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Introduction

• After the pioneering work by Rutherford revealed the existence of the atomic nucleus, it became clear that scattering experiments with higher energy probes could provide invaluable insight into the 
structure of that nucleus  


• The more energy a particle had, the more deeply it could probe within the nucleus


• The details one may hope to reveal in a scattering experiment are of the order of the wavelength of the scattered particles 

                                                   


• The momentum of Rutherford α particles, which had a kinetic energy of 4.8 MeV,  

                                  


• de Broglie wavelength was ~ 7 fm, which happens to be the radius of a nucleus in their gold foil target 


• Applications of particle accelerators


- the study of the subatomic structure of matter


- hospitals: diagnostic purposes, treating tumors


- the electrics industry: etch sub-nm structures on to silicon wafers


- determine the composition of samples at the ppb level


- converting long-lived radioactive waster into stable o shorter-lived nuclides


- serving condensed matter research community (DESY, SLAC, Cornell, …)

Chapter 10

Particle accelerators

10.1 Introduction
Particle accelerators are precision instruments constructed on a gargantuan scale. The par-
ticles that are accelerated travel millions of kilometers and need to reach a target with mi-
crometer precision. The beams of particles produced by an accelerator contain enormous
amounts of stored power, they can vaporize targets in microseconds. For example, each
neutrino burst made by the CERN Super Proton Synchrotron (SPS) is produced by 1013

protons, which have been accelerated to 400 GeV and are extracted to the ⌫ production
target in 23 µs (the time it takes the particles to travel the 6.9 km orbit of the SPS). The
energy stored in this proton beam amounts to 1013 ⇥ 4 · 1011 ⇥ 1.6 · 10�19 = 6.4 · 105

Joules, which is dumped on the target in 2.3 · 10�5 seconds. In other words: 2.8 · 1010 J/s.
This kind of dumped power obviously requires very sophisticated cooling arrangements.

Without particle accelerators, nuclear and particle physics would still be in their infancy
today. Also, since it is unlikely that new, even more powerful accelerators will be built in
the near future, the field of subatomic physics is unlikely to advance much further. Unless
we learn to harness the ultra-high-energy particles produced by the Great Cosmic Acceler-
ator (see chapter 1), which by the way exploits unknown principles to accelerate subatomic
particles to macroscopic (J) energies.

After the pioneering work by Rutherford revealed the existence of the atomic nucleus,
it became clear that scattering experiments with higher energy probes could provide in-
valuable insight into the structure of that nucleus. It was quickly understood that the more
energy a particle had, the more deeply it could probe within the nucleus. This is simply a
consequence of the fact that large momentum transfers correspond to small distances, and
vice versa. The details one may hope to reveal in a scattering experiment are of the order of
the wavelength of the scattered particle. In an optical microscope, that wavelength is about
0.5 µm, for high energy particles it is given by the de Broglie relationship

� =
h

p
=

hc

cp
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where it is for this purpose convenient to use hc = 1240 MeV·fm. The momentum of
Rutherford’a ↵ particles, which had a kinetic energy of 4.8 MeV, was

cp =
p
E2

↵ �m2
↵ =

p
3730.82 � 37262 = 190 MeV

Therefore, de Broglie wavelength was ⇠ 7 fm, which happens to be the radius of a nucleus
in their gold target foil. We have come a long way since then. The Large Hadron Collider is
currently accelerating protons to a momentum of 4 TeV/c, and this momentum will be twice
as high two years from now. The de Broglie wavelength of these particles thus amounts to
1240/4 · 106 = 3 · 10�4 fm. In other words, these particles make it possible to probe details
that are smaller than 1/1000 of the size of a proton.

The first accelerators that became available around 1930 accelerated particles to a few
hundred keV, the LHC has increased this energy by seven orders of magnitude. And
colliding-beam experiments have made it possible to exploit the full energy of these ac-
celerated particles for the study of new phenomena. The higher the energy of the particles,
the more is gained going from an invariant mass

p
s =

p
2m(E +m) to

p
s = 2E (see

chapter 2.3.2). For example, if one would want to obtain the same invariant mass in fixed-
target proton scattering as in the 16 TeV pp collisions at the LHC, the protons would have
to be accelerated to ⇠ 1017 eV!!1.

It should be emphasized that particle accelerators are not only built for the study of
the subatomic structure of matter. Many alternative or additional applications have been
developed. Many hospitals nowadays have their own accelerator, which is used for pro-
ducing (short-lived) radioactive isotopes for diagnostic purposes and/or for treating tumors
(see chapter 7). In the electronics industry, accelerators are used to etch sub-nm structures
onto silicon wafers. Other accelerators are used to determine the composition of samples
at the ppb level (chapter 7.1.2), or for converting long-lived radioactive waste into stable
or shorter-lived nuclides. In recent years several large electron/positron accelerators have
been converted into synchrotron radiation facilities, after they became obsolete for particle
physics research (DESY, SLAC, Cornell.....), and are now serving the condensed matter
research community. This illustrates, once again, the many benefits that this fundamental
research area has had and continues to have for our society as a whole.

10.2 The beginning: Electrostatic accelerators
The first and simplest type of particle accelerator was developed in the early 1930s by J.D.
Cockroft and E.T.S. Walton. The Cockroft-Walton generator is an electric circuit which
generates a high DC voltage from a low voltage AC. A schematic of this CW voltage mul-
tiplier is shown in Figure 10.1. Using only capacitors and diodes, these voltage multipliers
can step up relatively low voltages to extremely high values, while at the same time being

1
p
2(E + 1) = 16, 000 with E in GeV ! E = 1.28 · 108 GeV

146 CHAPTER 10. PARTICLE ACCELERATORS

where it is for this purpose convenient to use hc = 1240 MeV·fm. The momentum of
Rutherford’a ↵ particles, which had a kinetic energy of 4.8 MeV, was

cp =
p
E2

↵ �m2
↵ =

p
3730.82 � 37262 = 190 MeV

Therefore, de Broglie wavelength was ⇠ 7 fm, which happens to be the radius of a nucleus
in their gold target foil. We have come a long way since then. The Large Hadron Collider is
currently accelerating protons to a momentum of 4 TeV/c, and this momentum will be twice
as high two years from now. The de Broglie wavelength of these particles thus amounts to
1240/4 · 106 = 3 · 10�4 fm. In other words, these particles make it possible to probe details
that are smaller than 1/1000 of the size of a proton.

The first accelerators that became available around 1930 accelerated particles to a few
hundred keV, the LHC has increased this energy by seven orders of magnitude. And
colliding-beam experiments have made it possible to exploit the full energy of these ac-
celerated particles for the study of new phenomena. The higher the energy of the particles,
the more is gained going from an invariant mass

p
s =

p
2m(E +m) to

p
s = 2E (see

chapter 2.3.2). For example, if one would want to obtain the same invariant mass in fixed-
target proton scattering as in the 16 TeV pp collisions at the LHC, the protons would have
to be accelerated to ⇠ 1017 eV!!1.

It should be emphasized that particle accelerators are not only built for the study of
the subatomic structure of matter. Many alternative or additional applications have been
developed. Many hospitals nowadays have their own accelerator, which is used for pro-
ducing (short-lived) radioactive isotopes for diagnostic purposes and/or for treating tumors
(see chapter 7). In the electronics industry, accelerators are used to etch sub-nm structures
onto silicon wafers. Other accelerators are used to determine the composition of samples
at the ppb level (chapter 7.1.2), or for converting long-lived radioactive waste into stable
or shorter-lived nuclides. In recent years several large electron/positron accelerators have
been converted into synchrotron radiation facilities, after they became obsolete for particle
physics research (DESY, SLAC, Cornell.....), and are now serving the condensed matter
research community. This illustrates, once again, the many benefits that this fundamental
research area has had and continues to have for our society as a whole.

10.2 The beginning: Electrostatic accelerators
The first and simplest type of particle accelerator was developed in the early 1930s by J.D.
Cockroft and E.T.S. Walton. The Cockroft-Walton generator is an electric circuit which
generates a high DC voltage from a low voltage AC. A schematic of this CW voltage mul-
tiplier is shown in Figure 10.1. Using only capacitors and diodes, these voltage multipliers
can step up relatively low voltages to extremely high values, while at the same time being

1
p
2(E + 1) = 16, 000 with E in GeV ! E = 1.28 · 108 GeV



The beginning: Electrostatic accelerators

• Cockroft and Walton voltage multiplier


• The voltage achievable is about 0.5 - 1 million 
volts


• It is limited by electrical discharge in the air 
between anode and cathode


• The kinetic energy gained by the ions or electrons 
is equal to qΔV


• A lithium target with 400 keV protons was 
bombarded and the following reaction was 
observed 




• In 1951, the physics Nobel prize for this 
pioneering work
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far lighter and cheaper than transformers. Cockroft and Walton used this circuit (which was
actually invented by the Swiss physicist H. Greinacher) to power their particle accelerator.
Operation of the CW multiplier is quite simple. At the time when the AC input reaches its

Figure 10.1: The Cockroft-Walton generator that formes part of the accelerator complex at Fermilab, and
the principle of a Cockroft-Walton voltage multiplier.

negative pole the leftmost diode is allowing current to flow from the ground into the first
capacitor, filling it up. When the same AC signal reverses polarity, current flows through
the second diode filling up the second capacitor with both the positive end from the AC
source and the first capacitor, charging the second capacitor to twice the charge held in the
first. With each change in polarity of the input, the capacitors add to the upstream charge
and boost the voltage level of the capacitors downstream, towards the output on the right.
The output voltage, assuming perfect conditions, is twice the peak input voltage multiplied
by the number of stages in the multiplier. The voltage achievable in such a particle accel-
erator is about 0.5 - 1 million volts, and is limited by electrical discharge in the air between
anode and cathode.

The accelerator consisted of an ion source and a target, with the electrodes placed in
between. The kinetic energy gained by the ions or electrons was equal to q�V , with q

the charge of the ions and �V the voltage difference. Cockroft and Walton used their
accelerator to achieve the first nuclear transmutation with artificially accelerated particles.
They bombarded a lithium target with 400 keV protons and observed the following reaction

1
1H + 7

3Li !
4
2He + 4

2He

In 1951, they received the physics Nobel prize for this pioneering work. Figure 10.1 shows
a modern version of this type of accelerator.
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The beginning: Electrostatic accelerators

• Robert VandeGraaff used the principle that 
electric charge resides on the outermost 
surface of a conducting sphere 


• In a VandeGraaff accelerator, electric 
charge is carried on a conveyor belt into a 
large metallic dome, the dome may be 
charged up to a voltage as high as 12 MV 


• The ions are accelerated from the ion 
source to the target


• The entire apparatus is usually enclosed in 
a pressurized vessel that contains an inert 
gas, in order to avoid any discharges to 
the surrounding environment 
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In these early particle accelerators, in which the particles were accelerated with a DC
voltage, the energy gained by the ions or electrons was limited by the voltage achieved.
The construction of the high-voltage source was thus of crucial importance. Robert Van-
deGraaff used a clever way to increase that voltage, and thus the energy of the accelerated
particles. He used the principle that electric charge resides on the outermost surface of a
conducting sphere. That means that if an electrically charged conductor touches another
conductor that surrounds it, then it will transfer all its charge to the outer conductor, irre-
spective of the potential. In this way the charge on the conductor can be increased, and a
higher voltage difference created.

Figure 10.2: The 7 MV VandeGraaff accelerator at Kansas State University and the operating principle of
this machine.

In a VandeGraaff accelerator, electric charge is carried on a conveyor belt into a large
metallic dome, where it is picked off (see Figure 10.2. In this way, the dome may be
charged up to a voltage as high as 12 MV, if proper precautions against voltage breakdown
are taken. That includes evacuating the entire tube in which the electrodes are installed and
in which the ions are accelerated from the ion source to the target. The entire apparatus is
also usually enclosed in a pressurized vessel that contains an inert gas, in order to avoid any
discharges to the surrounding environment. Figure 10.2 shows a picture of the VandeGraaff
accelerator used at Kansas State University, which accelerates singly ionized particles up
to 7 MeV.

The highest possible accelerating voltage ever achieved with a machine of this type
was 25 MV. That was done with a socalled tandem VandeGraaff accelerator, where negative
hydrogen ions (H�) enter the accelerating tube from one side, are accelerated to the positive
high-voltage terminal, where they are stripped of their electrons, and then accelerated as
positive ions (protons) down to ground potential. This effectively doubles the energy.

Vandegraaff Accelerator



Resonance accelerators

• E.O. Lawrence (1932)


• two hollow evacuated D-shaped metal chambers, which are connected to an AC high-
voltage power supply 


•  The entire system is placed inside a strong magnetic field oriented perpendicular to 
the plane of the D’s 


• The entire process of cyclotron works because the time it takes the particles to 
describe a half circle inside the D does not change when the particle’s energy 
increases 


• Lorentz force acts as the centripetal force that keeps the particles in to a circular orbit:  




• The time to describe a half circle in the D’s is  




• Time only depends on the mass and charge of the particle, and the strength of the 
magnetic field 


• The frequency at which this field changes direction is chosen correctly:  

, 


• Relativistic effects limit the performance of cyclotron
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choosing the frequency of the AC voltage just right, this process can be repeated hundreds
of times, and the particle is accelerated time and again by the same voltage difference.
Because of its increasing energy, it will describe larger and larger circular orbits in the ~B

field. Eventually, the particle reaches the edge of the accelerator, at which point it can be
extracted (for example by switching off the magnet) and steered onto a target.

This entire process works because the time it takes the particles to describe a half circle
inside the D does not change when the particle’s energy increases. It takes the particle the
same amount of time to describe the very first half circle in the center of the cyclotron as the
last one near the edge of the D’s. This can be seen as follows. In this acceleration process,
the Lorentz force acts as the centripetal force that keeps the particles in to a circular orbit:

FL = Bqv = Fc =
mv

2

r
!

v

r
=

Bq

m

The time to describe a half circle in the D’s is

t =
⇡r

v
= ⇡

m

Bq

In other words, that time only depends on the mass and charge of the particle, and the
strength of the magnetic field. These are all constant, and therefore that time is independent
of the radius of the orbit. And since that is the case, one can use the same ~E field again and
again, provided that the frequency at which this field changes direction is chosen correctly:

! = 2⇡f =
v

r
=

Bq

m

For a typical magnetic field with a strength of 2 T, that leads for proton acceleration to a
frequency

f =
2⇥ 1.6 · 10�19

1.67 · 10�27 ⇥ 2⇡
= 30 MHz

We now ask the question: What is the maximum energy to which a cyclotron with a di-
ameter of 1 meter can accelerate protons, when the magnetic field strength is 1.5 T? The
maximum momentum in this case, pmax = Bqr = 1.5 ⇥ 1.6 · 10�19

⇥ 0.5 = 1.2 · 10�19

kg·m/s. Therefore, cp = 3.6 · 10�11 J, or 225 MeV. The total energy of the protons is thus
E =

p
p2 +m2 =

p
2252 + 938.32 = 964.9 MeV, and therefore the maximum kinetic

energy of these protons is 964.9 - 938.3 = 26.6 MeV. The frequency of the AC high voltage
needs to be 23 MHz in this case.

The principle on which a cyclotron is based is the fact that v/r = Bq/m is constant.
That condition also shows its limits. When the protons acquire so much energy that they
become relativistic, their mass m has to be replaced by �m. When � starts to deviate
significantly from 1.0, the time needed to complete half a circular orbit becomes longer, and
the protons will be increasingly out of phase with the frequency at which the high-voltage
changes polarity. At a kinetic energy of 26.6 MeV, � = 1.028. The time to complete a half
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10.3 Resonance accelerators
The accelerators described in the previous section have an inherent limitation to the accel-
eration energy, because of the problems of voltage breakdown and discharges. If one wants
to accelerate particles to energies & 25 MeV, other methods are needed. One such method
is based on the resonance principle, in which the same (relatively small) voltage difference
is used many times to accelerate the particles to ever higher energies.

10.3.1 The cyclotron
The first accelerator based on this resonance principle was the cyclotron, invented by E.O.
Lawrence (1932). It consists of two hollow evacuated D-shaped metal chambers, which
are connected to an AC high-voltage power supply. The entire system is placed inside a
strong magnetic field oriented perpendicular to the plane of the D’s (see Figure 10.3). Even

Figure 10.3: The cyclotron at Indiana University and the schematic structure of this device.

though the D’s are connected to a high-voltage source, they act as a Faraday cage, so that
the only region where an ~E field exists is in the gap between them. The particles to be
accelerated enter the center of this setup. They are produced by an ion source that releases
them in short bursts. When an ion enters the area between the D’s, it will be attracted
by and accelerated toward one of them, depending on the sign of the AC voltage at that
moment. Its trajectory will also be bent because of the Lorentz force exerted by the ~B field.
Once the ion enters inside the D, it stops feeling the effect of the ~E (accelerating) field,
but continues its circular motion because of the ~B field. After half a circle inside the D,
the ion reenters the gap in between the D’s, and feels the ~E field again. However, during
the time the ion spent inside the D, the high-voltage has changed polarity, and therefore
the ion can be accelerated again! Similarly, when the particle is about to exit from the
other D, the applied voltage can again be reversed and the particle accelerated further. By

Cyclotron

<latexit sha1_base64="WsYiJJmqJx0My1JDNQ6rqKt9MWk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRF0Y1Q6sZlBfuAJpTJdNIOnZnEmYkQQvwVNy4UceuHuPNvnLZZaOuBC4dz7uXee4KYUaUd59sqra1vbG6Vtys7u3v7B/bhUVdFicSkgyMWyX6AFGFUkI6mmpF+LAniASO9YHoz83uPRCoaiXudxsTnaCxoSDHSRhra1fDaCyXCWeshzxpeTCHPh3bNqTtzwFXiFqQGCrSH9pc3inDCidCYIaUGrhNrP0NSU8xIXvESRWKEp2hMBoYKxInys/nxOTw1ygiGkTQlNJyrvycyxJVKeWA6OdITtezNxP+8QaLDKz+jIk40EXixKEwY1BGcJQFHVBKsWWoIwpKaWyGeIJOFNnlVTAju8surpNuouxd15+681mwVcZTBMTgBZ8AFl6AJbkEbdAAGKXgGr+DNerJerHfrY9FasoqZKvgD6/MHbCuUnw==</latexit>
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Resonance accelerators

• The particles are accelerated in a straight line, and travel through a series 
of hollow metal electrodes (called drift tubes) from the ion source to the 
target area 


• Many linacs are in fact used as injectors (or pre-accelerators) for higher-
energy machines 


• The electrodes are located in a large vacuum vessel and connected 
successively to alternate terminals of a radiofrequent oscillator, as shown 
in Figure 10.4 


• Unlike cyclotrons, the energy is not limited by relativistic effects 


• Linacs can also be used to accelerate electrons 


• A major difference with ion linacs is the fact that the electrons lose a lot 
of energy in the form of synchrotron radiation when they are accelerated 


• The energy lost in this process is supplied by powerful microwave fields 
that travel in step with the particles. These fields are provided by klystron 
amplifiers 


• Many hospitals have a linac, with an energy typically ranging from 4 - 25 
MeV. These machines provide both beams of electrons and X rays. The 
world’s largest linac was built at SLAC (Stanford), where electrons and 
positrons were accelerated to 50 GeV 
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circle is already too long by 2.8%. This delay will continue to accumulate, and reaches at
some point 100%, at which point deceleration will start to occur. In practice, 40 MeV is
the maximum energy to which cyclotrons can accelerate protons. They can also accelerate
other ions, such as 3He, 4He, 12C, etc. The maximum kinetic energy achievable, and the
frequency at which the cyclotron has to operate for such ions is not necessarily the same as
for protons. For example, for 3He ions, the q/m ratio, and thus the frequency is 2/3 of the
proton value. The maximum momentum in the cyclotron mentioned above is twice that of
the proton, and therefore the maximum kinetic energy (p2/2m) is 4/3 of the proton value.
Also, because of the larger mass, relativistic effects will only start to limit the performance
at much higher energies than in the case of protons.

10.3.2 Linear accelerators

The underlying idea in a linear accelerator (usually called linac) is the same as for a cy-
clotron: Make sure that the particles see an accelerating field with the right charge sign
(!) as it is needed. In this case, the particles are accelerated in a straight line, and travel
through a series of hollow metal electrodes (called drift tubes) from the ion source to the
target area. At the target area they may also be injected into another type of accelerator,

Figure 10.4: The linear proton accelerator J-PARC in Japan and a schematic of such a linac.

Linear accelerators



Synchronous accelerators

• In synchrocyclotrons, the frequency of the oscillator that drives the AC 
high-voltage supply is gradually decreased as the accelerated particles 
move outward 


• In this way, the particles remain in phase with the accelerating electric 
field 


• The limitations of this technique are mainly financial, due to the size of 
the magnet that is needed 


• Example:


• we want to accelerate protons to a momentum of 10 GeV/c with 
such as machine 


• If conventional magnets are used (Bmax ~ 2 T), then that implies a 
maximum radius of 16.5 m, since pmax = Bqrmax = 10 GeV/c = 5.3 · 
10-18 kg·m/s 


• In such a machine, the magnet disks would each have a volume of 
πr2d, with d being the thickness 


• This thickness would have to be at least 1 m for a magnet of this 
size


• This would mean that each disk would have a mass of almost 7,000 
tons and cost tens of millions of dollars 
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we want to accelerate protons to a momentum of 10 GeV/c with such as machine. If
conventional magnets are used (Bmax ⇠ 2 T), then that implies a maximum radius of 16.5
m, since pmax = Bqrmax = 10 GeV/c = 5.3 · 10�18 kg·m/s. In such a machine, the magnet

Figure 10.5: The 580 MeV synchrocyclotron at PSI (Villigen, Switzerland).

disks would each have a volume of ⇡r2d, with d being the thickness. This thickness would
have to be at least 1 m for a magnet of this size. This would mean that each disk would have
a mass of almost 7,000 tons and cost tens of millions of dollars. In practice, the maximum
kinetic energy of synchrocyclotrons is limited to ⇠ 600 MeV. Figure 10.5 shows a machine
of this type that is currently in operation in Switzerland.

10.4.2 Synchrotrons
In synchrotrons, the value of !, and thus, for relativistic particles, the radius r of their orbit
in a magnetic field, is kept constant by gradually increasing the value of the magnetic field
strength B. In a synchrotron, the particles run around in a narrow vacuum tube, and are
kept in orbit by the magnetic field. Their momentum increases proportionally with B. The
most energetic accelerators are currently all of this type. In a synchrotron, the particles gain
energy when they pass through RF cavities, which are installed at several places along the
ring. Typically a few tens of centimeters in length, RF cavities use a standing wave whose
frequency is set such that it gives particles an accelerating push as they pass through. A
beam of particles that is being accelerated consists typically of a number of bunches. In
order to accelerate such a bunched beam properly, the phases of the accelerating fields must
remain in step with each other and with the motion of the bunches. This requires in practice
quite some fine-tuning.

Every time the particles pass through the RF cavities , they gain somewhere between
0.1 and 10 MeV from the electric fields, depending on the number of cavities in the ring.
For example, CERN’s Proton Synchrotron (PS) has a circumference of 628 m. Therefore,

Synchrocyclotrons



Synchronous accelerators

• The particles run around in a narrow 
vacuum tube, and are kept in orbit by the 
magnetic field 


• Their momentum increases proportionally 
with B 


• The particles gain energy when they pass 
through RF cavities, which are installed at 
several places along the ring 


• Every time the particles pass through the 
RF cavities, they gain somewhere between 
0.1 and 10 MeV from the electric fields, 
depending on the number of cavities in 
the ring
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Figure 10.6: Aerial view of the synchrotron at Brookhaven National Laboratory (NY).

it takes relativistic particles 2.1 µs to complete an orbit in this machine. This synchrotron
ramps up the energy of the protons to 25 GeV in 0.6 seconds. During this time, the particles
complete 280,000 orbits and, therefore, they gain about 100 keV per orbit.

In section 10.2.3, we derived the relationship that describes how the maximum momen-
tum achievable in a circular accelerator depends on the machine parameters:

pmax = Bqr (10.1)

where r and B denote the orbital radius and the strength of the magnetic field needed to
keep the particle in its orbit. If we now express p in GeV/c, then this equation gives us
a simple and directly applicable relationship between a synchroton’s parameters and its
accelerating capability. Since 1 GeV/c = 1.6 · 10�10

/3.0 · 108 = 5.3 · 10�19 kg·m/s and
q = 1.6 · 10�19 C, this relation reads

R =
p

0.33B
(10.2)

For example, the CERN Super Proton Synchrotron has a circumference of 6.9 km, which
means R = 1,100 m. Its magnets provide a field of up to 1.25 Tesla. This means that it can
accelerate protons to a maximum momentum of 1, 100⇥ 0.33⇥ 1.25 ' 450 GeV/c.

CERN’s big machine, the Large Hadron Collider has a circumference of 26,659 m,
which corresponds with an effective radius2 of 4,243 m. In order to accelerate protons up
to 8 TeV/c, which is the design goal, a magnetic field is needed of 8, 000/(4, 243⇥0.33) =
5.7 T. Such fields can only be reached with superconducting magnets.

2The ring is not exactly circular, but contains several straight sections, where the experiments are located.
In reality, the radii of the sections where the particles are being bent are thus somewhat smaller than the
values given here.

Synchrotron
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Synchrotron
Synchronous accelerators

• For example:


• CERN’s Proton Synchrotron (PS) has a circumference of 628 m 


• It takes relativistic particles 2.1 μs to complete an orbit in this machine 


• This synchrotron ramps up the energy of the protons to 25 GeV in 0.6 
seconds 


• During this time, the particles complete 280,000 orbits and, therefore, they 
gain about 100 keV per orbit



Synchrotron
Synchronous accelerators

• The maximum momentum achievable in a circular accelerator depends on the machine parameters: 

                                           


• Since 1 GeV/c = 1.6×10-10/3.0×108 = 5.3×10-19 kg·m/s and q = 1.6×10-19 C, the relation is (p: GeV/c, R: 
m, B: T) 

                                            


• The CERN Super Proton Synchrotron:


• a circumference of 6.9 km, which means R = 1,100 m. Its magnets provide a field of up to 1.25 Tesla. 


• it can accelerate protons to a maximum momentum of 1, 100×0.33×1.25 ≃ 450 GeV/c 


• Can you do this for LHC?, How strong magnet do we need to accelerator protons up to 8 TeV/c?
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Figure 10.6: Aerial view of the synchrotron at Brookhaven National Laboratory (NY).

it takes relativistic particles 2.1 µs to complete an orbit in this machine. This synchrotron
ramps up the energy of the protons to 25 GeV in 0.6 seconds. During this time, the particles
complete 280,000 orbits and, therefore, they gain about 100 keV per orbit.

In section 10.2.3, we derived the relationship that describes how the maximum momen-
tum achievable in a circular accelerator depends on the machine parameters:

pmax = Bqr (10.1)

where r and B denote the orbital radius and the strength of the magnetic field needed to
keep the particle in its orbit. If we now express p in GeV/c, then this equation gives us
a simple and directly applicable relationship between a synchroton’s parameters and its
accelerating capability. Since 1 GeV/c = 1.6 · 10�10

/3.0 · 108 = 5.3 · 10�19 kg·m/s and
q = 1.6 · 10�19 C, this relation reads

R =
p

0.33B
(10.2)

For example, the CERN Super Proton Synchrotron has a circumference of 6.9 km, which
means R = 1,100 m. Its magnets provide a field of up to 1.25 Tesla. This means that it can
accelerate protons to a maximum momentum of 1, 100⇥ 0.33⇥ 1.25 ' 450 GeV/c.

CERN’s big machine, the Large Hadron Collider has a circumference of 26,659 m,
which corresponds with an effective radius2 of 4,243 m. In order to accelerate protons up
to 8 TeV/c, which is the design goal, a magnetic field is needed of 8, 000/(4, 243⇥0.33) =
5.7 T. Such fields can only be reached with superconducting magnets.

2The ring is not exactly circular, but contains several straight sections, where the experiments are located.
In reality, the radii of the sections where the particles are being bent are thus somewhat smaller than the
values given here.
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Figure 10.6: Aerial view of the synchrotron at Brookhaven National Laboratory (NY).

it takes relativistic particles 2.1 µs to complete an orbit in this machine. This synchrotron
ramps up the energy of the protons to 25 GeV in 0.6 seconds. During this time, the particles
complete 280,000 orbits and, therefore, they gain about 100 keV per orbit.

In section 10.2.3, we derived the relationship that describes how the maximum momen-
tum achievable in a circular accelerator depends on the machine parameters:

pmax = Bqr (10.1)

where r and B denote the orbital radius and the strength of the magnetic field needed to
keep the particle in its orbit. If we now express p in GeV/c, then this equation gives us
a simple and directly applicable relationship between a synchroton’s parameters and its
accelerating capability. Since 1 GeV/c = 1.6 · 10�10

/3.0 · 108 = 5.3 · 10�19 kg·m/s and
q = 1.6 · 10�19 C, this relation reads

R =
p

0.33B
(10.2)

For example, the CERN Super Proton Synchrotron has a circumference of 6.9 km, which
means R = 1,100 m. Its magnets provide a field of up to 1.25 Tesla. This means that it can
accelerate protons to a maximum momentum of 1, 100⇥ 0.33⇥ 1.25 ' 450 GeV/c.

CERN’s big machine, the Large Hadron Collider has a circumference of 26,659 m,
which corresponds with an effective radius2 of 4,243 m. In order to accelerate protons up
to 8 TeV/c, which is the design goal, a magnetic field is needed of 8, 000/(4, 243⇥0.33) =
5.7 T. Such fields can only be reached with superconducting magnets.

2The ring is not exactly circular, but contains several straight sections, where the experiments are located.
In reality, the radii of the sections where the particles are being bent are thus somewhat smaller than the
values given here.



Synchrotron
Synchronous accelerators

• The situation is completely different for synchrotrons that are used to accelerate electrons 


• The synchrotron radiation is the main limiting factor 


• The energy loss due to synchrotron radiation scales with γ4 

 


• The energy loss (in MeV) of an electron with energy E (in GeV) that describes a circular orbit with radius r (in m)  

              


• For example,


• Before the Large Hadron Collider came into operation, it served as an electron synchrotron annex storage 
ring. The maximum energy to which electrons were accelerated in this machine amounted to 104.5 GeV


• the electrons lost 8.85×10-2×104.54/4,243 ≃ 2,500 MeV or 2.5GeV per orbit in the form of synchrotron 
radiation 
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The above considerations apply to synchrotrons that are used to accelerate protons, or
heavier ions. The maximum energy to which the particles can be accelerated is completely
determined and limited by the strength of the magnetic field. The situation is completely
different for synchrotrons that are used to accelerate electrons. In that case, the energy
lost by the electrons along their curved trajectory, the so-called synchrotron radiation is the
main limiting factor. In section 10.3.2, we pointed out that this type of losses also plays a
major role in the acceleration of electrons to extremely high energies in a linac.

The energy loss due to synchrotron radiation scales with �
4. At a given energy, the

losses are thus ⇠ 1013 times larger for electrons than for protons. According to electro-
magnetic theory, the energy loss (in MeV) of an electron with energy E (in GeV) that
describes a circular orbit with radius r (in m) amounts to

�E = 8.85 · 10�2 E
4

r
(10.3)

Before the Large Hadron Collider came into operation, it served as an electron synchrotron
annex storage ring. The maximum energy to which electrons were accelerated in this ma-
chine amounted to 104.5 GeV, i.e. less than 2% of the energy to which protons are accel-
erated in the same ring! Applying eq. 10.3, we find that at that energy, the electrons lost
8.85 ·10�2

⇥104.54/4, 243 ' 2, 500 MeV, or 2.5 GeV per orbit in the form of synchrotron
radiation!

Synchrotron radiation has a characteristic polarization and the frequencies generated
can range over the entire electromagnetic spectrum. These, and some other features, make
it very interesting for a wide variety of studies in fields such as condensed matter, bio-
physics, chemistry, medicine, materials science, nanotechnology, etc. For that reason, sev-
eral electron synchrotrons have turned into synchrotron radiation sources after terminating
their useful life as a research facility for particle physics, and serve large communities of
academic and industrial users.

10.4.3 Tricks to make synchrotrons work

The description of synchrotron operation in the previous subsection makes it sound rather
trivial. However, the challenges to keep particles for millions, and sometimes billions of
orbits within micrometers of their nominal position are enormous. In this subsection, we
review some of the solutions that have been developed to make this possible.

Vacuum requirements
The first condition for a long life time of the beam (in storage rings life times of the

order of one day are quite common) is to avoid collisions with rest gas. Let us investi-
gate what level of vacuum is needed to achieve a life time of one day, and recall eq. 4.17,
which states that the mean free path of particles traveling through a certain medium is

<latexit sha1_base64="UWQS5jCWdYWL4/f0icnW96yjnzs="></latexit>

P (energy radiated per second) =
2

3
(↵~c)c �

4

R2



Tricks to make synchrotrons work
Synchrotron

• Vacuum requirements 


• The first condition for a long life time of the beam (in storage rings life times of the order of one day are quite common) is to 
avoid collisions with rest gas


• The level of vacuum is needed to achieve a life time of one day 


• The mean free path of particles traveling through a certain medium is given by (σn)-1. 


• In this particular case, that mean free path should be equal to one light day, i.e. 86,400×3×1010 = 2.6×1015 cm. 


• If the cross section for collisions with the rest gas is 1 barn (10-24 cm2), this limits the density of rest gas atoms n to 
3.8×108 atoms/cm3. 


• At atmospheric pressure, air has a mass of 1.3 g/liter = 1.3×10-3 g/cm3. 


• Since air consists predominantly of nitrogen, 14 g corresponds to 6.02×1023 atoms and, therefore, at atmospheric 
pressure (760 torr), air contains 5.6×1019 atoms/cm3. 


• A pressure of 1 torr thus corresponds to a density of 7.3×1016 atoms/cm3, and the maximum density quoted above thus 
implies a maximum pressure of 5×10-9 torr



Synchrotron

• Phase stability


• Maintaining particles in their nominal orbits for long periods of time 


• For example, cyclotron:


• The electric field in the gap between the D’s varies with time as 
indicated in Figure 10.7 


• There is always some finite spread in the time of arrival of the 
individual beam particles into the region where they experience the 
accelerating force 


• Let us label as “synchronous”, or “in time”, the particle that arrives 
at the time (or phase) τ in Fig. 10.7 (particle 1). 


• Particle 2 arrives a bit earlier. It sees a larger voltage, is therefore 
more accelerated, describes a somewhat larger orbit and will thus 
arrive closer in time to particle 1 at the next passage in between the 
D’s.


• Particle 3 experiences the reverse effect. It arrives later than particle 
1, is therefore less accelerated, described a somewhat smaller orbit 
and thus arrives closer in time to particle 1 at the next acceleration 
step. 


• This restoring effect is the reason why particles in such accelerators 
are apparently accelerated in “bunches”, centered on the 
synchronous particle 
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given by (�n)�1. In this particular case, that mean free path should be equal to one light-
day, i.e. 86, 400⇥3 ·1010 = 2.6 ·1015 cm. If the cross section for collisions with the rest gas
is 1 barn (10�24 cm2), this limits the density of restgas atoms n to 3.8 · 108 atoms/cm3. At
atmospheric pressure, air has a mass of 1.3 g/liter = 1.3 ·10�3 g/cm3. Since air consists pre-
dominantly of nitrogen, 14 g corresponds to 6.02 ·1023 atoms and, therefore, at atmospheric
pressure (760 torr), air contains 5.6 · 1019 atoms/cm3. A pressure of 1 torr thus corresponds
to a density of 7.3 · 1016 atoms/cm3, and the maximum density quoted above thus implies
a maximum pressure of 5 · 10�9 torr. To maintain that type of vacuum permanently in a 27
km long tube is far from trivial, but apparently not impossible.

Phase stability
One of the features that is very helpful in operating modern particle accelerators in

a stable way is the principle of phase stability. There are a numbers of factors at work
which automatically correct for deviations from equilibrium as they occur, and thus make
it possible to maintain particles in their nominal orbits for long periods of time. Let us, as
an example, look at the cyclotron. The electric field in the gap between the D’s varies with
time as indicated in Figure 10.7.

Figure 10.7: The time variation of the electric field in the gap between the D’s of a (synchro)cyclotron.

There is always some finite spread in the time of arrival of the individual beam particles
into the region where they experience the accelerating force. Let us label as “synchronous”,
or “in time”, the particle that arrives at the time (or phase) ⌧ in Fig. 10.7 (particle 1). Par-
ticle 2 arrives a bit earlier. It sees a larger voltage, is therefore more accelerated, describes
a somewhat larger orbit and will thus arrive closer in time to particle 1 at the next passage
in between the D’s. On the other hand, particle 3 experiences the reverse effect. It arrives
later than particle 1, is therefore less accelerated, described a somewhat smaller orbit and
thus arrives closer in time to particle 1 at the next acceleration step. This restoring effect
is the reason why particles in such accelerators are apparently accelerated in “bunches”,

Tricks to make synchrotrons work



Synchrotron

• Phase stability


• For example, synchrotron:


• In the vertical plane, the fringe fields 
of the magnets are responsible for a 
restoring effect (Figure 10.8). 


• The Lorentz force vector, F= qv×B is 
oriented perpendicular to B, and 
therefore the fringe field forces the 
particles back to the median plane 
of the vacuum tube in which they 
describe their orbits
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centered on the synchronous particle.
A similar effect occures in synchrotrons, where particles with a higher than average

momentum travel an orbit with slightly larger radius. This takes them longer to go around,
and as a result they get out of phase and do not gain as much additional momentum as the
synchronous particles when they pass the accelerating cavities the next time. As a result,
they will move closer to the nominal beam orbit.

Figure 10.8: The magnetic field lines in a (synchro)cyclotron and the effect of the Lorentz force exerted
on a positively charged particle circulating near the edge of the magnet.

In the vertical plane, the fringe fields of the magnets are responsible for a restoring
effect (Figure 10.8). The Lorentz force vector, ~F = ~v ⇥ ~B is oriented perpendicular to ~B,
and therefore the fringe field forces the particles back to the median plane of the vacuum
tube in which they describe their orbits.

Strong focusing
The restoring effect of the magnetic dipole fringe field (Fig. 10.8) is rather weak and not

adequate to prevent a (vertical) divergence of the beam during the acceleration process. An
important breakthrough occurred with the invention of strong focusing or alternate gradient
focusing. It turned out that magnetic quadrupoles could be made to work as lenses for the
particle beams. Figure 10.9 shows how such a quadrupole functions. It shows the direction
of the Lorentz force experienced by a positively charged particle that enters the magnet
perpendicular to the plane of the paper in the vicinity of each of the four compartments
of the quadrupole. Such a particle traveling at x = 0 and y 6= 0 will thus experience a
focusing effect in the y direction, while the forces in the x direction balance each other.
This focusing effect will force this particle in the direction of y = 0. On the other hand,
a particle traveling at y = 0 and x 6= 0 will experience a net defocusing effect. The next
quadrupole in the beam line has precisely the opposite effect, which is achieved by inverting
the magnetic North and South Poles. Magnetic quadrupoles thus always focus the particle
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Synchrotron

• Strong focusing


• magnetic quadrupoles could be made to work 
as lenses for the particle beams 


• Figure 10.9 shows how such a quadrupole 
functions 


• It shows the direction of the Lorentz force 
experienced by a positively charged particle that 
enters the magnet perpendicular to the plane of 
the paper (your screen) in the vicinity of each of 
the four compartments of the quadrupole 


• Magnetic quadrupoles thus always focus the 
particle beam in one plane, and defocus it in the 
perpendicular plane. For that reason, 
quadrupoles always appear in pairs in particle 
beam lines
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Figure 10.9: The magnetic field lines in a magnetic quadrupole and the effect of the Lorentz force exerted
on a positively charged particle that enters this quadrupole at various positions perpendicular to the plane of
the paper.

beam in one plane, and defocus it in the perpendicular plane. For that reason, quadrupoles
always appear in pairs in particle beam lines.

The first synchrotron to apply quadrupoles for this purpose was the Alternating Gradi-
ent Synchrotron (AGS) in Brookhaven, which was completed in 1954 and which was the
highest-energy proton accelerator at that time (33 GeV). Three different Nobel prizes were
awarded for experiments at the AGS. Since that time, all synchrotrons use the principle of
strong focusing with magnetic quadrupoles. The particles are kept in a fixed orbit by means
of magnetic dipoles and accelerated by means of RF cavities.

10.5 Colliding beams, storage rings
As the accelerators became capable of achieving higher and higher energies, it became
clear that using these extremely relativistic particles for fixed-target experiments was a
tremendous waste, since in such experiments most of the energy is needed for conservation
of momentum, and not for revealing new physics phenomena. For example, Fermilab’s
Tevatron, which accelerated protons to 900 GeV would never have been able to produce
W and Z bosons (mass 80 -90 GeV/c2) if these protons would have been sent onto a fixed
target, since the invariant mass would in that case have been only

p
2mp(E +mp) = 41

GeV/c2. That’s why the Tevatron was turned into a pp̄ storage ring/collider, which increased
the invariant mass to 2E = 1800 GeV/c2, an increase by a factor of 44!
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