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Cyclotrons were the most powerful particle
accelerator technology until the 1950s, when they
Were superseded by the synchrotron. and are still
used to produce particle beams for physics

and nuclear medicine. The largest single-magnet
cyclotron was the 4.67 m

(184 in) synchrocyclotron built between 1940 and
1946 by Lawrence at the University of California,
Berkeley, which could accelerate protons to 730

million electron volts (MeV). The largest cyclotron

ever built using normal conducting magnets is the

17.1 m (56 ft) multimagnet TRIUMF accelerator at
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chamber. The dees are placed face to face with a
narrow gap between them, creating a cylindrical
Space within them for the particles to move. The
particles are injected into the center of this space.
The dees are located between the poles of a
large electromagnet which applies a

Static magnetic field B perpendicular to the
electrode plane. The magnetic field causes the

particles' path to bend in a circle due to

the Lorentz force perpendicular to their direction of

motion.

T'i

If the particles’ speeds were constant, they would

travel in a circular path within the dees under the

L

)

influence of the magnetic field. However a radio

Ly

frequency (RF) alternating voltage of several
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thousand volts is applied between the dees. The
voltage creates an oscillating electric field in the
gap between the dees that accelerates the
particles. The frequency is set so that the particles
make one circuit during a single cycle of the
voltage. To achieve this, the frequency must match

the particle's cyclotron resonance frequency

where B is the magnetic field strength, q is

the electric charge of the particle and m is

the relativistic mass of the charged particle. Each
time after the particles pass to the other dee
electrode the polarity of the RF voltage reverses.
Therefore, each time the particles cross the gap

from one dee electrode to the other, the electric
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A French cyclotron, produced
in Zurich, Switzerland in 1937. The vacuum

chamber containing the dees (at left) has been

removed from the magnet (red, at right).

In the non-relativistic approximation, the cyclotron
frequency does not depend upon the particle's
speed or the radius of the particle's orbit. As the
beam spirals outward, the rotation frequency stays
constant, and the beam continues to accelerate as

it travels a greater distance in the same time
period.

Scanne d with CamScanner



Scanned with CamScanner




Scanned with CamScanner




NS cdEcage 0 P P nopn P o p oerpreessEssrRrrEPRPESSR S

bbbbédesbdboblibiiid

g
-

EEREREERE:

i

i

'NEEEER

the 1% correction energy is about 9 MeV, which is

Sufficient to induce nuclear reactions.

ISOCHRONOUS CYCLOTRON

An alternative to the synchrocyclotron is

the isochronous cyclotron, which has a magnetic
field that increases with radius, rather than with
time. Isochronous cyclotrons are capable of
producing much greater beam current than

synchrocyclotrons, but require azimuthal variations

in the field strength to provide a strong
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focusing effect and keep the particles captured in
their spiral trajectory. For this reason, an
isochronous cyclotron is also called an "AVF
(@zimuthal varying field) cyclotron”. This solution

for focusing the particle beam was proposed by L.

H. Thomas in 1938.Recalling the

relativistic gyroradius and the relativistic cyclotron
frequency , one can choose to be proportional to
the Lorentz factor, . This results the relation which

again only depends on the velocity , like in the
non-relativistic case. Also, the cyclotron frequency
IS constant in this case.

The transverse de-focusing effect of this radial
field gradient is compensated by ridges on the

magnet faces which vary the field azimuthally as
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well. This allows particles to be accelerated
continuously, on every period of the radio
frequency (RF), rather than in bursts as in most
other accelerator types. This principle that
alternating field gradients have a net focusing
effect is called strong focusing. It was obscurely
known theoretically long before it was put into
practice. Examples of isochronous cyclotrons
abound: in fact almost all modern cyclotrons use
azimuthally-varying fields. The TRIUME cyclotron
mentioned below is the largest of its kind with an
outer orbit radius of 7.9 metres, extracting protons
at up to 510 MeV, which is 3/4 of the speed of

light. The PSI cyclotron reaches higher energy and
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drift tube accelerator. He published a paper in

Science in 1930,and patented the device in 1932.

To construct the first such device, Lawrence used
large electromagnets recycled from

obsolete Poulsen arc radio transmitters provided

by the Federal Telegraph Company./He was

assisted by a graduate student, M. Stanley

Livingston Their first working cyclotron became

operational in January of 1931. This machine had
a radius of 4.5 inches, and accelerated protons to

an energy up to 80 keV..

At the Radlation Laboratory of the University of

California, Berkeley, Lawrence and his

collaborators went on to construct a series of

cyclotrons which were the most powerful
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accelerators in the world at the time; a 69 ¢m
(27 in) 4.8 MeV machine (1932), a 94 cm (37 in)
8 MeV machine (1937), and a 152 cm (60 in)
16 MeV machine (1939). Lawrence received the

1939 Nobel Prize in Physics for the invention and

development of the cyclotron and for results

obtained with it.

The first European cyclotron was constructed in

the Soviet Union in the physics department of

the Radium Institute in Leningrad, headed

by Vitaly Khlopin [ru]. This Leningrad instrument

was first proposed in 1932 by George

Gamow and Lev Mysovskii and was installed and

became operative by 1937.
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accelerated once by the voltage, so the particles’

energy was equal to the accelerating voltage on

the machine, which was limited by air
breakdown to a few million volts. In the
cyclotron, in contrast, the particles encounter the
accelerating voltage many times during their

Spiral path, and so are accelerated many

times, so the output energy can be many times

the accelerating voltage.

MECHANISMS OF CYCLOTRON

The theory of cyclotron is based on the interaction

of a charged particle with electric and magnetic
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The Circular Path of a Charged Particle

The particle starts to rotate in a circular path of
radius r such that the magnetlic force serves as lhe
centripetal force of that circular path. The

centripetal force

FcFc has magnitude,

Fc= mv2rmv2r

' IR R R R EE R EE L EE R

“ee

Here, m is the mass of the particle and r is the

% &

radius of the circular path. The centripetal force is

equal to the magnetic force i.e.

A M ® R TRRAARMAPPEALPPPPrPrPEPrPEERrRrERE RS
bbbbdedid
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. a cyclotron, two hollow ‘D" shaped electrodes
are placed face to face with a small gap, inside
a vacuum chamber. An alternating voltage IS
applied between the “dees” across the gap. A
uniform magnetic field js applied perpendicular
to the plane of the electrodes. The “dees” have

a cylindrical In space for the particles to move.

- Charged particles are injected at the center of
the cylindrical space (shown by a dot in the

figure). If the particles would have a constant

velocity, they would rotate in circles of
constant radii. But an alternating voltage of
high frequency is applied across the gap. The

frequency is set such that the charged
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particles make a semicircle during a single

cycle of the alternating voltage. In other words,
the frequency of the ac voltage must match
with the cyclotron frequency of the particles

given by the cyclotron formula,

f=qB2mmqgB2mm

Here, q is the charge, is the mass of the

particle and B is the magnetic field strength.

. Each time a particle completes a semicircle

inside a dee and approaches the other dee,
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. q IS the particle's electric charge.
- m Is the relativistic mass of the charged

particle.

PARTICLE ENERGY EXPRESSION

The particles' energy is determined by the

magnetic field's strength and the diameter of the

dees.

The formula for calculating the centripetal force

required to keep the particles in a curved path is:
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CYCLOTRON APPLICATIONS

These were the best sources of high-energy
beams for nuclear physics Investigations for

decades. These are. however, Still used In this

type of research.

Is THERE ANYTHING THAT
CYCLOTRON CAN'T DO?

. cyclotron cannot accelerate them.

. The use of a cyclotron to accelerate neutral

particles is not possible.
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ADVANTAGES AND
LIMITATIONS

Lawrence's 60-inch cyclotron, circa 1939,
showing the beam of
accelerated ions (likely protons or deuterons)

exmng the machine and ionizing the surrounding
air causing a blue glow.

The cyclotron was an improvement over the linear

accelerators (linacs) that were available when it
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voltage sources if the accelerated particles are
approximately obeying Newton's laws of motion. If

the particles become fast enough
that relativistic effects become important, the bearmn

becomes out of phase with the oscillating electric
field, and cannot receive any additional
acceleration. The classical cyclotron is therefore
only capable of accelerating particles up to a few
percent of the speed of light. To accommodate
increased mass the magnetic field may be
modified by appropriately shaping the pole pieces
as in the isochronous cyclotrons, operating in a
pulsed mode and changing the frequency applied

fo the dees as in the synchrocyclotrons, either of

which is limited by the diminishing cost
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diameter and 8 m high. Built to accelerate heavy

jons. its maximum magneltic field is 3.8 1, yielding

a bending ability of 8 T-m. The tolal weight of the
cyclotron is 8,300 t. The Riken magnetic field
covers from 3.5 m radius to 5.5 m with the
maximum beam radius of about 5 m (200 in). It
has accelerated uranium ions to 345 MeV per
atomic mass unit.

ITRIUMF, Canada's national laboratory for nuclear
and particle physics, houses the world's largest
cyclotron of its kind. The 18 m diameter, 4,000 t
main magnet produces a field of 0.46 T while a
23 MHz 94 kV electric field is used to accelerate
the 300 uA beam. The TRIUMF field goes from O

to 813 ecm (0 to 320 in) radius with the maximum
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RELATED TECHNOLOGILES

The spiraling of electrons in a ¢ ylindrical vacuum
chamber within a transverse magnetic field is also

employed in the magnetron, a device for producing

high frequency radio waves (microwaves).

The synchrotron moves the particles through a

path of constant radius, allowing it to be made as a
pipe and so of much larger radius than is practical

with the cyclotron and synchrocyclotron. The larger

radius allows the use of numerous magnets, each
of which imparts angular momentum and so allows
particles of higher velocity (mass) to be kept within
the bounds of the evacuated pipe. The magnetic

field strength of each of the bending magnets is
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they undergo as thoey spiral around the linos of the

magneltic lield

The name of this radiation derives from

the cyclotron, a type of particle accelerator used
Since the 1930s to create highly energelic particles
for study. The cyclotron makes use of the circular
orbits that charged particles exhibit in a uniform
magnetic field. Furthermore, the period of the orbit
Is independent of the energy of the particles,
allowing the cyclotron to operate at a

set frequency. Cyclotron radiation is emitted by all
charged particles travelling through magnetic
fields, not just those in cyclotrons. Cyclotron
radiation from plasma in the interstellar medium or

around black holes and other astronomical
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differs by a factor of 1/¢, the speed of light

which leacds 1o

For malterials with little or no

magnelism so we can use the easily

measured H instead of B.

Note that converting this expression to
SI units introduces a factor of

the vacuum permeability.
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I Why Cyclotron is important 7

Cyclotron — it sounds like a character from &
science fiction film. It’s actually a particle
accelerator, a machine that uses electromagnelic
fields to propel charged particles to very high

speeds and energies, used lo produce

radioisotopes for a type of medical drugs called
radiopharmaceuticals, which diagnose and treat
cancer. There are over 1500 cyclotron facilities
around the world, and the IAEA has recently
updated its interactive map and database featuring

1300 of these cyclotron facilities from 95 countries.

First published in 2019, the Database of

Cyclotrons for Radionuclide Production is a tool to

Scanne d with CamScanner

EE A
,J-l_‘_‘\

L N W )

)

)

Ll g LA LS S S S E B RS DD



' ¥ )f"ll

}‘”-,f’, “"!l‘ﬁ'ff-". 11 Iy ot f‘}ilth'\!‘r:i!lr\”a J

tardiiting to find and
and users of medical cyclotron Facinx

exchange technical, ubilization related and

administrative information on operaling cyclolrons
It forms part of the IAEA's commitment (o
enhancing countries’ capabilities in producing

radioisotopes and applying radiation technology n

health care.

“Cyclotrons are developing rapidly and will play an
increasingly important role in the health care

sector, especially in advanced medical imaging
procedures, because cyclotron-produced
radiopharmaceuticals are very efficient in detecting
various cancers,” said Amir Jalilian, Radioisotope

and Radiopharmaceutical Chemist at the IAEA.
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Modical imaging lechniques such a8 posiron

smission tomography (PET) and sing'e photon

emission computed lomography (SPEC T) rely or!
cyclotron-produced radioisolopes. Unlike e s@arch
reactors — which also produce radioisolopes =
cyclotrons do not use nuclear materials and are

not subject to the same radiological safely and

security considerations as reaclors.

The IAEA database enables users to search for
details about each facility, including type, size and
number of cyclotrons. Professionals in the field can
connect and share expertise and information on
their radiopharmaceutical products. The platform

also features upcoming IAEA events and
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