and what are the needed skills
to work with them?

« Accelerators are the most complex machines mankind has ever built. They
necessitate competencies from almost every field of engineering and technology:

... as well as vacuum systems, cryogenics systems,
control systems, diagnostics, electromagnetism,
radiation safety, ...

Additionally, computer modelling (CAD) and software
development are also needed skills.
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Particle accelerators around the world

At present, there are about 40 thousand particle accelerators in the world. They are used in various

realms of human activities, including industry, fundamental science, and medicine PBT=Proton
Beam Therapy

Radioisotope lon Beam Synchrotron
Production, . Analysis, 1.0% Radiation, 0.2%

Accelerators Installed Worldwide 3.2%

Total sales of accelerators
is ~US$5B annually

Nondestructive

About 47,000 systems have [JREIISIURAZY
been sold,

> 40,000 still in operation

today

(o] [7%) Ll
2] [=] (53]
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(= (= (=]
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More than 100 vendors
— worldwide are in the
- accelerator business.
P 7 : Vendors are primarily in
- " US, Europe and Japan, but
| #4__‘_ — | , growing in China, Russia
- ———— and India
Ol__. == ' K L = — » T
1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018
Year

Total accelerators installed

R. Hamm, Accelerator-Industry Co-Innovation Workshop, Feb 6, 2018, Brussels, Belgium
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Curriculum in Electronics and Electrotechnics for Accelerators

« This CV is focused on technologies applied to the realization of extremely
Intense electromagnetic fields used in accelerators.

« Examples of fields of research:

- RF and Microwave Engineering - Cryogenics for Superconducting Devices
- Vacuum Systems - Accelerator Controls
- Radiation Safety - Superconducting RF cavities
- Normal Conducting Magnets - Superconducting Magnets
- Permanent Magnets - Beam Instrumentation
- Accelerators for Industrial - Life-cycle and Operability of Particle
and Medical Applications Accelerators

- Power Electronics Engineering
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Academic offer

« JUAS (Joint University Accelerators School) courses 1&2

» Collective effects in circular accelerators

* Physics, Technology and Applications of Linear Accelerators

* Physics of High Brightness Accelerators

« Applied Superconductivity: Quantum Phenomena and Quantum Systems

« Machine learning and numerical techniques for inverse problems and
design of electrical and electronic systems

« Advanced scientific programming in Matlab
- Additive Manufacturing
- System Engineering and Project Management for Large Scientific Projects
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Academic offer

* Physics of High Brightnes V[\\)BO

« Applied Supercond A 4 )'

« Machine learry “@Q &&6 es for inverse problems and
design of elect Q‘i Q\i 7.

- Advanced scient \BO ’

« Additive Manufact
- System Engineering and Project Management for Large Scientific Projects

ng in Matlab
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