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Accelerators
• History
• Two Principles

– Electrostatic
• Cockcroft-Walton
• Van de Graaff and tandem Van de Graaff

– Transformers
• Cyclotron
• Betatron
• Linear Induction Acclerator

• Phase Stability
• Synchrocyclotron
• Synchrotron
• Strong focusing
• High-impedence Microwave Devices
• Superconducting Technology

References:  
       Donald H. Perkins, Introduction to High Energy Physics, Fourth Edition
       Bergstrom and Goobar, Cosmology and Particle Astrophysics
      E.J.N.Wilson, “Physics of Accelerators”
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History
• 1931 - Van de Graaff
• 1932 - Cockroft-Walton
• 1932 - cyclotron

– Lawrence and Livingston
• 1940 - betatron

– Wideroe/Kerst
• 1944/45 - phase stability

– McMillan and Veksler
• 1950/52 -strong focusing

– Christofilos/ Courant, Livingston, and Snyder
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Two Principle Approaches
• Electrostatic

– particles traverse a difference in electric
potential

   or
• Transformer

– high-current, low-voltage circuit element used
to supply energy to a high-voltage, low-current
accelerating path

W.K.H. Panofsky and M. Breidenbach, Rev. Mod. Phys. 71, S122
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Electrostatic
• The limitation of the electrostatic

approach comes from the ultimate
breakdown of high voltages

– Cockroft-Walton (1932)
• charge capacitors in parallel and connect in series

– Van de Graaff (1931)
• charges sprayed onto moving belt and removed inside

a high-voltage electrode

W.K.H. Panofsky and M. Breidenbach, Rev. Mod. Phys. 71, S122
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Cockcroft-Walton
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Van de Graaff
Developed

in the
30’s
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Tandem Van de Graaff
• Introduced in the 50’s

– accelerate negative ions, strip, and accelerate
positive ions
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Transformer
• Electrostatic approaches fail above about

10 MeV
• Linear Accelerator
• Cyclotron

– orbital period of nonrelativistic particles
circulating in a uniform magnetic field is
independent of energy

• Betatron
– electrons become relativistic at moderate

energies, and cyclotron fails
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RF Linear Accelerator

• The early accelerators inspired the linear accelerator,
where adding stages can increase energy reach

• Copper lined tubes in which oscillating fields are excited by
radio transmitter (“drift tubes”)

• But in order to increase beam energy, length must be
expanded

• Circular accelerators were invented to make higher energy
possible in a more compact device
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Cyclotron
• Orbital period of nonrelativistic particles circulating in a

uniform magnetic field is independent of energy
f/2π = qB / m  ≈  108  B(Tesla)

radio frequency
• Match the revolution frequency with a RF voltage across a

gap

• Focussing by small radial decrease in magnetic field
– results in decrease in orbital frequency

• 184-inch cyclotron at Berkeley for deuteron energies above
100 MeV
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Cyclotron
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Cyclotron
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Cyclotron
• Nonrelativistic acceleration
• Particles spiral out in uniform magnetic

field, B
• Balance of forces makes radius

proportional to the velocity
• This means the period of rotation,

P  =  2 π ρπ ρ / v, is a constant

• Focusing of orbits is needed to achieve
the best currents

• Shims do this (see next page)

• The constancy of period breaks down for
kinetic energies of about 5% mc2
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Cyclotron Focussing
• Shims lead to increased focussing

– both vertical and horizontal
– discovered more intense fields
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Horizontal
Focusing

-
“Physics of

Accelerators”
E.J.N.Wilson
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Betatron
• Electrons become relativistic at moderate energies, and the

cyclotron concept fails   (period no longer constant)

• Energy of electrons in circular orbit increased by the
induced E field from an increasing flux in a central iron core

• Particles are kept in single circular orbit (not spirally out as
in cyclotron)

• Limited at 300 MeV due to radiation losses which cannot be
compensated
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Synchrocyclotron
• Problem: how to overcome the changing orbital period
• One solution: add radial magnetic field gradient

– new problem: destroys vertical focusing
• Second solution: change the RF frequency as particles

circulate
– another problem: particles must now be accelerated in bursts,

not continuously
• Synchrocylcotron

– Static magnetic field
– RF frequency decreases to match the revolution frequency as

function of energy
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Synchrotron
• Rising magnetic field keeps particles in circular orbit at a

constant radius
• Accelerating field achieved with fields inside hollow cylinder
• Guide field achieved by ring of individual magnets
• Principal in use in all current high energy circular

accelerators
– invented during World War II during the uranium enrichment

project
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Phase Stability
• In circular accelerator, phase stably locked by synchronizing

the phase of the RF voltage (rising or falling) as particle
crosses an accelerating gap

• Synchrotron oscillations about a stable phase results
– synchrotron oscillations

(longitudinal oscillations)
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Phase Stability
• Particles are

trapped in an
“RF bucket”
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Quadrupole
• The principal focusing element used today in synchrotrons is

the quadrupole magnet
• The quadrupole shown below would focus in the horizontal

plane positive particles coming out or negative particles
going in.  Such a quadrupole is defocusing in the vertical
plane
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Strong focusing
• Alternating diverging and focusing lenses separated by finite

distance results in net focusing

• Magnetic quadrupole focuses in one plane and
 defocuses in orthogonal plane

• Alternating quadrupoles focus in both planes
– much stronger than focussing of solenoids of radial magnetic

gradients (dipoles)
– decreases aperture required for stability
– greatly extends energy range of acceleration
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Strong Focusing
• Ray diagrams showing the contained trajectory in an

alternating gradient optical system
• An alternating pattern of lenses which are convex in one

plane and concave in the other will transport rays which pass
through the centres of defocusing lenses. The upper
diagram shows the horizontal motion and the lower shows
the vertical
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Betatron Oscillations

from Particle Data Group
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Betatron Oscillations
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FODO cells

• Quadrupole magnets alternate with a
the lattice of bending magnets

• Structure is called FODO.

• The envelope of oscillations follows
the function β(s)

•  β has the dimensions of length, but
is not the physical beam size.

One cell of the CERN SPS representing
1/108 of the circumference.
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Particle trajectories
• The coordinates of

particles in the beam will
fall in the range:

•  β is a property of the
accelerator

•  ε is a property of the
beam
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Accelerators
• History
• Two Principles

– Electrostatic
• Cockcroft-Walton
• Van de Graaff and tandem Van de Graaff

– Transformers
• Cyclotron
• Betatron
• Linear Induction Acclerator

• Phase Stability
• Synchrocyclotron
• Synchrotron
• Strong focusing
• High-impedence Microwave Devices
• Superconducting Technology

References:  
       Donald H. Perkins, Introduction to High Energy Physics, Fourth Edition
       Bergstrom and Goobar, Cosmology and Particle Astrophysics
      E.J.N.Wilson, “Physics of Accelerators”


