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Cyclotrons and Synchrotrons Ėa comparison

Persisting cw beam =bl\hgmbgnhnlę¥]\ę[^Zf¦

Passive energy variation Active energy variation 

(degrader Ą high local beam loss!)

Courtesy A. Peters, HIT
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Ongoing developments for next 
generation accelerators 

What has been recently realised
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What has been recently realized

Superconducting technology relying on TriNiobium Core

What has been realised recently

Source U. Linz
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What could be realised soon

Compact superconducting12C ion 
synchrotonandgantryunderdevelopment
towardsmallfootprint solutionin Japan

NIRS ðQuantum Scalpel

Superconducting

synchrotron /gantry

K. Noda, J. Phys2019

ProTom ðRadiance 330

Synchrotron

Scaling down dimensions and costs
with synchrotrons

Compact synchrotron-based proton 
facility installed in two LINAC vaults of 
pre-existing radiotherapy department 
at MGH Boston
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New accelerator concepts - FFAGs

Idea:

Simplify control 
and operation,     
no synchro-
nization
necessary 
between B-field 
and RF

{ęno savings in 
space!

... but rapidly 
(~ms) switching 
energy with 
~200 Hz 
repetition rate

Courtesy A. Peters, HIT

New accelerator concepts - FFAGs

Further projects: EMMA (GB), RACCAM (F) and othersCourtesy A. Peters, HIT

20 MeV150MeV

Multi -stage
due to p
acceptance
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High-gradient linear accelerator 
under development at CERN / ADAMS

LIGHT system being installed in London

New concepts Ėlaser plasma accelerators

Á Laser: 50 fs, 50 J (Petawatt!)
Á I = 1021 W/cm2

Á 1011 protons up to 300 MeV should 
be possible

Á Repetition rate?
Á Intensity control?

Active area of research in Munich
(CALA) and Chair (Prof. Schreiber)

Courtesy A. Peters, HIT
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How to deliver beam to the patient

16K. Parodi17 May 2020

Generally, a beam from an accelerator has a Gaussian spatial intensity I

Ὅ́ Ὡ

The beam is a collection of 
particles described not 
only by its size s but also 
its divergence since each 
ion in the beam has a 
position and angle which 
describes its trajectory

Paganetti et al, PMB 2008
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17K. Parodi18 May 2020

The area of the phase space (angle and position distribution of the beam 
particles) is given by

pewhere eis the beam emittance

A typical emittance for a beam directly from the accelerator (e.g., cyclotron) 
is 5 mm-rad, though after a degrader it can be increased to 20 mm -rad

This results in a beam from mm to cm in the HEBT, being the smaller beam 
preferable for smaller and less expensive tranport system

18K. Parodi17 May 2020

Depending on clinical application, the target size can range from 
millimeters (radiosurgery) to tens of centimeters (cranio -spinal irradiation) 

Spread out the beam in both the transverse and longitudinal direction 

Passive shaping devices Active shaping devices

...and thereof combination
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19K. Parodi17 May 2020

Passive modulation exploits the consequences of ion beam interaction in 
matter with different media, namely

Energy loss

Scattering

(Lrad mean distance over which a high -energy e- loses all but 1ùe of its energy 

by bremsstrahlung )

J Flanz, MGH

20K. Parodi17 May 2020

Exploring the main dependences with the medium one can approximate the 

A higher Z material will produce more scattering but not 
necessarily more energy loss than a lower Z medium

Different materials can be mixed in order to control the degree 
of modification in scattering and energy  loss, at least relatively

(and of course trying to minimize neutron production!)

J Flanz, MGH
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21K. Parodi17 May 2020 J Flanz, MGH

17 May 2020
Schardt et al, Rev Mod Phys

The overall passive beam shaping process
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Passive beam shaping

Scattering

1) Single scattering

The best material for scattering without losing too much energy is lead

A Gaussian beam traversing a thickness of lead will end up with a 
Gaussian with larger divergence

Example of beam phase space increase in 
divergence after scattering and a finite drift 
length

The horizontal axis is the lateral position in cm, 
the vertical axis is the horizontal angle in mrad

The right side and bottom of each figure shows 
the projection of the particles in the phase 
space area in each dimension

Note how the ellipse starts to rotate to the right 
after drifting a finite length

J Flanz, MGH

Passive beam shaping

Scattering

1) Single scattering

However, one can use only the central top part of the enlarged Gaussian 
distribution, resulting in a very inefficient method

Lomax, PSI
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Scattering

1) Double scattering

The basic idea is to combine two scatterers in order to optimise the 
percentage of ions in an uniform field area 

The first scatterer acts as the single scatterer, producing a Gaussian 
beam profile with larger divergence, which translates in a larger beam 
size after a short drift

The second scatterer provides a 
differential scattering power along the 
transverse dimension

It is a much more efficient system 
compared to the single scattering 
method, however it increases the lateral 
penumbra due to increased virtual 
source size (to be shown later on)

Passive beam shaping

Lomax, PSI

Double scattering with an occluding post

Passive beam shaping
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Passive beam delivery

High Z

Low Z

Longitudinal beam conformance

28K. Parodi17 May 2020

1) Longitudinal beam spreading

Passive beam shaping

Spread the beam longitudinally 
by adding multiple Bragg 
peaks of different range and 
bgm^glbmręmhę\k^Zm^ęZęzLik^Z]-
out-Bragg-I^Zd¥

Number of overlapping Bragg 
peaks depends on sharpness of 
individual Bragg Peaks

With f slowly varying function depending on absorber
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29K. Parodi17 May 2020

Passive beam shaping

Sharpness of Bragg peak depends not only on ion species, but range R

Protons in water
(H Kooy, MGH)

Longitudinal beam spreading

Passive beam shaping

Z#ęKb]`^ę"hkęzkbiie^¥#ę_bem^k
Truly passive device without time dependence, introducing a statistical 
mixing of ion energies (energy loss and scattering) at any transverse position

Chu et al, Flanz MGH
NCC Kashiwa
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Longitudinal beam spreading

Passive beam shaping

Z#ęKb]`^ę"hkęzkbiie^¥#ę_bem^k

MCS blurs the fine groove structure for a sufficient distance d between the 
filter and the patient according to

l periodic distance of grooves
sawidth of beam angular distribution

Weber et al PMB 1999

Longitudinal beam spreading

Passive beam shaping

Z#ęKb]`^ę"hkęzkbiie^¥#ę_bem^k

Longitudinal beam spreading dependent on the shape and thickness of filter
Used to widen too sharp BPs and produce small SOBPs  

Carbon ions in water Weber et al PMB 1999
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Longitudinal beam spreading

Passive beam shaping

Z#ęKb]`^ę"hkęzkbiie^¥#ę_bem^k

Several studies confirmed superior performances of materials like PMMA 
(e.g., compared to Al) to reduce neutron and excessive scattering

Carbon ions in water Weber et al PMB 1999

Longitudinal beam spreading
b) Modulation wheel

Dynamic version of longitudinal beam spreading

Assuming a constant rotation rate and a constant beam fluence, the number 
of ions degraded to a given energy will depend on the time a given thickness 
of the wheel is in the beam path 
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Longitudinal beam spreading
b) Modulation wheel

Longitudinal beam spreading
b) Modulation wheel

A high revolution frequency (~ 600 -
3000 RPM) ensures SOBP delivery in 
~0.1 s 

Fh]^kgępa^^elę\hgmZbgęfhk^ęzmkZ\dl¥ę
which can be exploited by laterally 
shifting the wheel position

Like for the ridge filter, a given range 
modulator wheel can only be used for 
a limited range of incident beam 
energies and SOBP widths  

However, arbitrary subsets of SOBPs 
can be delivered by synchronizing the 
beam turning on/off with the wheel 
revolution phase

Usually also different materials
to achieve scatter compensation
(higher Z for thinner sections)
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Longitudinal beam spreading
b) Modulation wheel

Moreover, by varying the beam 
current during the range 
modulator rotation, it is possible 
to change the relative weight of 
the number of ions deivered at a 
given range, thus extending the 
range of energies usable with a 
certain hardware design

Flanz, MGH

Thin wheel step

Thick wheel step

Longitudinal beam spreading
c) Lamination

A certain amount of metal or plastic plates is kept in the beam until the 
appropriate number of ions has been delivered at that energy, then a 
different amount of material is inserted for another given time, and so forth 

Mablęblęmrib\ZeeręZ\ab^o^]ę[ręZęz[bgZkr¥ęlrlm^fępab\aębg\en]^lę]^`kZ]^klębgę
Zęl^jn^g\^ępbmaęZęzihp^k-of-mph¥ęk^eZmbhglabięZfhg`ęma^ęieZm^ęmab\dg^ll^l

This method is not as fast as 
the ridge filter and modulator 
wheel, though a compromise 
is to put the degraders in the 
beam path in sequence 
repeadetly (~ 0.5 s to put 
plates in/out)

Flanz. MGH
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Longitudinal beam spreading
c) Lamination

For protons and He ions, low -Z materials (e.g., Plexiglass) are preferred to 
reduce scattering for a given stopping power

For heavy ions, high -Z materials 
like copper can be favoured to 
reduce nuclear fragmentation with 
minimal increase of scattering, 

together with a more compact 
assembly

In a popular configuration, plastic 
degraders and lead scatterers are 
combined to achieve simultaneous 
longitudinal and lateral dose 
spreading

Longitudinal beam spreading
d) Wedge

A wedge is a sort of variation of the lamination system, however a 
combination of plastic and lead is more difficult

Such a system is being 
employed for very fast (80 -
100 ms) energy selection at 
the entrance of the beam line 
(thus energy-dependent 
beamline setting!), differently 
from previous devices which 
are positioned much closer to 
the patient

Flanz, MGH
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Longitudinal beam spreading
d) Wedge (for cyclotron -based proton therapy facilities)

Longitudinal beam spreading
d) Wedge
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3D dose conformation

Previously described methods achieve regular extended dose distributions
Dosimetric properties of interest are

A: Particle range (80% SOBP falloff)

B: Distal fall -off (80% -20%)

C: Modulation width (95% proximal, 
several definitions distal)

D: region of uniform dose distribution, 
typically  defined from a given inward 
distance with respect to the 90% falloff 

E: lateral penumbra (80% -20%)

Patient specific beam conformation
a) Aperture or collimator

The scattered beam is circularly symmetric and with size depending on the 
scattering power of the scattering system

A thick aperture (typically made by brass) is machined with an opening that 
conforms to the transverse projection of the target in the direction of the 
beam, thus only ions that will enter the target are allowed to continue

MGH Boston
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Patient specific beam conformation
a) Aperture or collimator

The collimator results in lateral penumbra

Geometric representation of the 
evolution of the penumbra (top), and its 
phase space representation (right, top) 
with projections along the vertical lines 

for the intensity distribution with 
position (right, bottom)

Flanz, MGH

Patient specific beam conformation
b) Range compensator

The actual range to the distal end of the target can be affected by tissue 
and organs of different densities across the target cross -sectional area 

A range compensator of low Z material like plastic (e.g., polyethylene) is 
used to mitigate those irregularities, being aligned with the aperture 

Flanz, MGH
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Patient specific beam conformation
b) Range compensator

Profile of compensator is specified by TPS and machined in a workshop 
by milling machines (~ 2 -3 h)

Patient specific beam conformation
b) Range compensator

Alternative production  by assembled multi -layer range compensators
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Patient specific beam conformation
Patient specific production and storage of a large amount of hardwars

National Cancer Center East
Kashiwa, Japan

High dose region

SOBP has fixed extension

Á Dose conformation at distal edge only

Á High skin dose, esp. at field edges

Beam

Courtesy M Ellerbrock, HIT
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Patient specific beam conformation
Dynamic collimator

Being investigated / used at few facilities , e.g. Upenn, Philadelphia (Proton ) 
and GHMC, Gunma to avoid manual change / production 

Issue of activation, commercial solutions just coming up 

Minohara et al, GHMC

Dose conformation

only at distal end
Ĕ

Dose conformation

also at proximal edge
Ĕ

Fixed depth modulation

Fixed lateral collimation

Variable depth modulation 

Collimation of sub fields

56K. Parodi
17 May 2020
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Passive beam delivery

Schardt et al, Rev Mod Phys

Passive beam delivery
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Passive beam delivery

Protons

Tony Lomax, PSI

Passive beam delivery

Besides suboptimal physical dose distribution and unnecessary production 
of secondary radiation (neutrons), further shortcomings of passive beam 
delivery occur for biological dose calculation of carbon ions

- The RBE-profile is built into the shape of the range modulator

- RBE-profile is only valid for application of a single field per day

- The dependence of RBE on dose and properties of the biological target are 
not considered
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How to reduce the material in 
the beam path ?

62K. Parodi17 May 2020

(Semi)-active beam delivery

Active magnetic shaping

In the passive beam spreading systems a major fraction of the primary beam 
intensity is wasted in apertures and in blocking devices

Consequently, the passive beam spreading technique not only needs higher 
primary beam intensities but produces a large amount of mostly forwardly 
scattered neutrons and neutron -induced contaminations

In order to produce enlarged and clean beams, various magnetic deflection 
systems have been proposed, mostly consisting of two magnets having 
perpendicular fields to each other and to the beam path

M Schippers, PSI
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63K. Parodi17 May 2020

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling

Magnetic deflection of a slightly scattered beam to achieve lateral spreading

Either rotate a 
dipole around the 
beam central axis, 
or use two electric 
dipoles with 
perpendicular field 
direction

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling

In single wobbling, both power supplies of the deflecting magnets are driven 
with a sinus of the same frequency (e.g., 60 Hz) shifted in amplitude by 90 °

Due to phase shifting of the magnetic current, the beam is rotated and 
produces a dose distribution like a torus

Yonai et al Med Phys 2008

Afer Chu et al
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling

To achieve a flat top inside the torus either 
scattering foils are used or more 
frequently tori of different radii 
corresponding to different maximum 
current amplitudes are superimposed 
including one center spot 

Afer Chu et al

In this technique, the contribution of 
each radius has to be adjusted to the 
necessary dose but the dose 
homogeneity over the complete 
volume can be achieved by painting 
the volume many times, compensating 
for the accelerator beam fluctuations

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling

3  
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling 

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions

Beamline at HIMAC
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Active magnetic shaping

a) Beam wobbling for 12C ions

Gunma, JapanScanning magnets Scatterers

Active magnetic shaping

a) Beam wobbling for 12C ions

Gunma, Japan
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions

Recent evaluation of various wobbling 
methods including original improvements 
from the original implementation for 
application in carbon ion therapy

The evaluation included magnetic and beam 
efficiency (uniform field at small amplitudes 
and short time), robustness against beam size 
variations (scattering dependence on energy) 
and time dependency (synchrotron current 
fluctuations)

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions

Lateral dose distribution by a beam of 
25mm and a maximum amplitude of 
125mm for an irradiation time of 60s 

Uniform irradiation field size in dependence 
of maximum amplitude for zigzag and spiral 
wobbling with an initial beam of 25 mm

(Semi)-active beam delivery

Active magnetic shaping

Z#ę¥Ngb_hkfęl\Zggbg`¦ę"b'^'&ę[^Zfęph[[ebg`#ę_hkęikhmhgl
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(Semi)-active beam delivery

Active magnetic shaping

Z#ę¥Ngb_hkfęl\Zggbg`¦ę"b'^'&ę[^Zfęph[[ebg`#ę_hkęikhmhgl

(Semi)-active beam delivery

Active magnetic shaping

Z#ę¥Ngb_hkfęl\Zggbg`¦ę"b'^'&ę[^Zfęph[[ebg`#ę_hkęikhmhgl
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(Semi)-active beam delivery

Active magnetic shaping

Z#ę¥Ngb_hkfęl\Zggbg`¦ę"b'^'&ę[^Zfęph[[ebg`#ę_hkęikhmhgl

(Semi)-active beam delivery

Active magnetic shaping

Z#ę¥Ngb_hkfęl\Zggbg`¦ę"b'^'&ę[^Zfęph[[ebg`#ę_hkęikhmhgl
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79K. Parodi17 May 2020

(Semi)-active beam delivery

Active magnetic shaping

Z#ę;^Zfęph[[ebg`ę"hkę¥ngb_hkfęl\Zggbg`¦#

In comparison to passive lateral beam broadening, beam wobbling allows

- Larger maximum penetration depth due to reduced material in beam path

- Reduced beam loss in scatterers and occluders

- Improved adjustment of field size to reduce beam loss in collimator

- Lower sensitivity to beam 
alignment (though higher 
requirement on beam stability 
over time) 

- Reduced effective source size 
for sharper penumbra

- Reduced neutron production 
and related shielding 
requirements
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81K. Parodi17 May 2020

Active beam delivery

Active magnetic shaping

a) Beam scanning

Magnetic deflection of an unmodified beam (so called pencil beam)

http://p -therapie.web.psi.ch/
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Active magnetic shaping

a) Beam scanning

Several flavors of scanning depending 
on technical implementation 

- 2D magnetic deflection without 
moving parts

- 1D magnetic deflection + 1D 
mechanic movement, i.e., shift of 
the patient table (PSI gantry 1)

- Magnetic deflection with one fixed 
slow-scan magnet, and a fast-scan 
narrow-gap magnet pivoting 
around the virtual scanning center 
of the first magnet (Uppsala)

PSI

Active magnetic shaping

a) Beam scanning

Several flavors of scanning depending on technical implementation 

- Spot scanning : single 
spots of variable duration 
with beam-off between the 
spots (PSI, IBA, Varian, 
Hitachi)

Eros Pedroni
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The clinical experience at PSI Gantry 1

For a total of ~ 1011 protons!

Active magnetic shaping

a) Beam scanning

Several flavors of scanning depending on technical implementation 

- Raster scanning : beam is 
moved from one voxel to 
the next one, without 
turning it off 

Source: GSI

FWHM of beam: 4 Ė10 mm 

Beam intensity: 1·10 6Ė4·1010 ions/s
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Active magnetic shaping

a) Beam scanning

Different beam paths can be 
chosen for more efficient 
delivery, depending on 
technical implementation 
(number of magnets, magnet 
scan speed)

Active magnetic shaping



18.05.2020

46

Dose lateral uniformity in beam scanning

Overlap a large number of single beams

Source: GSI Darmstadt

Dose lateral uniformity in beam scanning

The dilemma of the pencil beam dimensions

Small sigma Ý large number of beam spots

Large sigma Ý large penumbra

Images: Zufong Li

Small energy spread Ý large number of layers

Large energy spread Ý slow distal fall off
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Dose lateral uniformity in beam scanning

The dilemma of the pencil beam spotsize (in the limits given by the 
physical properties of the used beam species)

Calculation for an initial 5mm 
FWHM beam passing 
through a pencil beam nozzle 
(minor material in beam 
path), a 1m airgap and a 
water phantom

Dose lateral uniformity in beam scanning

Spot sizes in air of dedicated proton therapy facilities
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Comparingpenumbraof broadbeamsandpencilbeams

Initial size at source (broad beam)

(range shifter)

For shallow depth tumours, penumbra from scanned proton beams not 
necessarily better than passively shaped beams 

=> use Helium chamber, range shifter (bolus) with higher beam energies, 
intensity modulation and/or MLC/aperturePencil beam size


