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(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

6K. Parodi26 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
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(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 magnet current, the beam is rotated and 
produces a dose distribution like a torus

Yonai et al Med Phys 2008

Afer Chu et al

(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
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling

3  

(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling 
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions

Beamline at HIMAC

Active magnetic shaping

a) Beam wobbling for 12C ions

Gunma, JapanScanning magnets Scatterers
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Active magnetic shaping

a) Beam wobbling for 12C ions

Gunma, Japan

(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)
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(Semi)-active beam delivery

Active magnetic shaping

a) Beam wobbling for 12C ions

(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
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(Semi)-active beam delivery

Active magnetic shaping
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(Semi)-active beam delivery

Active magnetic shaping

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



26.05.2020

10

(Semi)-active beam delivery

Active magnetic shaping
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(Semi)-active beam delivery

Active magnetic shaping
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(Semi)-active beam delivery

Active magnetic shaping

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

22K. Parodi26 May 2020
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(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

24K. Parodi26 May 2020

Active beam delivery

Active magnetic shaping

a) Beam scanning

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

Example from PSI clinical experience

- Proton beam size ~3mm  sigma

- Grid size ~5mm 

- ~10,000 spots for 1l tumour

- Average ~10 ms /spot (longer for more 
distal spots) at 0,2 nA clinical current
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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

Example from HIT

Beam size: 4 Ė10 mm FWHM

Beam intensity: 1·10 6Ė4·1010 ions/s

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)
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Active magnetic shaping

Dose lateral uniformity in beam scanning

Overlap a large number of single beams

Source: GSI Darmstadt
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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

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
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Dose lateral uniformity in beam scanning

Spot sizes in air of dedicated proton therapy facilities

3 mm sigma

Comparingpenumbraof broadbeamsandpencilbeams
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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

Lateral penumbra reduction: Helium chamber
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For shallow depth tumours, it is 
preferable to use higher energy 
with beam degrader placed very 
close to the patient, rather than 
lower energy (typically requiring 
upstream ridge or ripple filter)

Range shifter (bolus) with 
higher beam energy

Parodi et al, PMB 2010

Lateral penumbra reduction

Eros Pedroni, PSI

A scan with fixed intensity 
produces a shallow penumbra 

Intensity modulation may be 
used to sharpen the lateral 
penumbra of an extended field

Intensity modulation

Lateral penumbra reduction
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Eros Pedroni, PSI

Multileaf collimator or aperture
or trimming

Lateral penumbra reduction

Farr et al, MedPhys 2018

Issue of pencil beam energy variation at cyclotron based facilities (e.g. PSI)

Undesired beam broadening due to MCS, when 
using range shifter in front of the patient
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Haberer et al, NIM A, 1993

Position and 

intensity monitor 

system with 

feedback to

fast scanning 

dipole magnets

Active energy variation at synchrotron based facilities (e.g. GSI, HIT)

Carbon ion beams offer sharper penumbra due to smaller scattering in 
the beamline and traversed tissue

Spot sizes in air of combined proton and carbon ion facility (HIT)

Schwaab, ..., Parodi, PMB 2011

Carbon ions Protons
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Suboptimal proton spot dimension compared to new dedicated proton 
facilities (but better than MD Anderson despite usage of He chamber)

Schwaab, ..., Parodi, PMB 2011

Spot sizes in air of proton therapy facilities
(left: HIT and MDACC, right PSI Gantry 2)

Parodi, HIT internal communication

Enhanced lateral penumbra reduction

Lateral penumbra reduction
Patented by SIEMENS

Use the robotic system to bring the patient closer to the beam nozzle, i.e., 
reduce beam sigma by reducing airgap

Source: HIT/Siemens

Reduction of 
airgap to ISO

~ 50%
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Expected advantages of beam scanning



26.05.2020

25



26.05.2020

26



26.05.2020

27

23 energy slices, graphical area 6x6 cm2

pixel size ´part. number

Highest fluence at the distal end of each 
spot position

Emax

Emin

Already fluence modulated RT, although 

homogenous dose of individual fields

Ý Single Field Uniform Dose (SFUD)

Courtesy M Ellerbrock
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field 1

separate optimization

field 2 final sum

Single field opt.

simultaneous optimization

Multiple field opt.

Courtesy of M. Ellerbrock, HIT

IMIT (intensity modulated ion therapy) for scanned carbon ion beams

58K. Parodi26 May 2020

Parallel vs divergent scanning

- Apparent position of the source (~3m divergent, ~8m parallel)

Relation to the beamline / gantry design
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Fixed or rotating beams?

In modern photon therapy the patient is lying on a couch (supine position) 

and the beam is delivered under the optimum angle to the target volume 

All angles are basically used for patient irradiation: a compilation of the 
used gantry angles did not reveal the exclusion of certain gantry angles

from Jäkel et al., Phys Med Biol 45 (2000)

08.06.2013 K.Frey, LMU ςPTCOG 2013

The evolution of photon radiation therapy in the 20th century

мфнлΨǎ hǊǘƘƻǾƻƭǘŀƎŜмфрлΨǎ /ƻōŀƭǘ ǎƻǳǊŎŜ

мфрлΨǎΥ CƛȄŜŘ [ƛƴŜŀǊ ŀŎŎŜƭŜǊŀǘƻǊ ό[Lb!/ύҔмфслΨǎΥ wƻǘŀǘƛƴƎ [Lb!/ǎ
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Fixed ion beams: 
An historical perspective 

Ion therapy in Berkeley (1954 -1992)

1975 - 1992:   433 patients w. Ne, N, O, C, Si, Ar
1954 - 1992: 2054 patients w. He

Fixed ion beams: 
An historical perspective 

T. Delaney and H. Kooy
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Fixed ion beams in current clinical praxis

A chair is able to move in three
axes (front to back, side to side
and up and down) and can rotate
about these axes to a limited 
degree

The utility of the chair is
somewhat limited by the
immobilization devices that can
be used with it

Primarily head and neck cancers
and cancers of the eye can be
treated using the chair

www.oncolink.org

Patient chair at NCC Proton 
Therapy Canter in Kashiwa

HIMAC in 
Chiba, Japan
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Kamada et al, Radioth. Oncol. 1999

Wall Mounted Vertical CT Scanner 

Å Used in incline beam line

Å Simulation for seated position

Å Planned for use for pre-treatment image guidance 

CT 

Scanner

Courtesy of Mark Pankuch, 

NWM Chicago Proton Center

Proximity 

sensor

https://www.youtube.com/watch?v=A4Hp4jzvyjQ
66

From ESTRO Teaching course

https://www.youtube.com/watch?v=A4Hp4jzvyjQ
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Fixed ion beams in current clinical praxis

Stereotactic Alignment in Radiosurgery 
(STAR) device is still used, e.g., at MGH 
Boston for stereotactic proton therapy, 
allowing the use of multiple beam angles. 

The couch is mounted in the center of a 
circle and can be moved, to a limited 
degree, in the lateral, vertical, and 
longitudinal directions. Additionally, the 
couch can be rotated to a limited degree in 
two axes about the isocenter. 

www.oncolink.org

Fixed ion beams in current clinical praxis

The incline beam system uses two beams, a 
horizontal beam and a second beam which is 
for example angled to 30 degrees off of the 
vertical

These beams use a common isocenter and can 
be used together, in conjunction with a robotic 
patient positioner, to achieve a wide array of 
angles to treat the patient

www.oncolink.org , ProCureProton therapy center in Seattle

http://www.oncolink.org/
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Carbon ion
beam lines

Proton
gantries

Synchrotron for
Proton and ions

Layout Hyogo 
facility for 
protons and ions

Different directions of fixed beams in different rooms allows to treat the patient 
sequentially under different angles (e.g., horizontal, vertical, oblique) by shifting the 
daily treatment from one room to the next

Fixed ion beams in current clinical praxis

Fixed ion beams in current clinical praxis

www.oncolink.org

Robotic based couches add flexibility of 6 degrees of freedom for a 
somewhat larger variety of treatment angles to be used

Bloomington Indiana

Roll

Pitch

Isocentric Rotation
(as standard couch)
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Fixed ion beams in current clinical praxis

Limitation of pitch / roll movement: Internal organ deformation , Patient comfort

Roll

Isocentric Rotation +/ -100Á

Á Fixed horizontal beam with 
raster scan system

Á Robotic positioning (including 
pitch/roll) and imaging (30Hz)

Á Cone beam CT optional

Á Automated position correction

Step On Position 650 mm

HIT ĖFixed horizontal beam lines

Real patient is 
immobilised on
patient table
(mask, é)
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Gantry for ion beams: 
An historical perspective 

OkiaĘ^]_gcnkqj`Ęejbkni]pekj~

Ma^ęgZf^ę¥`Zgmkr¦ęhkb`bgZm^lę_khfę@k^^dęZg]ęf^Zglęma^ęphh]^gęlZ]]e^ę
of a mule that characterizes the general geometry for a radiation gantry. 

The beam is bent up by 90° from the central axis and after some 
horizontal drift bend back again under 90 ° to the patient. Thus, the cross 
l^\mbhgęmakhn`aęZę[^Zfę`Zgmkręehhdlęebd^ęma^ęfne^¤lęlZ]]e^'

If angles other than 90 ° are needed the gantry is turned along its axis in 
360° making it possible to produce any angle with respect to the patient. 

Example of discussed 
Gantry concepts

Main distinctions:
Type of movement
- Isocentric
- Excentric

Type of beam delivery
- Passive scattering
- Scanning (divergent or 

parallel)

[Pedroni 1994]
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Movement Delivery

Isocentric Scattering

Excentric Scanning

Isocentric Scattering

Isocentric Scattering

Isocentric Scanning

Example of proton beam gantries

Three rooms with Cork-screw gantry
But the majority of the patients is 
treated for prostate cancer under nearly 
horizontal angles from both pelvic sides

Proton gantry @
Loma Linda University 
Medical Center
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Gewicht: 110t

Durchmesser: ca. 4m

Länge:ca. 10m 

Genauigkeit: < 1mm

Proton gantry at Paul Scherrer
Institut (PSI)

Proton gantry at MGH 
Boston



26.05.2020

40

The PSI gantry 2

Patient treatment started !

The PSI gantry 2
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BEV X-ray imaging 
An equivalent to portal 
imaging with photons, 
but with improved 
quality (kV)

The PSI gantry 2

E. Pedroni, PTCOG 48

The PSI gantry 2


