
Cyclotrons

• Classical cyclotron
• Synchrocyclotron
• Isochronous cyclotron

Ernest O. Lawrence, 1932
Nobel Prize, 1939













Non-relativistic bending limit:
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Example:
ρ = 1 m
B = 1.7 T
Kb = 139 MeV
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For room temperature cyclotrons (B < 2 T)
• Flutter F does not depend on B

• So, maximum γ (v or E/A) limited by magnet geometry

For superconducting cyclotrons (B >> 2 T) iron is saturated
• <B2> - <B>2 = constant (given by sector geometry)

• Hence, Flutter decreases as 1/B2

• Focusing limit:
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Separated sector cyclotrons

• For higher energy light ions, axial focusing sets
the limit
– Increase spiral angle
– Increase flutter F

• Zero field in the valleys
– Separated sectors

» Space for equipment between the sectors (dipoles)
• Effective resonators for high accelerating field
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Assume 50/50 hill width/valley width
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Flutter

Typically for compact 
cyclotrons

Separated sectors

x

For high E/A, choose separated sectors
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Central region + inflector

Deflector
Electromagnetic
channelPassive focusing channels



Spiral inflector



Hill

Valley

Stripper





Injection/central region and 
extraction



Injection
•External ion source
•Matching the beam into the cyclotron’s

•Central region acceptance
•Accelerated equilibrium orbit ”eigen ellipses”

•Low-energy beam
•Possible space charge limitation



Forces in the cyclotron
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This energy is reached during 1 – 2 turns



Outside the central region only magnetic forces 
(bending, focusing) are relevant.
However, electric focusing is important along the first 
1 – 2 turns.

Transit time effect in an accelerating gap
in a) static field, b) increasing field and c) 
decreasing field. The effect is 
exaggerated



Electric 
focusing 
important in 
the first gaps
-> Central 
region design

Nose for the 
1st harmonic 
mode for 
optimal RF-
phase





Inflectors

W. Kleeven



Beam bending without magnetic 
field

a) Cross-section of the spiral 
electrodes and b) beam projection on 
xy plane

Spiral inflector



Differential probe scan with a) a changing effective probe width and b) with a 
constant effective probe width. 

Injection has an effect on beam behaviour in the cyclotron

Beam
Effective 
probe width

Probe



Match the beam into the 
acclerated equilibrium orbit eigen 
ellipses with quadrupoles (4) Center the beam

The beam rotates at the radial 
betatron frequency



Extraction from cyclotrons



Classification of extraction schemes

Linear accelerators Circular accelerators

No extraction 
problem

Constant orbit radius 
(sychrotrons, betatrons)

Increasing orbit radius 
(cyclotrons, synchrocyclotrons)

Pulsed electro-
magnetic fields 
(Kickers)

Stripping by 
foil (e.g. H-)

Electromagnetic 
fields

Integer resonance

νr = N

Half integer resonance

νr = N/2 

(regenerative extraction)

Brute force 
extraction

Precessional 
extraction

Resonant 
(slow ) 
extraction
νr = N/3 



Extraction by acceleration
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Radial increase of the orbit

•By acceleration

•By magnetic pumps
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Three ways to get a high extraction rate
1. Build cyclotrons with a large average radius (without 

increasing the maximum energy)

2. Make the energy gain per turn as high as possible

3. Accelerate the beam into the fringe field, where νr
drops

This also calls for high energy gain, since phase 
slip in the fringe field must be kept small

Item 1. Remember that for the same maximum 
field and the same energy gain per turn ( )

Rdn
dR 1accel ∝



Remember: for an isochronous field
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And e.g. for a 3-sector magnet
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Field index

Item 3. especially important for high energy 
cyclotrons γν ≈r

So, e.g. for the PSI 580 MeV cyclotron in the isochronous extraction region

6.1=rν and at the extraction in the fringe field 1.1=rν
Factor of 2 in turn separation



Resonant extraction
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Normally the radial gain per turn by acceleration in not enough

•Magnetic perturbations to enhance the turn separation

The integer resonance νr=N

Brute force

Bump in the axial field

νr close to N

The beam is driven off centre, maximum additional 
radial gain per turn being

0

force) brute(
NB
bR

dn
dR Nπ=



For a typical conventional cyclotron (B0=1.7 T) a bump of 0.1 mT 
introduces a radial gain of about 0.2 mm!!

To get a desired turn separation bigger bumps are needed

•“Brute force”

•This method has been used for example in the AEG compact cyclotron

Precessional extraction

The beam goes through νr=1 resonance with a first order perturbation

•Beam starts to oscillate around its equilibrium orbit with a frequency

1−rν
• νr decreases with radius

•Two consecutive turns oscillate with a slightly different 
frequency

•Phase difference between the turns increases

•Turn separation increases



Contribution of harmonic coils in 
three valleys

Precession after νr=1
resonance

Bump with a harmonic coil <Bharm>=0



Radial phase space without a 1st order perturbation

Equilibrium orbit

Stable

Unstable



Radial Phase space with a 1st order perturbation

Opening in the stable 
phase space



Phase and amplitude of the perturbation is important!



Phase and amplitude of 
the harmonic perturbation 
important

Implication:

Centering of the beam is 
also important!



Nice behavior with a proper 1st harmonic perturbation

Note: Mono-energetic 
beam was started from 
the equilibrium orbit in 
this tracking!

Single turn extraction:

•Well centered beam

•Small RF phase width

-> phase slits



Extraction elements

• (Harmonic coils)
• Electrostatic deflector
• Electromagnetic channel
• (Passive) focusing channels
• Stripper



Electrostatic deflector

Negative high voltage

Gap: a few mm’s



Electrostatic deflectorElectromagnetic channel



V-shape entrance for the septum

effective thickness 0 mm

Distribute heat



Electromagnetic channel



High current in the EMC coil

•Main coil current + booster current



Minimize B at resonance



Passive focusing channel

Horizontally focusingVertically focusing

Iron bars are magnetized by the cyclotron magnetic field



Focusing channel
•Extracted beam travels in the fast 
decreasing fringe field

•Horizontally defocusing

•More focusing by shaping the field 
(gradient) by passive channels



Stripping extraction
• The extraction efficiency for deflector + EMC is typically 

50 – 90 %.
– For high intensities activation, vacuum and melting problems

• For negative ions (H-, d-) stripping
– 1 – 2 µm carbon foil strips both electrons away

• Charge state -1 -> +1
– Efficiency close to 100 %
– Short distance in the fringing field

• Less focusing problems
• Caution! Electromagnetic stripping at high B and high 

velocity
– Electron affinity (binding energy) for H- is 0.75 eV



IBA Cyclone 30

Extraction by stripping

All energies go to one 
crossover point by 
proper foil azimuthal 
position

Place combination 
magnet at crossover

W. Kleeven



Accelerator Laboratory, Department of Physics, University of Jyväskylä

Stripper
•4 carbon foils (16x22 mm)

•thickness 1 and 2 µm 





Stripping extraction for heavy ions

• Typically q2=2q1 (1.4 – 4)
– Initially moderate charge state

• Limits the maximum energy
– Motivation

• High extraction efficiency
– Naked ion after stripping (no charge distribution)
– e.g. 300 AMeV Cyclotron proposal (INFN)

• Easy
– If not fully stripped then a distribution

» Only one charge state has the right trajectory
– e.g. Dubna



Room for the cryostat

H.V.  for ED1

H.V.  for ED2

Stripper 
position 
system

Radial
probe Radial 

Tie rods

Radial 
Tie rods

Radial 
Tie rods

Radial 
Tie rods

Carbon beam 
extraction

Proton beam 
extraction

L. Calabretta
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